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Khesinite, Ca;Mg,Fe**1004[(Fe**14Si»)O34], a new rhonite-group (sapphirine
supergroup) mineral from the Negev Desert, Israel — natural analogue
of the SFCA phase
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Abstract: Khesinite, Cau;Mnge”1004(Fe3 " 10S12)O36, is a new member of the rhanite group of the sapphirine supergroup. Khesinite was
discovered in thin veins of paralavas within fine-grained gehlenite rocks (hornfels) of the Hatrurim Complex in the Negev Desert, Israel.
Paralavas are composed of rankinite, pseudowollastonite (rarely wollastonite), flamite, kalsilite, cuspidine and members of the solid-solution
series: schorlomite—andradite, gehlenite—ackennanite—"Fe3+—gehlenite”, magnesioferrite—spinel and fluorapatite—fluorellestadite. Acces-
sory and rare minerals are represented by baryte, walstromite, fresnoite, vorlanite, barioferrite, hematite, perovskite, gurimite, zadovite,
aradite and hexacelsian. Electron-microprobe analysis of the holotype khesinite gives the following empirical formula for 40 oxygens and
28 cations: Ca4(Fe3+8A528Mg 1A635C30.898Ti4+0A336Ni2+0.217Mn2+0A155CI‘3+0A132F62+0A098)E12[(Fe3+6A827Al2.5065i2.667)212040]- Khesinite is
black to dark brown. It has semi-metallic lustre and does not show fluorescence. Cleavage and parting are not observed, fracture is irregular.
Khesinite has a Mohs' hardness of 6; microhardness VHNS, is 943 kg mm 2. The calculated density is 4.097 gcm . In reflected light
khesinite is grey with weak internal brown reflections. Reflectance data for the COM (Commission of Ore Mineralogy, IMA) wavelengths
vary from ~13.4% (470 nm) to ~11.8% (700 nm). The crystal structure of khesinite [P1 a=10.5363(1), b=10.9242(2), c=9.0612(1) A,
a=106.340(1)°, B =95.765(1)°, y = 124.373(1)°, V'=780.54(2) AS] was refined from X-ray single-crystal data to R, =0.046. The khesinite
structure is close to that of the synthetic compounds SFCA and SFCAM. Khesinite crystallized in paralava from melt, sometimes forming
isolated crystals, but more commonly reaction rims on magnesioferrite in association with pseudowollastonite and flamite at temperature not
lower than 1200 °C.

Key-words: khesinite; new mineral; rhonite group; sapphirine supergroup; crystal structure; Raman; dorrite; ferrites; SFCA;
SFCAM; pyrometamorphism; Hatrurim Complex.

1. Introduction

Khesinite (IMA2014-033), Ca;Mg,Fe’" 04(Fe*" (Si»)
Os6 [P1, a=10.5363(1), b=10.9242(2), ¢=9.0612(1) A,
a=106.340(1)°, B=95.765(1)°, vy=124.373(1)°, V=
780.54(2) A3, the tetrahedral Fe**-dominant analogue of
dorrite, Cay(MgsFe® "9)O4(SizAlgFe’ )05 [a=10.505(3),
b=10.897(3), c=9.019() A, o= 106.26(2)°, B =95.16(2)°,
v=124.75(2)°; V=772.54)A% Cosca et al, 1988;
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Grew et al., 2008], was discovered in thin veins of
paralava in fine-grained gehlenite rocks (hornfels) of
the Hatrurim Complex outcropping in the Negev Desert
close to the city of Arad, Israel. The Hatrurim Basin is an
area where rocks of the Hatrurim Complex (‘“Mottled
Zone”) containing larnite, gehlenite and spurrite are
exposed; it is the largest such exposure in Israel (Bentor,
1960; Gross, 1977; Vapnik et al., 2007; Novikov et al.,
2013).
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Khesinite was originally approved by CNMNC-IMA
with a formula Cas(MgsFe’"9)04[Fe’Si3056] by
analogy with dorrite (Grew et al., 2008). However, this
formula is not a proper end-member and, in our opinion,
should be changed to CasMg,Fe " 004[(Fe™0Si)0x6]
to comply with CNMNC-IMA recommendations. By
extension, the dorrite formula should also be changed
to Ca4Mg2Fe3+1004[(A1105i2)036] (see the Discussion
section).

The name khesinite is given in honour of the well-
known USSR and Israeli geophysicist Boris Emmanui-
lovich Khesin (1932-2010). He was a leading geophysicist
in Azerbaijan. Prof. B.E. Khesin was the author of more
than 260 scientific works including 10 monographs. In
1991, he began to work at the Department of Geological
and Environmental Sciences of the Ben-Gurion University
of the Negev, Beer-Sheva, Israel. During the last years of
his life, he was engaged in a geophysical study of the
Hatrurim Complex. Several of his last papers consider the
genesis of the Hatrurim Complex and its significance for
the prospecting of hydrocarbon deposits in the Levant.

Type material is deposited in the collections of the
Museum of Natural History in Bern, Bernastrasse 5, 3005
Bern, Switzerland, catalogue number NMBE 4717.

In the present paper, we give data on the composition
and structure of the new mineral khesinite in the holotype
specimen from the Negev Desert, Israel and analytical data
on khesinite from specimens collected in paralava and
gehlenite hornfels of the Hatrurim Complex from other
localities in the Judean Mountains and Negev Desert. We
discuss aspects of its genesis and formal criteria for
defining a proper end-member formula.

2. Background

Minerals of the dorrite—khesinite series, including a single
composition corresponding to high-Al khesinite, were
described in paralavas of the Powder River Basin,
Wyoming (Cosca et al., 1988) as well as in buchite at
Buffalo, Wyoming [Fe**-rich “melilite” of Foit et al.
(1987)]. The first report of a mineral close to khesinite in
composition in the Hatrurim Complex concerned a few
grains in gehlenite hornfels at the Nabi Musa locality,
Judean Desert (Sokol ef al., 2011).

Khesinite is close in composition to the anthropogenic
phase “malakhovite” from the burned dumps of the
Chelyabinsk coal basin, Urals, Russia (Chesnokov ef al.,
1993). Ferrite from pyrometamorphic oil-shale slags in
Lapanouse, Sévérac-le-Chateau, Aveyron, France, for
which Gatel et al. (2015) erroneously gave the formula
CaFe, 05, is an anthropogenic analogue of khesinite.
Zacek et al. (2015) reported a calcium ferrite from
esseneite—melilite paralava at Zelénky, Czech Republic as
CaFe40O7, but this formula is not correct for this ferrite
because the presence of significant Si, Al and Mg was
overlooked. Holotype khesinite is close to the synthetic
compounds SFCA and SFCAM (Mumme, 1988; Hamilton
et al., 1989; Sugiyama et al., 2005; Liles et al., 2016).

Khesinite is a new member of the rhonite group, one of
the groups constituting the sapphirine supergroup (Grew
et al., 2008; Mills et al., 2009). A general formula of
minerals of the rhonite group can be written as
Ca4M1204[T12036] or, more s1mply, Ca4M12T12040,
where M represents the seven octahedral sites, which
are occupied by Fe’ ", Fe*", Mg, Al, Sc, Ti*", V>*, cr* ™,
Ca and Sb5+, and T represents the six tetrahedral sites,
which are occupied by Fe”, Al, Si, Be and B. One
of the M sites, M7, is considered separately from the other
M sites in distinguishing some species. Khesinite,
Ca4Mg2F63+1004(Fe3+108i2)036, differs from other min-
erals of this group in that Fe’ " is dominant at both M and T
sites. As the formulation of the rhonite group by Grew
et al. (2008), several new minerals have been added to
this group: kuratite (IMA2013-109) Ca4(Fe2+10Ti2)
O4[SigA14O36] (Hwang et al., 2014), warkite Ca4SC1204-
[Al15036] (IMA2013-129) (Ma et al., 2014), beckettite
(IMA2015-001) CayV 5,04[Al15,056] (Ma et al., 2015) and
addibischoffite (IMA2015-006) CasAl;,04[Al1,036] (Ma
& Krot, 2015).

