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Syntheses of (Fe,Ti)S analogs of natural Ti-bearing troilites were performed in evacuated and sealed silica glass tubes
to investigate the extent of the knowledge on the solid solution between FeS and TiS. The synthesized (Fe,Ti)S phases
were investigated using electron probe microanalysis and powder X-ray diffraction. The synthetic phases of the (Fe,Ti)
S series adopt NiAs-type structure of P6,/mmc space group in the compositional range from FeS to Fe Ti .S. Mem-
bers of the series rich in titanium crystallize in the R—3m space group. The stoichiometric TiS can adopt both structure
types. Some additional diffraction peaks were observed in numerous samples. However, due to the insufficient quality
of powder XRD data, crystal structure parameters of only samples with troilite 2C superstructure could be successfully
refined. Systematic variation of deficit in metal (Me = Fe+Ti) site occupancy with titanium content was observed in
the synthetic samples. This deficit increases with the increasing Ti content in a compositional range from pure FeS to
Fe,,Ti,,S. In samples containing more titanium than this composition, the deficit of the metal site occupancy decreases,
and the composition of end-member TiS is very close to the ideal stoichiometry.
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1. Introduction

The group of iron monosulfides commonly occurring in
nature includes troilite, pyrrhotite, and smythite. Their
structures are based on the hexagonal nickel arsenide
structure (NiAs-type). Structures relevant to this study
are shown and described in Fig. 1. The most common of
them is pyrrhotite which belongs among the most com-
mon iron sulfides in the Earth’s crust. It also occurs in
meteorites, especially in carbonaceous chondrites. Pyr-
rhotite is a non-stoichiometric mineral and its composi-
tion is expressed by the empirical formula Fe,_S, where
x<0.125. A large number of superstructures result from
the ordering of the Fe-filled sites and vacancies. Troilite
is a stoichiometric iron monosulfide mostly known from
meteorites. However, some of the terrestrial occurrences
have been reported in highly reducing environments
(Langenhorst et al. 2013; Rubin and Ma 2017). Troilite
crystallizes in the space group P—62¢ a superstructure
of NiAs-type structure (Evans 1970; Topel-Schadt and
Miiller 1982; Skala et al. 2006; Makovicky 2006). The
structure of P—62c¢ is stable at ambient conditions, and
above temperatures higher than 210 °C, the structure
changes into NiAs-type structure of P6,/mmc space
group. Smythite is a rare mineral with even more deficit

in iron than pyrrhotite with ideal composition Fe S, , al-
though most closely are represented by the formula Fe,S,
(Fleet 1982; Langenhorst et al. 2013). It crystallizes in R
—3m rhombohedral space group.

Substitution of variable amounts of titanium in the
structure of iron monosulfides is well known from en-
statite-rich meteorites. Enstatite-rich meteorites include
enstatite chondrites, which are divided based on their
bulk composition into two groups: EH (high bulk iron)
and EL (low bulk iron), enstatite achondrites (aubrites),
and some anomalous unclassified meteorites (Keil 1968,
1969, 1989; 2010; Weyrauch et al. 2018 and references
therein). Enstatite-rich meteorites formed under highly
reducing conditions which are also reflected in their
mineralogy. Mineralogical composition mainly consists
of nearly Fe-free enstatite, Si-bearing Fe-Ni metal, and
sulfides. Among them, troilite is the most abundant. Due
to highly reducing conditions, some otherwise lithophile
elements behaved as chalcophile and formed sulfides
e.g., oldhamite (CaS), niningerite (MgS), daubréelite
(FeCr,S)), heideite (Fe,Cr) , (Ti,Fe),S, where x<0.15.
The reducing conditions also affected the composition
of troilites as they bear lower or higher amounts of chro-
mium and titanium. The amounts of Ti concentration
in troilite vary greatly between enstatite chondrites and
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NiAs-type structure and its superstructures