3. Methods of investigations

The crystal morphology and chemical composition of
khesinite and associated minerals were studied using
optical microscopes, analytical scanning electron micro-
scopes (Philips XL30 ESEM/EDAX and Phenom XL,
Faculty of Earth Sciences, University of Silesia) and
electron microprobe analyzer CAMECA SX100 (Institute
of Geochemistry, Mineralogy and Petrology, University of
Warsaw). Electron-probe microanalyses of khesinite and
associated minerals were performed at 15kV, 20nA and
-3 wm beam diameter using the following lines and
standards: CaKa, SiKoa=wollastonite; AlKa, KKoa=
orthoclase; CrKa = Cr,O3; FeKa = hematite; MnK« = rho-
dochrosite; TiKo=rutile; MgKa =diopside; NaKo=
albite; BaLa, SKa = baryte; PKa = apatite; SrLa = SrTiO3,
CuKa =Cu,0; NiKa = NiO; ZrLa = zircon, ZnKo = sphal-
erite; VKa =V,0s.

A single-crystal X-ray study of khesinite was carried
out using a Bruker APEX II SMART diffractometer
(MoKa radiation, A=0.71073 A, University of Bern,
Switzerland). Data were processed using SAINT (Bruker,
2012). An empirical absorption correction using SADABS
(Sheldrick, 1996) was applied. The structure was solved
by direct methods, with subsequent analyses of difference-
Fourier maps, and refined with neutral-atom scattering
factors using SHELXL (Sheldrick, 2008).

The Raman spectrum of khesinite was recorded on a
WITec confocal CRM alpha 300 Raman microscope
(Faculty of Earth Sciences, University of Silesia) equipped
with an air-cooled solid-state laser (532nm) and a CCD
cameraoperating at —61 °C. The laser radiation was coupled
to a microscope through a single-mode optical fibre with a
diameter of 3.5 pwm. An air Olympus EPIPLAN 100/0.75
objective was used. The Raman scattered light was focused
on a multi-mode fibre (30-pm diameter) and monochroma-
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tor with a 600-mm ' grating. The power of the laser on the
sample was 10-20 mW. Some 20-30 scans with integration
time of 3—5 s and a resolution of 3 cm ™' were collected and
averaged. The monochromator was calibrated using the
Raman scattering line of a silicon plate (520.7 cm™'). The
fitting of the molecular spectra was realized by means of
GRAMS/AI Version 9 Spectroscopy Software using a
mixed Lorentzian 4 Gaussian function.

4. Occurrence and physicochemical properties

Homogeneous crystals of dark khesinite were detected
in specimen no. IS-58, which consists of a brown,
fine-grained gehlenite hornfels and coarse-grained paral-
ava with visible dark schorlomite and long-prismatic
greenish fluorapatite—fluorellestadite crystals (Figs. 1 and
2a). The specimen was collected at the Gurim
anticline (the Hatrurim Basin) located near Arad city in
the Negev Desert, Israel (31°09'N 35°17'E). Khesinite
grains generally do not exceed 200 wm in size and are
characterized by an irregular outline, although a few
crystal faces are usually present. Rarely, khesinite grains
attain a length of 400 wm or cluster in aggregates (Figs.
lc—e and 2a). It is necessary to note that we use the term
“paralava” conditionally as these rocks are represented by
coarse-grained rankinite—schorlomite—pseudowollastonite
veins resembling pegmatites (“parapegmatite”) with
characteristic eutectic structures of, e.g., schorlomite +
flamite, gehlenite + flamite, kalsilite + flamite (Gfeller
et al., 2015; Sokol et al., 2015).

These paralavas are composed of relatively large
rankinite and pseudowollastonite (rarely wollastonite)
crystals, which in places attain 2—-3 cm in size, and also by
minerals represented by solid solutions: schorlomite-
—andradite—grossular, gehlenite-ackermanite-“Fe”"-gehlenite”,
magnesioferrite—spinel—trevorite—magnetite—cuprospinel
—hercynite, fluorapatite—fluorellestadite (Fig. 1a). Less
frequently large aggregates of kalsilite and cuspidine are
noted. Accessory and rare minerals are represented by
baryte, walstromite, fresnoite, vorlanite, barioferrite,
hematite and perovskite (Figs. 1c and 2a) and also the
recently discovered new Ba-bearing minerals: gurimite,
zadovite, aradite and hexacelsian (Galuskina et al., 2013,
2015; Galuskin et al., 2015). In paralava, there are many
small vesicles, which are filled by secondary, low-
temperature minerals such as ettringite, calcite, apo-
phyllite, afwillite, tobermorite and other unidentified Ca-
hydrosilicates, commonly Cl-bearing.

Khesinite is black and translucent with a dark-brown
colour in very thin edges (Fig. le). It has a semi-metallic
lustre and does not show fluorescence. Cleavage and
parting are not observed; fracture is irregular. Khesinite
has a Mohs' hardness of 6, measured by Vickers hardness
test with 50 g load. The resulting indentation corresponds
to Vickers hardness 859-1001 with a mean (of 12) of 943
(44) kg mm 2. Density could not be measured because of
the small grain size. The calculated density is 4.097 gcm >
using the empirical formula.
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Fig. 1. (a) Holotype specimen no. IS-58 of paralava with
conspicuous dark-brown schorlomite crystals. Fragment magnified
in (b) is shown in a frame; fragment magnified in (c—e) is shown in a
circle; (b) rankinite—schorlomite—pseudowollastonite—gehlenite
paralava with khesinite crystal, fragment magnified in (c—e) is
shown in a frame, backscattered-electron (BSE) image; (c—e)
khesinite crystal with magnesioferrite relics: (c) — BSE image; (d
and e) — reflected light: (d) — plane-polarized light, orientations of
crystals at reflectivity measurements are shown by double-ended
arrows (see Fig. S1 in Supplementary Material); (e) — cross-
polarized light. Ghl — gehlenite, Khs — khesinite, Mgf — magne-
sioferrite, Rnk — rankinite, Sch — schorlomite, Wol — pseudowol-
lastonite, Vrl — vorlanite.

In reflected light, khesinite shows grey colour (Fig. 1d)
and weak brown internal reflections; pleochroism is very
weak, birefringence and anisotropy are weak. Reflectance
values measured in air using Zeiss SiC reflectance
standard 182, number 472 (N [nm], Ry.x/Rmin) are as
follows: 470, 14.05/12.73; 546, 13.17/12.08; 589, 12.78/
11.76; 650, 12.48/11.55; 700, 12.32/11.42 (Fig. S1 and
Table S1 in Supplementary Material, linked to this article
and freely available from the GSW website of the journal,
http://eurjmin.geoscienceworld.org/).

The composition of holotype khesinite (Table 1,
analysis 1; sample IS-58) corresponds to the empirical
formula: Cay(Fe’ 5 55sMg1 635Ca0.808Ti " 0336Ni” 0.217Mn”"
0.155C1” g 132Fe”  g08)s 1l (Fe +6.827A12.506Si2.667)§312040],
which can be simplified to ~Cay(Fe’ "gMg,Ca)s »(Fe’ 7 Al-
Si3)s12040-
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Fig. 2. (a) Khesinite grains used for Raman study and microhard-
ness measurements (specimen no. IS58, points of Raman measure-
ments are marked by A and B, see Fig. 3). Association of khesinite
with Si—Fe*"-bearing perovskite and vorlanite CaUQ,4, BSE image;
(b) overgrowths of khesinite and andradite on magnesioferrite
(specimen no. IS67). Points of analyses given in Table 6 correspond
to the numbers shown in (b), BSE image. Khs — khesinite, Rnk —
rankinite, Ghl — melilite, Vrl — vorlanite, Prv — perovskite, Ell —
fluorellestadite—fluorapatite, HSi — unidentified Ca-hydrosilicates,
Ap — fluorapatite, Mgf — magnesioferrite, Adr — andradite.

1.O. Galuskina et al.

The following main bands in the Raman spectrum (cm ™",
Fig. 3) are: overtones — 1638, 1495, 1403, 1132; 70,
stretching — 947 (SiO4)*", 814 and 749(Al0,)°, 696
(Fe*T0,)°~; MOg stretching, 7-O—T stretching and bending
modes, 704 bending modes — 610, 522, 48 1; MO¢ bending,
704 bending and 70,4 rotation modes — 310, 256; Ca-related
vibrations — 159, 121. The interpretation of the Raman
spectra of khesinite is complicated by superposition of bands
from MO stretching, 7-O-T stretching and bending modes,
70, bending modes for different types of tetrahedra and
octahedra. Nevertheless, bands from Fe’'—O stretching
vibrations at tetrahedral sites ~700 cm™ ' v{(Fe*T0,)°~ and
octahedral sites — 610 cm ™' v, (Fe*T0g)° ™ and also bending
vibrations 1)2(Fe3+04)5 ~ near 310cm ! are characteristic
for khesinite. Vibrations v + 8(Fe—O-Fe) have the largest
contributions to the strong band near 552 cm ! (Kolevetal.,
2003; Galuskina et al., 2014; Gfeller ef al., 2015).