NiAs-type structure Troilite Pyrrhotite-4C
P6,/mmc Pb62c C2lc Y
a~36A=A a=597A~B ° a=11.93A o‘fa‘;fa‘o’a
c~5A=C c=1.76 A~2C 0‘ b=6.88 A QP oP oo @
Wyckoff positions: 2a, 2b ' . c=12.92A R ELEERR X
L a=90°
i ® B5=118° Je
Q o y =90°
9 9
)
: 9 9 )
m o Jdeoloel e -/
Pyrrhotite-5C Pyrrhotite-6C Wassonite-type
Cmca Cc R3m
a=6.89A~2A a=6.90 A a=342A
c=2863A~5C b=11.95A c=26.46 A
. - c=28.63A (@) o
a=90° ® o ° e
B=101° o _o
Y
 |o®co
I—»- o () © (®)
J . : = 2 o o » >S5
s B 5 » o o
2 5 » 2 o5 o o 6 ) 5 )
s 9 2 o » 0O
2 » » s 0 o o
2 o o o6 o
o 9 o o o 9 o
? o e o o0 o
o o o o o 0 o
> 9 e e
o ® o o 0 o0 o
3 s > 5 o o
o8 o o 0 o O
5 9 o 9
o 0 o °
o 5 » O
. . o 0 0 o .
5 o o 9
| | —9—06—0—9- . I
: [4] 61 - : [6]

[1] Alsen (1925); [2] Skala et al. 2006; [3] Powell et al. (2004); [4] de Villiers et al. (2009);
[5] de Villiers and Liles (2010); [6] Hahn and Harder (1957)

216



Miscibility between synthetic FeS and TiS

Fig. 2 Variation of titanium content is 9
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aubrites (Fig. 2). A rare Ti-bearing iron monosulfide (pyr-
rhotite) is reported from the Khibina alkaline complex
in Russia (Barkov et al. 1997, 2000; Yakovleva et al.
2010). Conditions of origin of the mineral assemblages
containing the Ti-bearing pyrrhotite had to be highly re-
ducing as they consist of Ti-bearing pyrite and marcasite,
troilite, alabandite, edgarite, and others. In contrast with
Ti-bearing troilites from enstatite-rich meteorites, the
Ti-bearing pyrrhotite does not contain any chromium; it
contains variable amounts of vanadium. Moreover, troi-
lites coexisting with Ti-bearing pyrrhotite at that locality
do not contain any titanium, chromium, or vanadium.
Stoichiometric TiS has been known only from ex-
perimental studies for a long time (Vieane and Kullerud
1971; Mitsui et al. 2009 and references therein). How-
ever, then it was discovered in the barred olivine (BO)
chondrule of Yamato 691 (EH3) chondrite and named
wassonite (Nakamura-Messenger et al. 2012). Due to the
submicroscopic size of the studied grains, both chemical
and structural characterization was performed only by
transmission electron microscopy (TEM) techniques.
Chemical characterization of wassonite revealed a minor
amount of chromium and iron substitutions, and therefore
the empirical formula corresponds to (Ti ,,Fe, Cr,,)S.
Collected selected-area electron diffraction patterns are
compatible with R—3m space group, also corroborated by
the experimental work on Fe-Ti—S system (Vieane and

@
Fig. 1 Summary of published superstructures of NiAs-type structure
related to the study.

2 3 4 5 6
Ti

Kullerud 1971; Mitsui et al. 2009 and references therein).
Experimental studies also showed that TiS might possess
the structure P6,/mmc, the same as for high-temperature
modification of troilite and pyrrhotite (Topel-Schadt and
Miiller 1982; Mitsui et al. 2009). Mitsui et al. (2009)
revealed the existence of a homogenous solid solution of
NiAs-type structure at temperatures 726.85 °C and higher
in the study of the FeS—TiS system.

The aim of this study is a reexamination of the crystal
structures of synthetic phases of the FeS—TiS system
and a comparison of results with the naturally occurring
Ti-bearing iron monosulfides, especially the Ti-bearing
troilites known from enstatite-rich meteorites.

2. Samples and experimental methods

The polished thin section M5635 of Bustee meteorite
(aubrite) from the meteorite collection of the Naturhisto-
risches Museum Wien (NHM) was used in this study to
represent the natural Ti-bearing troilites from enstatite-
rich meteorites.

Synthetic samples were prepared from elements of
high purity, which were weighted to represent desired
stoichiometry, in evacuated and sealed silica glass tubes
in horizontal tube furnaces at 800 °C. The heat treat-
ment took a different amount of time depending on the
composition of the particular sample (up to 6 months
for titanium-rich samples), and it ended by quenching.
Polished (thin) sections were prepared from synthetic
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samples to define their chemical composition using an
electron probe microanalyzer (EPMA).

The chemical composition of the synthetic samples
and Ti-bearing troilite grains from Bustee was measured
with a JEOL JXA-8200 SuperProbe electron probe mi-
croanalyzer (BGI, Bayreuth). The accelerating voltage
of 20 kV, the probe current of 20 nA, and an electron
beam of 2 um in diameter were used for the measure-
ments. The analyzed elements included (used the spectral
line, standard, and detection limit in ppm, respectively,
are given in parentheses): Fe (K, FeS,, 1500), Ti (K,
MnTiO,, 300), S (K, FeS,, 750), and Cr (K, metal Cr,
430).

Philips X’Pert MPD diffractometer in reflecting
Bragg-Brentano geometry equipped with a proportional
detector and graphite diffracted beam monochromator
was used to collect diffraction data (Czech Acad. Sci.,
Inst. Geol., Prague). The analyses were performed under
the following conditions: CuKa radiation, step size of
0.02°, counting time 3 s at each step and the 26 range of
10-130°. Samples were placed on zero-background sili-
con sample holders. Qualitative analysis was performed
with ZDS-WX Search/Match X-ray diffraction software

Fig. 3 The appearance of the synthetic
samples in the polished sections in
reflected light. a — synthetic sample of
ideal stoichiometry FeS. b — synthetic
sample of ideal stoichiometry TiS.

(Ondrus and Skala 1997) teamed with the JCPDS PDF-2
database.

The Rietveld crystal structure refinements of measured
samples were performed with the TOPAS V4.2 program
(Bruker AXS 2008) with an initial structure model taken
from Alsen (1925). Refined parameters included scale
factor, coefficients of Chebyshev polynomial used to
model a background, sample displacement, isotropic
displacement factors, U, V, W, and X parameters of the
Thompson-Cox-Hastings pseudo-Voigt profile shape
function (PSF) (Thompson et al. 1987). When the PSF
did not describe peak shapes satisfactorily, additional
functions (Lorentzian and/or hat) were convoluted on
the profile. Preferred orientation effects were treated by
spherical harmonics of the 4" order. The site occupations
were taken from chemical analyses and their refinement
has not been attempted.

3. Results

A set of synthetic materials with different composi-
tions along the FeS—TiS join were synthesized. Syn-
thetic samples showed a
typical bronze-yellow to pinch-
beck-brown color visible in
the polished sections (Fig. 3).
Though, in general, the syn-
thesized materials were fairly
homogenous, the presence of
unreacted iron has been shown
in BSE images of samples
of Fe, Ti .S, Fe Ti S and
Fe, /Ti, ;S compositions (Fig. 4).
It was also noticed in powder
XRD data. The amount of iron

Fig. 4 BSE images of the selected syn-
thetic samples, to describe them, the
ideal stoichiometric formula is stated.
a—FeS; b-Fe ,Ti .S; ¢—Fe Ti,S;
d - Fe  Ti ,S; e - Fe Ti S; f - TiS.
Unreacted iron, if present, is labeled

with the abbreviation Fe met.
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Tab. 1 Unit-cell parameters of synthetic samples along FeS-TiS join quoted for NiAs-types structure. Isotropic displacement factors and common
refinement agreement factors for the Rietveld analysis are reported. Abbreviation Me stands for a metal site in NiAs-type structure which in the

case of synthetic materials consist of iron and titanium (Fe + Ti).

TiS

oL, %] a[A] c[A] VA% cla  B,Me[A] B,S[A] R, [%] R, [%] R [% RI%] GOF
0 3.4454(2) 5.8783(3) 60.432(6) 1.7062(3) 3.20(9)  0.9509)  4.088 16.87 19.67 14.25 1.17
5 3.4474(1) 5.8234(2) 59.937(5) 1.6892(2) 1.83(7)  0.77(7)  4.514 17.94 22.46 15.81 1.25
10 3.4486(1) 5.8214(3) 59.959(5) 1.6880(2) 2.48(8)  0.89(7)  4.058 18.53 22.42 16.68 1.21
20 3.4481(1) 5.8128(2) 59.850(3) 1.6858(1)  2.5(1)  0.80(1)  2.935 17.29 19.56 14.40 1.13
30 3.4487(1) 5.8003(2) 59.744(4) 1.6819(2) 2.79(9)  0.68(8)  3.151 17.26 20.25 15.17 1.17
40 3.4422(1) 5.7976(2) 59.492(3) 1.6843(1) 2.17(6)  0.21(5)  4.103 14.92 17.67 13.24 1.18
50 3.4297(1) 5.8112(3) 59.199(5) 1.6944(2)  2.1(1)  0.40(3)  3.172 19.23 20.77 15.81 1.08
100 3.3100(1) 6.3482(3) 60.235(6) 1.9179(2) 0.68(5)  0.33(5)  2.620 15.28 18.63 12.90 1.22