Table 1. Chemical composition of minerals of khesinite—dorrite series from Negev Desert.

1 2 3 4
No/Fig. IS58/Fig. 2a IS67/Fig. 2b 1S120a IS74/Fig. 4a
wt.% n=11 s.d. Range n=11 s.d. Range n=12 s.d. Range n=>5 s.d.
TiO, 1.39 0.39 0.69-2.15 0.22 0.17 0.03-0.62 0.30 0.16 0.05-0.51 0.42 0.12
Sio, 8.29 0.44 7.71-9.17 7.55 0.75 6.36-9.04 5.75 0.39 5.00-6.52 5.62 0.45
Fe,05 63.44 145  60.93-65.76  67.40 2.87 64.18-72.32  68.69 143  65.88-71.38  50.95 0.46
Cr,04 0.52 0.18 0.15-0.72 0.16 0.30 0-0.81 2.44 1.30 0.12-4.41 0.69 0.13
ALO; 6.61 1.52 3.89-8.88 5.82 1.11 4.02-7.93 5.71 0.47 5.01-6.56 24.13 1.11
CaO 14.21 044  13.38-14.82  14.44 0.35  13.73-14.95  14.80 040  14.15-15.73  13.37 0.09
CuO n.d. 0.34 0.19 0-0.65 n.d. n.d.
NiO 0.84 0.15 0.65-1.13 0.26 0.16 0.07-0.63 0.86 0.14 0.64-1.22 n.d.
FeO 0.36 0.64
MnO 0.57 0.10 0.45-0.80 0.18 0.29 0-0.81 0.28 0.04 0.17-0.34 0.07 0.02
MgO 3.41 0.42 2.87-4.12 2.20 0.76 1.58-3.72 1.13 0.14 0.86-1.30 3.63 0.25
Total 99.64 99.21 99.96 98.88

Calculated on 40 O

Ca/A 4 4 4 4
Ca 0.898 1.077 1.244 0.320
Mg 0.849 0.697 0.557 1.632
Mn?+ 0.155 0.050 0.078 0.018
Fe*" 0.098 0.176
Ni 0.121
M 2 2 2 1.97
Mg 0.786 0.379
Cu?t 0.084
NiZ* 0.217 0.069 0.108
Fe** 8.528 9.372 9.223 9.831
crt 0.132 0.042 0.638 0.164
Ti*" 0.336 0.054 0.075 0.095
M 10 10 10.044 10.090
Fet 6.827 7.272 7.873 1.730
Al 2.506 2.251 2.226 8.575
Si 2.667 2.478 1.902 1.695
T 12 12 12 12

Note: Fe*"/Fe*™ ratio calculated from stoichiometry.
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Fig. 3. The Raman spectra of khesinite (spectra A and B correspond
to the A and B points shown in Fig. 2).

5. Crystal structure

Since khesinite is isostructural with rhonite and other
minerals of the sapphirine supergroup (Bonaccorsi et al.,
1990; Grew et al., 2008), the structure was first refined in
the conventional cell setting a=9.061, b=10.019,
c=10.536 A, a =64.15, B =84.24, y=65.64°. The crystal
was found to display 50:50 twinning. The twin compo-
nents are related by a two-fold rotation about [1 10]* in
agreement with the observations of Gasparik et al. (1999)
for this structure type. De-twinning was achieved by
application of the program Bruker Cell_Now. The final
structure refinement was performed in the customary
setting: a=10.5363(1), h=10.9242(2), ¢=9.0612(1) A,
a=106.340(1), B =95.765(1), y=124.373(1)".

Starting coordinates and site labelling were adopted
from Cannillo et al. (1971), modified according to the
chemical composition of khesinite. Details of data
collection and structure refinement are given in Tables 2—4,
anisotropic displacement parameters and the calculated
powder diffraction pattern in Tables S2 and S3 of the
Supplementary Material. Due to the similarity of Si and Al
scattering factors, decision of using either Si or Al
occupancy for tetrahedral sites was based on bond lengths.
Thus in the final refinement, occupancy of 7’1 and 74 was
refined with Si and Fe scattering factors, whereas
occupancies of all other tetrahedral sites were refined
with Al and Fe.

Only the tetrahedral site 74 is dominated by Si while
bond lengths suggest that 71 has about 70% (Al + Si) with
additional 30% Fe. These sites are the only tetrahedral

105

Table 2. Parameters for X-ray data collection and structure

refinement for khesinite.

Crystal data

Unit-cell dimensions (A)

Space groug
Volume (A7)

Chemlcal formula

Intensity measurement
Crystal shape

Crystal size (mm)
Diffractometer

X-ray radiation

X-ray power
Monochromator
Temperature

Detector to sample distance
Measurement method
Radiation width

Time per frame

Max. 6° range for data collection

Index ranges

No. of measured reflections

No. of unique reflections

No. of observed reflections
(I>20(D)

No. of parameters used in
refinement

Ro

R1, I>20(])
R1 all data
WR2 on (F?)
GooF

a=10.5363(1) A
b=10.9242(2) A
¢=9.0612(1) A
a=106.340(1)°
B=95.765(1)°
v=124373(1)°

P

780.54(2)

1

Ca4(Fe,Mg)12(Fe,Si,A1) 12040

Prism

0.06 x 0.06 x 0.15
APEX II SMART
MoKa

50kV, 30mA
Graphite

293K

5.95cm

Phi and Omega scans
0.5°

60 s

41.45

—-19<h<0
—16<k<20
—-16<1<16
23,540

8795

7230

321

0.0441
0.0350
0.0462
0.0932
1.040

sites in the structure bonded to three additional tetrahedra
(Fig. 4), that is, the most polymerized 7 sites. The 72 and
73 sites, also members of the chains (Fig. 4) are occupied
by about equal amounts of Al + Si and Fe*", and ca. 30%
(Al+Si) and 70% Fe’*, respectively. The T5 and 76
tetrahedra laterally attached to the chains are dominated
(>95%) by Fe’ " (Fig. 4b). The Cal and Ca2 sites
have 6 + 1 coordination by O. The octahedrally coordi-
nated M1 to M7 sites are dominated by Fe’™ except
the largest site M5, at which excess 0.45 Ca (according
to results of chemical analyses) was fixed, and the
remaining scattering power was modelled with Mg and Fe
scattering factors. M1, M2, M3 and M7 have >95% Fe,
whereas the occupancy of M6 converged to 77% Fe and
23% Mg.
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Table 3. Atom fractional coordinates and equivalent isotropic displacement parameters (A?) for khesinite.

Site X y z Ueq Occupancy epfu
Fel 0 0 0.5 0.00750(9) 1 Fe 26
Fe2 0 0.5 0 0.00729(9) 1 Fe 26
Fe3 0.30869(5) 0.85081(5) 0.17035(5) 0.00724(7) 1 Fe 26
Fe4 0.77995(5) 0.82911(5) 0.15123(5) 0.00791(7) 1 Fe 26
Mg5 0.09567(8) 0.93956(9) 0.05401(10) 0.00842(16) 0.036(4) Fe, 0.514(4) Mg, 0.45 Ca 16.104
Fe6 0.59574(5) 0.94383(6) 0.05847(6) 0.00659(10) 0.767(4) Fe, 0.232(4) Mg 22.726
Fe7 0.99695(4) 0.74279(4) 0.25809(5) 0.00635(9) 0.949(4) Fe, 0.051(4) Mg 25.286
Cal 0.20555(6) 0.62478(6) 0.38820(7) 0.00862(9) 1 40
Ca2 0.66315(5) 0.61437(6) 0.37416(7) 0.00844(9) 1 40