was refined during the Rietveld crystal structure refine-
ment and it was around 3 wt. % and the maximum value
was 6 wt. % in the sample with the empirical formula
Fe, Ti,S.

Generally, iron-rich members of the series crystalize
in the NiAs-type structure of the P6,/mmc space group.
The NiAs-type structure is observed in a compositional
region between pure FeS and Fe [Ti, S and is also met in
phases chemically close to pure TiS. The powder X-ray
diffraction (XRD) pattern of the experimental charge with
the composition of Fe ,Ti, S showed a mixture of the
NiAs-type-structured (dominant) and the wassonite-type-
structured (R—3m) phases. Members of the series rich in
titanium were found to crystallize in the wassonite-type
structure. The wassonite-type structure was also observed
in one case of the pure TiS member. Results of refine-
ment of unit-cell parameters for experiments refined with
NiAs-type structures are listed
in Tab. 1. and representative  counts @
Rietveld refinement plots are 3200

plotted in Fig. 5. 2800

Some additional diffraction 2400
peaks of variable intensity were 2000
observed in several synthetic :232

samples. We believe that those
diffraction peaks could cor-

made using superstructures known from the literature.
However, it was successful only in the case of troilite (2C
pyrrhotite) superstructures due to the insufficient quality
of the powder XRD data of the synthetic samples. The
initial structure model was taken from Skala et al. (2006).

Nevertheless, during the refinement, at least two ad-
ditional superstructures have been recognized. In the
case of synthetic samples with only a small amount of
titanium, the superstructure appears to correspond to
pyrrhotite 3C. The initial structure model was taken from
Nakano et al. (1979). In the compositional range around
the middle of the solid solution, the superstructure seems
to be consistent with the pyrrhotite 5C superstructure.
The initial structure model was taken from de Villiers
et al. (2009).

The chemical composition of the synthetic samples
is summarized in Tab. 2. The empirical formulas were
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Tab. 2 Chemical composition of synthetic Ti-bearing iron monosulfides. Empirical formulas were calculated based on one atom of sulfur per

formula unit.

wt. % n S Ti Cr Fe Total
FeS 20 36.62 £ 0.14 b.d.l b.d.L 62.34 £ 0.32 98.96 + 0.37
Fe, 0, Tl 000 5 37.17 £0.39 0.44 £ 0.01 b.d.l. 61.83 £ 0.44 99.46 + 0.47
Fe, . Ti, S 10 37.03 = 0.14 5.15+0.03 b.d.l. 56.76 = 0.24 98.94 + 0.36
Fe,Ti,,S 10 37.99 £0.10 11.30 £ 0.04 b.d.l. 49.84 +0.23 99.14 £ 0.21
Fe,.Ti .S 10 39.40 + 0.34 17.76 + 0.08 b.d.l. 42.50 +0.34 99.66 + 0.48
Fe, Ti,,S 10 40.91 +0.31 24.95+0.10 b.d.L 33.90 £ 0.25 99.77 £ 0.32
Fe,,Ti, S 10 42.19 £ 0.30 31.37+0.17 b.d.l. 26.47 027 100.04 + 0.37
Fe, Ti, S 11 43.02 £0.31 37.90 + 0.40 b.d.l. 18.92 +0.48 99.85 + 0.41
Fe,,Ti, S 10 44.06 +0.23 53.28 £0.18 b.d.l. 2.13+£0.34 99.48 £ 0.31
Fe, Ti,,S 10 42.80 +0.16 56.77 £ 0.13 b.d.L 0.13 £0.08 99.71 £ 0.17
Fe, . Tij S 12 41.55 +0.99 57.95 £ 0.99 b.d.l. 0.12 £0.03 99.59 +0.32
TiS 10 40.11 £0.48 59.87 +£0.36 b.d.L b.d.l. 100.00 + 0.77
apfu n Ti Fe Me Deficit %

FeS 20 - 0.978 £ 0.006 0.978 + 0.006 2.24

Fe, 0, Ti) 000 5 0.0079 + 0.0002 0.955+£0.014 0.963 £0.014 3.71
Fe,,.Tij S 10 0.0932 + 0.0007 0.880 + 0.002 0.973 £ 0.002 2.67
Fe,Ti,,S 10 0.1993 + 0.0007 0.753 = 0.005 0.952 £ 0.007 4.75
Fe,.Ti, .S 10 0.3020 + 0.0031 0.619 £ 0.007 0.921 £ 0.009 7.86

Fe, Ti S 10 0.409 £ 0.004 0.476 £ 0.005 0.884 + 0.009 11.56
Fe,Ti .S 10 0.498 £ 0.002 0.360 £ 0.005 0.858 £ 0.007 14.17

Fe, Ti, S 11 0.590 + 0.005 0.253 £ 0.007 0.843 £ 0.005 15.74
Fe,,Ti, S 10 0.810 £ 0.005 0.028 £ 0.004 0.838 = 0.006 16.23

Fe, Ti,,S 10 0.888 £ 0.004 0.002 + 0.001 0.890 + 0.004 10.98

Fe, s Ti, S 12 0.935 £ 0.038 0.0005 + 0.008 0.936 + 0.039 6.45

TiS 10 1.000 £ 0.009 — 1.000 £ 0.009 0.02

b.d.l. — concentration below the limits of the det ction.

calculated from EPMA data based on one sulfur atom in
the formula unit. Variable amounts of deficit in the metal
site (Me = Fe+Ti+ Cr) were found out in these formulas

25

Deficit Me [%]

[ Fe-TiS synthetic samples (this study)
<> Ti-rich troilite from Bustee (this study)
A Ti-rich troilite from Bustee [1]

\/ heideite from Bustee (this study)

(O heideite from Bustee [1]

. Terrestrial Ti-rich pyrrhotite [2, 3, 4]

40

60 80

TiS [mol%)]

100

(Fig. 6). The deficit in the metal site increases with the
increasing Ti content. After reaching the level of ca 80
mol. % of TiS, the degree of deficit gradually ceases until

the phases with compositions
close to the end-member TiS at-
tain almost ideal stoichiometry.

The chemical composition of
Ti-bearing troilites from Bustee
is listed in Tab. 3. Amounts of
titanium vary greatly among the
individual grains of troilite. The
variable amount of the Me deficit
is plotted in Fig. 6. Usually, the

Fig. 6 Variation of the Me (Fe + Ti) site
deficit in the NiAs-type structure on the
composition of the synthesized (Fe,Ti)
S phases. For comparison, the com-
position of natural Ti-bearing troilites
and heideites from Bustee aubrite and
Ti-bearing pyrrhotites from the Khibina
alkaline complex have been plotted.
In natural samples, the contribution
of other substituted elements, mostly
chromium (meteoritical) and vanadium
(terrestrial), is treated like iron.

[1] McCoy (1998); [2,3] Barkov et al.
(1997, 2010); [4] Yakovleva et al. (2010)
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Tab. 3 Chemical composition of natural Ti-bearing troilites from Bustee aubrite. Empirical formulas were calculated based on one atom of sulfur

per formula unit.