T1 0.47016(7) 0.23549(7) 0.33554(8) 0.00764(15) 0.750(4) Si, 0.294(4) Fe 18.144
T2 0.96999(6) 0.22859(6) 0.34863(7) 0.00633(13) 0.512(4) Al, 0.488(4) Fe 19.344
T3 0.78349(5) 0.34868(5) 0.23697(6) 0.00618(11) 0.289(4) Al, 0.711(4) Fe 22.243
T4 0.26889(8) 0.33892(8) 0.22820(9) 0.00711(18) 0.940(4) Si, 0.060(4) Fe 14.72
T5 0.63996(4) 0.94782(4) 0.43432(5) 0.00592(9) 0.037(4) Al, 0.963(4) Fe 25.519
T6 0.36453(4) 0.56579(4) 0.04809(5) 0.00617(9) 0.046(4) Al, 0.954(4) Fe 25.402
O1 0.3483(3) 0.0555(3) 0.1588(3) 0.0115(3) 1

02 0.8333(2) 0.0464(2) 0.1652(3) 0.0117(4) 1

03 0.5390(2) 0.9595(2) 0.2649(3) 0.0098(3) 1

04 0.0178(2) 0.9400(2) 0.2720(3) 0.0084(3) 1

05 0.2390(2) 0.8609(2) 0.3729(3) 0.0075(3) 1

06 0.7622(2) 0.8762(2) 0.3768(3) 0.0079(3) 1

o7 0.5140(2) 0.2115(2) 0.5087(3) 0.0125(4) 1

08 0.9565(2) 0.7873(2) 0.4759(3) 0.0093(3) 1

09 0.8804(3) 0.3241(3) 0.3904(3) 0.0132(4) 1

o10 0.3714(3) 0.3245(3) 0.3657(3) 0.0137(4) 1

Ool11 0.6430(2) 0.1596(2) 0.0516(3) 0.0091(3) 1

Oo12 0.1542(3) 0.1713(3) 0.0584(3) 0.0126(4) 1

013 0.5551(2) 0.7342(2) 0.0387(3) 0.0095(3) 1

o14 0.0654(2) 0.7267(2) 0.0601(3) 0.0086(3) 1

0O15 0.2382(2) 0.6247(2) 0.1218(3) 0.0074(3) 1

0O16 0.7550(2) 0.6269(2) 0.1422(3) 0.0080(3) 1

017 0.4091(2) 0.5005(2) 0.2034(3) 0.0107(3) 1

O18 0.9504(2) 0.5253(2) 0.2128(3) 0.0086(3) 1

Oo19 0.1516(3) 0.3699(3) 0.3100(3) 0.0139(4) 1

020 0.6604(3) 0.3892(3) 0.3329(3) 0.0149(4) 1

6. Khesinite and other ferrites in
pyrometamorphic rocks of the Hatrurim
Complex

In order to obtain the information needed to address
questions concerning the crystal chemistry and genesis of
khesinite, we have supplemented data obtained on the
holotype khesinite with information on the morphology,
chemical composition of khesinite and associated minerals
from other localities in the Hatrirum Complex. Minerals of
the khesinite—dorrite series are widely distributed in fine-
grained gehlenite—flamite hornfelses and in thin veins and
lenses of paralavas, the thickness of which ranges from 1 to
5 cm and very rarely reaches 20-30 and more cm in width.

A paralava sample (no. IS67), which is characterized by
a mineral composition similar to that in the holotype
specimen (no. IS58), was collected at several hundred
metres distance from it in the Negev Desert. In that sample
(IS67), khesinite is confined to fine-grained, iron-enriched
areas, a few millimetres across, interstitial between large
crystals of gehlenite, rankinite, schorlomite and pseudo-

wollastonite. In that sample, khesinite (Fig. 2b; Table 1,
analysis 2, mean of 11 analyses and Table 5, analysis 3)
usually forms fine reaction rims on Ni-bearing magne-
sioferrite (Table 5, analysis 2) with relics of Cr-bearing
hematite (Table 5, analysis 1) and was overgrown by
andradite (Table 5, analysis 5). Khesinite in paralava is
commonly associated with barioferrite (Table 5, analysis
4) and unusual Si- and Fe*"-bearing perovskite (Table 5 ,
analysis 6). Khesinite in sample IS67 has the simplified
formula (calculated on the basis of the mean analysis) ~
Ca4(Fe3+9.50Mg1.5C3)212[(Fe3+7.5A125i2.5)212040], which
is close to the holotype khesinite composition, differing
only in its higher Cu content (Table 1, analyses 1, 2). More
than 70 analyses of khesinite from paralavas of the Negev
Desert (two sections cut from specimens no. 1S58, 1S67)
were used for the construction of the Fe’'—Al-Si
classification diagram for the tetrahedral cations. These
analyses plot in the khesinite area between the lines Si= 1
apfu and Si=3 apfu (Fig. 5).

In gehlenite—flamite hornfels (specimen JB3, Jabel
Harmun locality), khesinite and magnesioferrite form
crusts on the walls of small channels a few millimetres in
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Table 4. Selected interatomic distances (A) in khesinite.

Atom —Atom Dist. (A) Atom —Atom Dist. (A)
Fel 08 2.0370(18) x2 Cal o7 2.3113(19)
06 2.0287(18) x2 09 2.338(2)
04 2.047(2) X2 019 2.367(2)
Mean  2.038 018 2.409(2)
Fe2 015 2.0273(18) x2 05 2.4451(18)
018 2.0334(18) x2 015 2.472(2)
ol14 2.0353(19) x2 020 2.855(2)
Mean 2.032 Mean 2.457
Fe3 03 1.947(2) Ca2 017 2.331(2)
0o15 2.0240(18) 020 2.364(2)
05 2.042(2) 010 2.387(2)
ol14 2.0506(19) ol16 2.407(2)
(0]} 2.0669(19) 06 2.4203(18)
011 2.112(2) 08 2.4142(19)
Mean  2.040 010 2.882(2)
Fe4 013 1.9679(19) Mean  2.458
06 2.018(2) T1 o7 1.722(2)
ol16 2.0477(18) (0]} 1.744(2)
04 2.0540(19) 020 1.752(2)
02 2.0681(19) 010 1.776(2)
012 2.087(2) Mean  1.749
Mean  2.040 T2 09 1.755(2)
Mg5 Ol 2.145(2) 02 1.794(2)
012 2.145(2) 08 1.794(2)
ol14 2.1798(19) 019 1.809(2)
04 2.213(2) Mean  1.788
02 2.206(2) T3 09 1.812(2)
012 2.228(2) 020 1.815(2)
Mean  2.186 018 1.8291(18)
Fe6 03 2.011(2) 011 1.837(2)
013 2.0263(19) Mean  1.823
02 2.048(2) T4 017 1.6416(19)
011 2.062(2) 019 1.645(2)
0Ol 2.112(2) 012 1.650(2)
011 2.1376(19) 010 1.666(2)
Mean  2.066 Mean 1.651
Fe7 Ol14 1.999(2) T5 03 1.855(2)
04 2.0034(18) o7 1.8474(19)
018 2.0373(18) 05 1.880(2)
08 2.043(2) 06 1.8934(19)
05 2.0614(19) Mean  1.869
ol6 2.0675(19) T6 013 1.8375(18)
Mean  2.040 016 1.876(2)
017 1.8757(19)
015 1.8807(18)
Mean 1.867

diameter (Fig. 6a, Table 6, analysis 2) and on rims of
magnesioferrite grains (Fig. 6b, Table 7, analyses 1, 3).
These magnesioferrite grains contain platy inclusions of a
potentially new mineral — the Ca-analogue of barioferrite,
close to CaFe,09 in composition (Table 7, analysis 2).
Khesinite and other ferrites also fill fine cracks in
gehlenite—flamite hornfels from Jabel Harmun and form
reaction rims on magnesioferrite (Fig. 6¢c—f; specimens
JB1, JBB16, JBB17, JB4a, Table 6, analyses 3-5).
Khesinite is also found with barioferrite and its Ca-
analogue (Fig. 6d—f; Table 7, analyses 5, 11, 12, 14). Fe3*-
bearing gehlenite or schorlomite forms rims on khesinite
(Fig. 6d; Table 7, analysis 10). Khesinite replacing

Fig. 4. The khesinite structure, projections on (100) (a) and
(23 3) (b). Tetrahedral and octahedral layers are distinguished. In
tetrahedral layers pyroxene chains (P, green triangles) extend
along [1 0 0] and are formed by different types of tetrahedra: 74
(mean distance M—O=1.65A) is occupied by Si; T1 (1.75A) -
Si+ AL T2 (1.79A) — Al+Fe*; 73 (1.82 A) — Fe’* + Al The
spinel module is composed by trimers: 76—Fe2—76 or T5—Fel-
—T5. All sites are predominantly occupied by Fe**, which is
confirmed by mean M-O distances: tetrahedra (orange)
75=1.87 A and T6=1.87 A, octahedra (blue) Fel=2.04 A and
Fe2=2.03A.

magnesioferrite shows up to 10.2wt.% Cr,O3 (Table 6,
analyses 1, 5; Table 7, analysis 15). In hornfels from Jabel
Harmun, the main rock-forming minerals are flamite and
gehlenite, where flamite is an analogue of a-Ca,SiOy
stabilized by K, Na, P impurities and recently described as
a new mineral (Sokol et al., 2015; Gfeller et al., 2015). In
hornfels from the Jabel Harmun, polysynthetically
twinned grains of flamite occur widely as well as flamite
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Table 5. Compositions of minerals in the Fe”—bearing assemblage
in paralava from Negev (IS67).