wt. % n S Ti Cr Fe Total
40 36.94 = 0.20 0.42 £ 0.04 031+0.11 61.47 = 0.43 99.14 + 0.46
25 36.91 + 0.22 0.89 = 0.10 031 +0.05 60.86 = 0.54 98.97 = 0.64
analyses of troilites 33 36.97+0.17 1.12 4+ 0.03 0.31 £ 0.06 60.58 = 0.23 98.98 = 0.30
ﬁ:‘;ggfnt‘s’ig;ﬁ‘;r 12 36.93 +0.20 1.45 + 0.09 0.49 +0.33 59.79 + 0.51 98.66 + 0.40
o concent. 16 36.97 £ 0.21 2.11£0.19 0.41 +0.25 59.53 + 0.54 99.03 = 0.41
ration 10 37.29+0.16 3.09 +0.22 0.43 = 0.04 57.90 + 0.36 98.71 + 0.29
8 37.62+0.16 4.1940.29 0.43 =0.10 5632+ 0.36 98.84 + 0.39
8 37.98 = 0.21 6.34 +0.24 0.60 = 0.11 53.53 = 0.33 98.45 + 0.26
wt. % No. S Ti Cr Fe Total
376 38.41 7.50 0.67 51.55 98.13
individual analysis 377 38.35 7.54 0.59 52.78 99.26
of troilite grain 379 38.55 7.58 0.60 52.15 98.88
271 38.18 8.29 0.57 52.08 99.12
apfu n Ti Cr Fe Me Deficit %
40 0.008 % 0.001 0.005 = 0.002 0.956 % 0.007 0.969 = 0.007 3.08
25 0.018 % 0.002 0.005 + 0.001 0.947 + 0.010 0.969 = 0.011 3.05
analyses of troilites 33 0.022 + 0.001 0.005 = 0.001 0.941 = 0.005 0.968 = 0.005 3.19
grouped together 12 0.028 + 0.002 0.008 + 0.005 0.930 £ 0.010 0.966 + 0.007 3.42
based on similar
amium concent. 16 0.041 = 0.003 0.007 £ 0.004 0.925 + 0.012 0.972 + 0.010 2.77
ration 10 0.058 + 0.004 0.007 £ 0.001 0.891 + 0.006 0.956 = 0.005 4.38
8 0.075 = 0.005 0.007 = 0.002 0.859 + 0.008 0.942 + 0.007 5.84
8 0.107 + 0.004 0.010 = 0.002 0.809 = 0.007 0.926 + 0.009 737
apfu No. Ti Cr Fe Me Deficit %
376 0.121 0.011 0.771 0.902 9.79
individual analysis 377 0.124 0.010 0.790 0.924 7.57
of troilite grain 379 0.123 0.010 0.777 0.909 9.06
271 0.136 0.009 0.783 0.928 7.20

troilite grains were relatively small in size and solitary sur-
rounded by enstatite (Fig. 7). One unique grain of heideite
was found during the study in the polished (thin) section
(Fig. 7). Its measured chemical composition is (in wt. %)
S 44.79, Ca 0.56, Ti 33.93, Cr 5.75, Fe 14.25 and Ni 0.55
with a total 99.83; and corresponding empirical formula
calculated based on 4 sulfur atoms is (Fe_,,,Cr , .,Ni
C S

0.731° 0.027°

a0.040)21.11T12.030 4°

4. Discussion

Although a small part of the iron remained unreacted in
some of the synthesized samples, unreacted sulfur has

Fig. 7 BSE images of representative
grains of Ti-bearing troilites (a, b) and
heideite (¢) from Bustee aubrite. a — Ti-
bearing troilite with an average titanium
concentration of ~ 3.8 wt. % is surrounded
with enstatite; b — Grain of the most tita-
nium enriched Ti-bearing troilite found
in this study. It contains ~ 8 wt. % of Ti,
and it is surrounded with enstatite; ¢ — The
only grain of heideite found in the study
and it is surrounded with enstatite (darker
in BSE) and diopside (brighter in BSE).

not been found in any sample. It is not probable that this
phenomenon could cause a deficit in the metal site of the
samples. Although some samples contain a small amount
of unreacted iron, the percentage of refined amounts of
iron is much lower than the percentage of the Me deficit.
The amount of iron refined from powder XRD data is
6 wt. % in sample Fe Ti S, which has the Me deficit

of 14 % with actual 'empirical formula Fe . Ti; .S

calculated from the EPMA analyses. Unfortunately,
the results of the chemical compositions measured by
EPMA have not been published for the synthetic mate-
rial reported by Mitsui et al. (2009). Consequently, it is
impossible to compare their results with our observation
that indicates the partly vacant metal site in the synthe-
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Intensity [a. u.]