Analysis no. 1 2 3 4 5 6

Fig. 2b no. 1 2 3

Mineral Hem  Mgf Khs Bfr Adr Prv
Weight%

V,05 n.d. n.d. n.d. n.d. 0.57 n.d.
TiO, 0.24 0.00 0.32 3.02 0.40 46.35
SiO, n.d. n.d. 9.04 nd. 3478 2.72
Fe,05 97.47 6820 62.88 7943  29.51 7.99
Cr,05 1.30 1.88 0.81 0.07 0.06 0.21
Al,O3 0.47 1.71 6.09 1.87 1.05 0.35
BaO n.d. n.d. n.d. 12.99 n.d. n.d.
SrO n.d. 0.15 0.09 0.47 n.d. 0.34
NiO n.d. 9.75 0.63 0.25 n.d. n.d.
CuO n.d. 2.24 0.42 0.21 n.d. n.d.
ZnO n.d. 1.59 n.d. 0.28 n.d. n.d.
MnO 0.15 0.83 0.24 0.23 n.d. n.d.
FeO n.d. 4.48 1.93 0.08 0.71 n.d.
CaO 0.21 0.37 14.17 0.61 32.86 41.33
MgO 0.05 7.89 2.48 0.65 0.02 n.d.
Total 99.89 99.09 99.10 100.16 99.96 99.29
Calc. on 30 40 400 190 120 30
Ca 3.982 0.033 2972 0.999
Ba 0.918 0.004
Sr 0.018 0.049

Fe*™ 0.025

Mg 0.003

Sum X 4 1 3 1.003
Al 0.009
crt 0.027 0.054 0.210 0.010 0.004 0.004
Fe " 1.944 0.874 8.687 9.173 1.874 0.136
Si 0.061
Ti 0.005 0.079 0.409 0.025 0.787
Ca 0.006 0.014 0.961 0.085

Sr 0.003

M 0.002 0.429 1.202 0.175

Ni*t 0.286  0.166 0.036

Cu**t 0.062 0.104  0.029

Zn 0.043 0.038

Mn?+ 0.003 0.025 0.066 0.036

Fe? " 0.137 0.525 0.011 0.025

Al 0.015 0.073 0.072

Sum M 2.002 2 12 10.002 2 1

Al 2.338 0.398 0.032

Fe™ 1.000  6.721  1.602

Si 2.943 2.936

\%Ah 0.032

Sum T 1 12.002 2 3

Note: Fe*T/Fe®" ratio calculated from stoichiometry. Abbrevia-
tions: Hem — hematite, Mgf — magnesioferrite, Khs — khesinite,
Brf — barioferrite, Adr — andradite, Prv — perovskite.

replaced by a symplectite intergrowth of silicocarnotite
and rankinite, where rankinite is replaced by Ca-hydro-
silicates (Galuskin et al., 2016). Silococarnotite is replaced
by khesinite in decomposed flamite grains in close vicinity
to magnesioferrite grains with khesinite rims (Fig. 6f). Early
silicates have been altered by widespread secondary
hydration and carbonatization of flamite—gehlenite hornfels.

:\‘acoooxloum-:;ww—\
>0 &> P24+ +

°
Ca,(Mg,Fe” Ti",)..o(SiAl)...0u
Ca,(Mg,AIT",Ti"")..,(Si,Al)...04
[ed

©
Ca,(Mg;Fe”,Ti",), (SisFe”e).i.0u
™

<)
CaFe" Fe",0, T T T T T T CaAlALOQ,,
2 4 6 8 10 12 Ca,Sc,Al0,

IVFe3+ \\/AI Ca,V" AlL,O,,

Fig. 5. Tetrahedral sites composition projected in the Fe*"—Al-Si
diagram. 1-4 Khesinite: 1 — holotype (Table 1, analysis 1); 2 —
paralava, Negev; 3 — gehlenite hornfels, Negev Desert and Judean
Mts; 4 — esseneite—melilite paralava, Zelénky, Czech Republic
(Zacek et al., 2015); 5 — gehlenite hornfels, Nabi Musa (Sokol et al.,
2011); 6-8 Dorrite: 6 — gehlenite hornfels, Negev; 7, 8§ (mean
analysis) — holotype (Cosca et al., 1988); 9 — “Fe’ ™ reach melilite”
(Foit et al., 1987); 10 — “malachovite” (Chesnokov et al., 2008);
11 — “anthropogenic khesinite” (Gatel et al., 2015).

Isolated aggregates of platy khesinite crystals with
magnesioferrite relics distributed along cracks filled by
hydrosilicates and thaumasite were detected in gehlenite—
flamite hornfels from the Ma'ale Adummim locality, 12-km
eastof Jerusalem (Table 6, analysis 6) and also within Gurim
anticline in the Negev Desert (Table 1, analysis 3).

Khesinite compositions from gehlenite—flamite rocks
plot between the lines Si=2apfu and Si=3apfu in the
classification diagram Fe>™—Al-Si (Fig. 5).

Dorrite in very limited quantity was found in altered
flamite—gehlenite hornfels in Gurim anticline, Negev
Desert (Fig. 7a; Table 8, analysis 4), where primary spinel
is intermediate in composition between magnesioferrite
and spinel (Table 8, analysis 1). Dorrite analyses plot
below the line Si =2 on the classification diagram (Fig. 5).
Dorrite forms rims on spinel grains, more rarely on
brownmillerite and shulamitite (Table 8, analyses 2, 3) as
well as on a potentially new mineral with composition
~CayMg,Feo(AlFe),0,5 (Fig. 7a; Table 8, analysis 3),
which is probably an analogue of the synthetic ferrite
(CFF) with formula Ca4Fe;40,5. The natural analogue of
the CFF phase was also detected as rims on spinel in
hornfels from the Jabel Harmun (Fig. 7b; Table 8, analyses
7, 8).

7. Discussion

The structure of minerals of the rhonite group is
traditionally thought to consist of alternating octahedral
and tetrahedral layers (Fig. 4a). Octahedral walls are
formed by M3-M7 octahedra, which are mainly occupied
by Fe’', excluding the M5 octahedron occupied by
Mg and Caland Ca2 polyhedra (configuration 6+ 1).
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Fig. 6. (a and b) Specimen no. JB3: a magnesioferrite and khesinite incrusting walls of rounded channels in flamite—gehlenite
hornfels (channel is shown in inset, magnified fragment is outlined by frame); bright spot in khesinite is a hashemite BaCrO, grain.
(b) Khesinite rims on magnesioferrite with inclusions of “calcioferrite”. (c) Specimen no. JBB16: khesinite together with magnesioferrite and
barioferrite fill thin cracks in flamite—gehlenite hornfels as shown in inset, black rectangle shows magnified fragment in (c). (d) Specimen no.
JBB17: zoned aggregate of hematite—magnesioferrite—khesinite—schorlomite with “calcioferrite” inclusions, which is replaced by
barioferrite. On the right upper corner partially altered flamite with characteristic polysynthetic twinning is visible. (e and f) Altered
magnesioferrite grains with khesinite rims and “hexaferrite” inclusions: (e) barite forms in empty spaces in magnesioferrite; (f) symplectite of
silicocarnotite and rankinite (replaced by Ca-hydrosilicates) are well visible. Some part of silicocarnotite is replaced by khesinite. BSE
images. Points of analyses given in Tables 6 and 7 are shown in Fig. 6. Adr — andradite, Bfr — barioferrite, Brt — barite, Cal — calcite,
Ghl — gehlenite, Hsh — hashemite, HSi — hydrosilicates, Khs — khesinite, Mgf — magnesioferrite, Ap — fluorapatite, Hfr — “Ca hexaferrite”,
Flm - flamite, Scr — silicocarnotite, Hem — hematite, Sch — schorlomite.

Pyroxene chains (P) extend parallel to the X axis in the
tetrahedral layer, between which are located spinel
modules (S), formed by linear 75—Fel—-T75 and 76—Fe2-T6
trimers (Fig. 4b; Zvyagin, 1997; Merlino & Pasero, 1997).
This arrangement corresponds to the polysome (SP)
(Fig. 4b) reported in the synthetic phases of the SFCA
type, which are close in composition and structure to
khesinite (Hamilton et al., 1989; Mumme et al., 1998;
Sugiyama et al., 2005; Liles et al., 2016). Most minerals
of the sapphirine supergroup are also (SP) polysomes

(Grew et al., 2008). Investigations of synthetic Ca-ferrites
showed that there are other modular structures formed
by S- and P-modules such as (SSP) for SFCA-I with com-
pOSitiOl’l C8.6_36FC3+29_32A12.68F62+0482056 (Mumme et al.,
1998) and (SSPSP), which corresponds to (SSP) + (SP),
for the SFCA-II phase CalO.zAl18.6FC3+37_4F62+1_8096
(Mumme, 2003).

The structural formula of minerals of the dorrite—khesinite
series can be written as follows: ¥ (4 12A22)E4VI(M 1M2M3,-
Ma,M5,M6,M75)51204  [(T1212,13,T4,75,765)5.12036],
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Table 7. Composition of ferrites from flamite—gehlenite hornfels from Jabel Harmun, Judean Mts.

No. JB3 JBB16 JBB17 JB4A

Fig. 3B 3C 3D 3E

Mineral Mgf  Hfr Khs  Mgf Bfr Ksh  Hem Mgf Khs Sch Brf Hfr Mgf  Bfr Khs

wt.% 1 2 3 4 5 6 7 9 10 11 12 13 14 15
TiO, n.d. 0.57 033 007 148 070 1.00 0.12 043  13.37 1.99 2.67 nd. 248 046
SiO, n.d. n.d. 7.31 nd n.d. 540 nd. n.d. 726  22.85 0.23 0.05 0.03 nd. 6.91

Fe,O; 7021 89.81 67.57 6891 81.63 67.75 9570 69.41 67.84 3044 80.29 85.15 64.65 78.60 59.65

Cr,03 1.54 190 042 0.13 nd 1.02 184 2.03 0.92 0.34 1.62 207 774 191 574

Al,O4 1.28 145 601 289 207 798 067 1.64 6.13 1.02 1.64 1.90 185 1.68 8.77
BaO n.d. n.d. n.d. 0.16 11.64 nd. n.d. n.d. n.d. n.d. 10.54 0.97 0.19 10.81 n.d.
SrO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.23 025 025 046 0.18
CoO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.16 n.d. n.d.
NiO 4.32 0.16 024 225 nd 0.08 n.d. 2.41 n.d. n.d. 0.16 028 355 020 023
CuO 0.65 n.d. n.d. 1.07 nd. n.d. n.d. 2.61 0.22 n.d. 0.18 025 403 0.17 032
ZnO 0.19 n.d. n.d. 595 031 033 nd 0.51 0.13 n.d. n.d. 0.14 1.18 nd. n.d.
MnO 0.39 0.19 021 0.16 nd n.d. n.d. 0.37 0.15 n.d. 0.29 026 043 0.16 n.d.
FeO 10.53 0.31 030 6.62 nd. 0.03 nd. 7.65 0.19 n.d. n.d. n.d. 2.84 nd. n.d.
CaO 0.93 5,52 1522 059 095 1434 0.17 085 1471 3234 2.22 547 055 120 14.54
MgO 9.09 032 192 959 030 1.59 035 10.83 2.44 n.d. 0.79 1.09 12.13 0.88 2.58
K,O n.d. n.d. n.d. n.d. 0.07 nd. n.d. n.d. n.d. n.d. n.d. 0.14 nd. n.d. n.d.
Na,O n.d. n.d. n.d. n.d. 0.09 nd. n.d. n.d. n.d. n.d. 0.05 n.d. n.d. n.d. n.d.
Total  99.13 100.23 99.53 98.39 98.54 99.23 99.73 98.43 10042 100.36 100.23 100.69 99.56 98.55 99.38

Calc. on 4 O 19 O 400 40 190 400 30 40 40 O 80 190 19 O 40 190 400

Na 0.032 0.017

K 0.016 0.030

Ca 0.986 4.000 0.122  4.000 4.000 3.034 0.228 0.883 0.231 3.966

Ba 0.830 0.731  0.063 0.765

Sr 0.024  0.024 0.048 0.034

Mn** 0.026

X 1.012 4 1 4 4 3.034 1 1 1.044 4

Ca 0.036 1.333 0.023 0.063 1.049 0.005 0.033 1.100 0.193  0.087 0.021 1.054

Ba 0.002 0.003

Mg 0.488 0.080 0.938 0.515 0.081 0.781 0.014 0.577 1.177 0.209  0.269 0.634 0.237 1.241

Co 0.005

Ni 0.125  0.022 0.063 0.065 0.021 0.069 0.023  0.037 0.100 0.029 0.059

Cu 0.018 0.029 0.070  0.054 0.024  0.031 0.107 0.023 0.078

Zn 0.005 0.162 0.043 0.082 0.014 0.032 0.018 0.031

Mn>" 0.012 0.058 0.005 0.011  0.041 0.043  0.036 0.013 0.025

Fe> " 0.317 0.044 0.081 0.200 0.008 0.229  0.050 0.083

Al 0.054 0.021 0.076  0.358

crt 0.044  0.251 0.107 0.004 0.265 0.038 0.057 0.235 0.024 0.227 0271 0.215 0.273 1.462

Fe3t 0.901 9.551 9.340 0993 9.626 9.621 1.902 0937 9.206 1.095 9.083 8.984 0.712 10.682 8.025

Ti*" 0.071 0.080 0.002 0.203 0.173 0.020 0.003 0.105 0.881 0.265 0.332 0.337 0.112

M 2 10.019 12 2 10.016 12 2 2 12 2 10.067 10.065 2 11.964 12.031

Al 0.284 2317 0.123 0.444 3.092 0.069 2338 0.105 0.342 0.371 3.332

Fe " 1.000 1.715 7.291 0.877 1.556 7.133 0.931 7.313 00911 1.617 1.621 0.997 6.442

Si 2.392 1.775 2.349  2.001 0.041 0.008 0.003 2.226

T 1 2 12 1 2 12 1 12 3.017 2 2 1 12

Note: Fe*™/Fe*" ratio calculated from stoichiometry. Abbreviations: Mgf — magnesioferrite, Hfr — hexaferrite, Khs — khesinite, Brf —

barioferrite, Hem — hematite, Schr — schorlomite.

where seven-coordinated A sites are occupied by Ca,
octahedral M sites by Fe*™>", Mg, Ti*", Cr’", Ca and
tetrahedral 7'sites by Si, Al and Fe>*. This structural formula
can be simplified to 44(M)O04[T1,036] in the sapphirine-
supergroup classification. The formula Ca4(Mg3Fe3+9)O4
[SizAlgFe’ " Os4] was proposed for holotype dorrite (Grew
et al., 2008). This formula does not correspond to a proper

end-member crystal-chemical formula as more than two
cations occupy the combined M sites and combined 7 sites (cf.
Hawthorne, 2002). For holotype khesinite with the empirical
formula Cay(Fe’ 5 52sMg1 635Ca008Ti" 0336Ni° 0217Mn” "
0.155CT " 0.13F€” 0,008)5 1204[(Fe™ 6 527AL 506512 667)512036]
(Table 1, analysis 1), we proposed by analogy with dorrite the
crystal-chemical formula Cay(Fe* " oMg3)O4[(FeSi3)O56).
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W 20 um
T —

Fig. 7. Rims of CFF-type phase on spinel crystals from flamite-
—gehlenite hornfelses. (a) Specimen no. IS74A: rare dorrite grains are
detected within rims. (b) Specimen no. IS104: Fe content in spinel
grains increases towards margin, lighter spots are visible. BSE images.
Ghl - gehlenite, Dor — dorrite, Sp — spinel-magnesioferrite, Flm —
flamite, Prv — perovskite; CFF — CFF-type phase. Points of analyses
given in Table 8 correspond to the numbers shown in the figures.

However, this formula also does not meet the formal
requirements of an end-member formula. According to the
dominant-valence rule, the emplncal formula of khesinite
might be simplified to Ca4(Fe 12)04[Fe 151036 with
combined M and T sites. This is the extreme approach
applied by Ma and co-authors describing the new minerals
warkite Ca4Scle4[A112036] (IMA2013—129) (Ma et al.,
2014), beckettite (IMA2015-001) CayV 1,04[Al1,056] (Ma
et al., 2015) and addibischoffite (IMA2015-006) CasA-
11,04[Al1,0536] (Ma & Krot, 2015). Following this
procedure the dorrite formula would be simplified to

Ca4(Fe 12)04[A]12]O36, and the formula orlgmally sug-
gested for the species khesinite, Cay(Fe? ToMgs)
O,(Fe? *4Si3)05¢ (Galuskina et al., 2014), would be the

sum of two theoretical end-members: 75% Ca4(Fe3+12)
O4[Fe’ 151036 + 25% Cay(Mg;2)04[Si;2]0s6.

However, the problem of defining proper end-member
formulae for this group should be addressed by taking into
account structural and crystal-chemical data. For the
dorrite—khesinite series in particular, we can ground on
structural data for holotype khesinite together with crystal-
chemical data on khesinite from other localities (Fig. 5,
Tables 1 and 6). One octahedral site and one tetrahedral
site differ sharply in size from other sites (Table 4): M5 is
the largest octahedral site with average distance M-
-0=2.19A compared to M—0=2.04-2.07 A for the other
sites. Similarly, 74 is the smallest tetrahedral site with
T-0=1.65A, compared to 7-0=1.75-1.87 A for the
other sites. The 74 site is 94% occupied by Si (Table 3) in
holotype khesinite, and Si averages 2.2(2) apfu for all
khesinite analyses (~70) from paralava, as shown in the
Fe’™—Al-Si diagram (Fig. 5). To achieve charge balance
for incorporation of Si at 74, divalent cations occupy an
octahedral site, in our case Mg(4-Ca) at M5. Considering
the strong differentiation of the M5 site, we suggest
using CagM ;M 04[T1,036] or the simplified formula
CayM M ,¢T1,040 as end-member formula for minerals of
the dorrite—khesinite series, where the species-defining
M’ corresponds to the large octahedral site. Consequently,
the emp1r1cal crystal- chem1cal formula of khesmrte

Ca4(Fe " 2.528Mg1 635C0.808Ti  0336Ni° 0.217MN T 155Cr

0.132F€”0.008)s 1204[(Fe” "6 827AL1 506S12.667)512036]  can
be written with separated M5 sites: Cay(Mgq 10-

Cao 898)22(Fe 8.528Mgo. 533T1 0. 336Ni2+0.gr7Mn2+0.155'
crt 0. 1%21:e 0. 098)21004[(Fe 6.827A12.502S12.667)E12036]7
simplified to Ca4Mg2Fe T1004[(Si,Fe’*()036]. The

correspondlng end-member formula for dorrite is
Ca4Mg2Fe *1004[(SirAl;0)O36]. These two formulae
meet the criteria for an end-member, as valency-imposed
double occupation occurs at only one site (Hawthorne,
2002), the undifferentiated 7 site. Some analyses of
khesinite (Table 1, analyses 2, 3) show for M’ Ca contents
>1 apfu and Mg < 1 apfu, which suggests a potentlal
new m1nera1 species with composition CayCa,Fe’"
1004[(SizFe’19)O36].

The empirical formula of addlblschofﬁte Ma et al.,
2016) (Caz 00)(Aly5sMg; 73V og
Ti** o 50Ca 0oFe> . 05)5°6.01(Al4.1451;1 86)O20, can be sim-
plified to (on a 40 O basis) Ca;Mg,(Mg,Alg)O4[(SizAlg)
Os¢], which, differentiating only one M site and applying
the dominant-valence rule, leads to the same type of
end-member formula as proposed for the khesinite—dorrite
series: Ca4Mg2A11004[(Slel *10)036], making addibi-
schoffite the Al-analogue of khesinite in terms of both the
M and T sites, whereas dorrite is an Al analogue in terms of
only the T sites.

8. Genetic aspects of khesinite formation

The ferrites (all iron as Fe*™): magnesioferrite MgFe,0,,
trevorite NiFe,O,4, cuprospinel CuFe,0,, delafossite
CuFeQO,, harmunite CaFe,O4; brownmillerite Ca,Fe(Al,
Fe)Os and srebrodolskite Ca,Fe(Fe,Al)Os; shulamitite
Ca;TiFe(AlFe)Og and its analogue CasTiFe(Fe,Al)Og;
barioferrite BaFe,0,9, “calcioferrite” CaFe,0;9, khe-
sinite Ca4Mg2Fe 1 004[Si2Fe 10036] s dorrite Ca4Mg2_
Fe1004[Si,Al; 0056, and the CFF phases
CazMngelo(Al,Fe)4025 and CazMngelo(Fe, Al)4025
have been found in pyrometamorphic rocks of the
Hatrurim Complex (Murashko et al., 2010; Sharygin
et al.,2013; Galuskina et al., 2014 and this study). Primary
magnesiochromite Mg(Cr,Fe),O4, “hexaferrite” with
composition Ca(Cr,Fe);,0;9 and the Cr-analogue of
khesinite CasMg,Cri9O4[(SioFe p)O36] were found in
gehlenite hornfels. Hematite (Fe,O3) is widely distributed
in different types of rocks of the Hatrurim Complex.
Magnetlte (Fe’" > Mg), usually with high Ni, Cu and Zn
contents, is rarely noted in paralavas.

Three main phases, SFCA and SFCA-I (Si-bearing
systems) and CFF (low-Si systems), are key intermediate
phases in the sintering process of iron ores (e.g. Scarlett
et al., 2004; Webster et al., 2014; Ding et al., 2015). The
phase SFCA, CasFe* " |, (Fe®T,Al)1,040, is a structural
analogue of minerals of the dorrite—khesinite series, i.e.
polysome (PS), whereas SFCA-I, CagFe’", (Fe3+
Al)3,0s6, polysome (PSS), has no natural analogue
(Mumme, 2003; Grew et al., 2008). The formula for
SFCA-1 normalized to 70 is CagsFe* " ,5(Fe*",Al),0;
~ CaFe, 07, i.e. the formula of “grandiferrite” described
from burnt coal dumps in Chelyabinsk and porcellanite in
the Czech Republic (Chesnokov et al., 1998; Zacek et al.,
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Table 8. Composition of ferrites from flamite—gehlenite hornfels.

Sample IS7T4A 1S104 JB1
Mineral Sp Shl Srbr Dor CFF Sp CFF CFF
Fig. 4 1 2 3 4 5

wt.% 1 2 3 4 5 6 7 8
71O, n.d. 0.54 n.d. n.d. n.d. n.d. n.d. n.d.
TiO, 0.05 20.29 0.54 0.57 0.10 n.d. 0.35 0.13
Sio, n.d. 0.79 0.34 4.99 n.d. n.d. 0.10 1.4
Fe,05 44.99 25.57 44.86 51.44 65.51 43.11 63.74 73.15
Cr,04 0.91 0.09 0.41 0.51 0.73 3.64 1.46 0.43
AlLO4 29.17 7.49 9.31 25.61 16.99 27.49 16.16 7.12
CuO n.d. n.d. n.d. n.d. 0.21 0.26 n.d. 0.56
7ZnO 1.95 n.d. n.d. n.d. 0.74 0.8 n.d. n.d.
NiO 043 n.d. n.d. n.d. 0.38 0.93 0.30 0.62
FeO 0.52 0.53 0.12

MnO 0.24 n.d. 0.15 n.d. 0.22 n.d. n.d. 0.23
CaO 0.43 42.9 434 13.25 7.18 0.596 9.14 9.22
MgO 21.89 0.22 0.15 3.28 7.68 21.19 7.51 6.45
Total 100.08 98.42 99.7 99.64 99.73 98.13 98.76 99.31
Calc. on 40 80 50 40 O 250 40 250 250
Ca 3.024 1.998 4.000 1.534 1.971 2.071
Mg 2.284 2.029 1.929
Ni 0.060

Cu 0.032

Zn 0.109

Mn>* 0.005 0.037

X 3.024 2.003 4 4.056 4 4

Ca 0.013 0.242 0.019

Mg 0.942 0.021 0.010 1.462 0.933 0.224 0.088
Ni 0.010 0.022 0.049 0.104
Cu 0.006 0.088
Zn 0.042 0.017

Mn?" 0.006 0.042
Fe?* 0.029 0.019 0.003

Al 0.969 0.915

crt 0.021 0.005 0.014 0.120 0.115 0.085 0.232 0.072
Fet 0.899 0.936 10.078 9.827 9.509 9.589
Ti*" 0.001 1.004 0.018 0.127 0.015 0.053 0.020
Zr 0.017

M 2.004 1.975 0.997 12.029 9.957 2 10.067 10.003
Al 0.023 0.581 0.471 9.019 3.993 0.042 3.834 1.758
Fe " 0.977 0.367 0.514 1.490 0.007 0.958 0.146 1.950
Si 0.052 0.015 1.491 0.020 0.292
T i )i i 12 4 I 4 4

Note: Fe>T/Fe*" ratio calculated from stoichiometry. Abbreviations: Sp — spinel, Shl — shulamitite, Srbr — srebrodolskite, Drr — dorrite,
CFF — synthetic calcium ferrite phase.

2015). In our opinion the phase CFF, CasFe* Fe® 40,5, ferrite crystallization begins with the C,F phase —
has a natural analogue in rocks of the Hatrurim Complex  srebrodolskite Ca,Fe,Os (Ca/Fe ~ 1; 750-780°C), which
(Table 8, analyses 5, 7, 8). Normalization to 70 gives  at higher temperature (>950 °C) reacts with Fe,O3 to form
Cag gaFe’ " 25Fe’ 75 9,0, & CaFe 05, which is also close  the CF phase — harmunite CaFe,0,4, (Ca/Fe=0.5)
to “grandiferrite”. However, distinguishing natural ana-  (Scarlett et al., 2004). Harmunite is a new mineral found
logues of CFF and SFCA-I with a high content of Mg, in pyrometamorphic rocks of the Hatrurim Complex. It is
which may substitute for both Ca and Fe®", requires assumed that its formation temperature is significantly
structural investigation (Table 9). below 1000°C as a result of crystallization from

Temperature and composition of initial furnace feed are ~ sulphate—chloride-bearing melts (Galuskina et al.,
the main parameters defining the formation of synthetic =~ 2014). In sintering processes, the SFCA and SFCA-I
SFCA phases. In processes of iron-ore agglomeration, phases (Ca/Fe~0.2) begin to form from pre-existing
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Table 9. Crystal chemical and end-member formulae of the khesinite—dorrite series.

Polyhedral site Octahedral site

Tetrahedral site

Old formulae, do not conform to the rules of IMA CNMNC
V41,42, sa  VAMIM2MB o MAMS,M6,MT5)s 15

Cay (Mg3Fe3+9)
Cay (Fe**oMg3)
Cay (Fe”&sstg1.635C30.898Ti4+04336Ni2+0.217

2+ 3+ 2+
Mn“"¢.155Cr" "0.132F€ 0.008)5 12

Structural formula of series
Originally proposed
formula of dorrite
(Grew et al., 2008)
Originally proposed
formula of khesinite
(Galuskina et al., 2015)
Empirical formula of
khesinite, this study

04 (T1,12,T3,T4,T5,T65)51,036
0, [SizAlgFe* 056]

04 [Fe’"4Si3056]

04 [(Fe3+6.827A12.50()Si2.667)212036]

New proposition based on the rules of IMA CNMNC (Hawthorne, 2002; Hatert & Burke, 2008)

VI A1,42,)5s M5, VIMIM2M3,M4,M6,M75)s 10 Oy

Cay M, Mo

Cay (Mg1.102Cag.898)s2 (Fe3f§.i2sMg0.53é3+Ti4+o.336
Ni""0217Mn" "¢ 155
%CI‘3+0.132Fe2+0.098)210

Ca, Mg, Fe'™ o

Cay Mg, Fe’' o

Ca4 Ca2 Fe3+10

Ca4 Ca2 Cr3+10

Structural formula of series

Simplified structural
formula of series

Empirical formula of
khesinite

[(T1,72,T3,T4,T5,T62)512036]
Oy [T10512036]

04 [(Fe3+6.827A12.506Siz.667)212036]

0, [SipFe*" (056 New proposed end-member
formula of khesinite
New proposed end-member
formula of dorrite

New proposed end-member
formula of a potentially
new mineral of the
series

Our data

04 [Si2Al O3]

O, [SizFe3+ 10036]

Oy [Si2F63+10036]

ferrites above 1050 °C as a result of solid-state reactions in
the CaO-Fe,O;3 system; Al,O5; impurities extend their
stability fields to lower temperatures (Scarlett et al., 2004;
Webster et al., 2012; Gan et al., 2015). High bulk SiO,
contents reduce the stability range of the phases SFCA-I
and CFF, which contain little or no Si (Webster et al.,
2014; Ding et al., 2015; Gan et al., 2015). Formation of
SFCA-type phases increases above 1200 °C, when melting
of srebrodolskite and harmunite begins (Scarlett et al.,
2004).

Holotype khesinite crystallized in paralava from melt,
sometimes forming crystals, but more often reaction rims
on magnesioferrite (Fig. 6). Khesinite occurs with
pseudowollastonite and flamite. Formation of pseudo-
wollastonite and flamite takes place at or above 1200 °C in
paralavas of the Hatrurim Complex (Seryotkin ez al., 2012;
Sokol et al, 2015). Absence of srebrodolskite and
harmunite in these paralava rocks is also evidence of
high-temperature formation of khesinite (~1200-1250 °C).
Paralava with khesinite fills the interstices between large
gehlenite, rankinite, schorlomite and pseudowollastonite
crystals. Here khesinite is a product of crystallization of
isolated portions of residual melt.

In gehlenite—flamite hornfels, genesis of minerals of the
khesinite—dorrite series is related to high-temperature
alterations of early formed gehlenite—flamite hornfels
affected by sulphate- and halogen-bearing melts/fluids
generated during pyrometamorphism. These high-temper-

ature fluids penetrated the rock through channels, thin
cracks and intergranular boundaries and reacted with
early-formed minerals. The formation sequence of ferrites
in gehlenite—flamite pyrometamorphic rocks can be
presented as follows (see Fig. 6b and d-f): (1) during
prograde metamorphism hematite formed after pyrite from
sedimentary rocks, which was replaced by Ca-bearing
magnesioferrite at rising temperature; (2) there was
possibly a period during which the system cooled,
resulting in crystallization of platy ‘“hexaferrite”
CaFe ;09 in the magnesioferrite matrix accompanied
by formation of a silicocarnotite—rankinite symplectite; (3)
local heat injection by fluid/melt into the pyrometamor-
phic rocks resulted in partial dissolution of magnesio-
ferrite and overgrowth by khesinite. The Ca-“hexaferrite”
was replaced by barioferrite, whereas barite crystallized in
vesicles in altered magnesioferrite (Fig. 6e).

Therefore, crystallization of khesinite, both in paralavas
and hornfels, resulted from injection of melts/fluids, which
reacted with earlier phases, i.e. khesinite is a product of
high-temperature alteration of pre-existing pyrometamor-
phic rocks. Melts/fluids were mainly generated during
formation of pyrometamorphic hornfels, probably at peak
temperatures. Melts penetrated the hornfels along micro-
cracks and channels or filled larger cracks forming
paralava bodies. A similar mechanism of high-temperature
alteration of primary pyrometamorphic rocks with
participation of liquid phase (melt, fluid) was proposed
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by us (Galuskin et al., 2016) for the formation of big
ternesite metacrystals within fine-grained larnite-
—ye'elimite—brownmillerite—fluorellestadite rocks (clinker
association).

Thus, we assume that during pyrometamorphism, melts
(fluids) were produced at local hot spots. These migrating
fluids altered earlier formed rocks containing typical
clinker assemblages.
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