Fig. 8 Comparison of the powder X-ray
patterns of the studied synthetic samples
with structure a — P—62¢ of pure FeS
and b — R-3m of Ti-bearing synthetic
phase with composition Fe  Ti ,S;

25 30 35 40 45 50 55 60 65 70 75
2Theta CuKa [°]

sized (FeTi)S phases. Nevertheless, natural Ti-bearing
troilites also show a partly vacant metal site. The deficit
at the metal site has been stated by McCoy (1998) and
Buseck and Holdsworth (1972). Notably, Buseck and
Holdsworth (1972) studied troilites from enstatite chon-
drite Yilmia, which contained a significantly smaller
amount of titanium than troilites from Bustee studied
by McCoy (1998), which are very rich in titanium.

80 85 90 95 100 = indicates the diffraction due to admix-

ture of iron.

McCoy (1998) suggested a trend in titanium enrichment
in the chemical composition of Ti-bearing troilites from
Bustee toward heideite and a possibility of a solid solu-
tion between troilite and heideite. For better visualiza-
tion, analyses of heideite (from this study and published
by McCoy 1998) were recalculated on the basis of
one sulfur atom per formula unit and plotted in Fig. 6.
The deficit of the metal position for natural heideite

is greater than 20 %. Heideite

|1 ® a
3.651..._. y = 3.44 + 7.62x - 2.09%’
1| c

3.60..... y =5.87 - 0.01x + 1.10%

has a disordered NiAs-type
L 6.4 structure crystallizing in mono-
. clinic space group 72/m (Keil
’ and Brett 1974 and references
6.2 therein). This structure con-
tains cation layers with ordered
vacancies alternating with the
I cation layer fully occupied.
58 <C Nakajima et al. (1972) sug-
o gested for synthetic (Fe,Ti),S,
(i.e., (Fe,Ti), .S on one sulfur
per formula unit) that the fully
occupied layers are filled with
Ti atoms while partly vacant
layers contain Fe atoms.

-6.0

-5.6

5.4

Fig. 9 Variation of the unit-cell parame-

40 60
TiS [mol%]

0 20

ters along with titanium content in stud-
ied synthetic samples. The values shown
are reported for NiAs-type structure.

1
80 100
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Similar Me deficits in the metal site as those observed
for synthetic phases prepared in this study have been
reported by Schrader et al. (2021) in pyrrhotites from
carbonaceous and ordinary chondrites. Considering the
chemical composition solely, the synthesized (Fe,Ti)S
phases could correspond to Ti-bearing pyrrhotites con-
sidering the vacancies in the metal site. Consequently,
it is questionable if the same approach could also be
applicable for Ti-bearing troilites reported from Bustee
aubrite (McCoy 1998).

Likewise, the synthetic samples and iron monosulfides
from meteorites, the terrestrial Ti-bearing pyrrhotites
showed significant variability in titanium (and vanadium)
concentration and the Me (Fe+Ti+V) deficit (Figs. 2
and 6).

The results for synthetic phases given above corre-
spond well with data already published earlier by Mitsui
et al. (2009). In good agreement with their results, our
samples synthesized at 800 °C revealed the NiAs-type
structure in the phases of TiS composition and those
from the compositional range from FeS to Fe Ti.S.
Also, several samples of high titanium content from the
compositional region from (Fe ,Ti,.,)S to (Fe . Ti ,)S
showed wassonite-type structure. To illustrate the differ-
ence between NiAs-type structure and its superstructures,
powder XRD patterns of troilite (P—62c¢) and wassonite-
type structure (R —3m) are shown in Fig. 8. The increase
of a and a decrease of the ¢ unit-cell parameter with ris-
ing TiS content is also in good agreement with published
data (Fig. 9). Although the unit-cell parameter refinement
had been carried out with NiAs-type archetype as a start-
ing structure model, the polytype approach could give
a more appropriate solution as suggested by Skala and
Drabek (2005). Unfortunately, the unambiguous identi-
fication of the actual polytype for a given sample was
not possible from the powder XRD data. The presence
of more than only one polytype could also be a possible
issue. As stated above, in the cases of Ti-rich members
of the FeS—TiS system, the mixture of at least two struc-
tures (wassonite-type and probably NiAs-type) is present.
Moreover, during the attempts to refine the structure as
the superstructure, some of the diffraction peaks could
not be assigned to the polytypic structures known from
the literature. Unfortunately, it is not easy to compare
the results with the outcome of the study by Mitsui et al.
(2009) since they did not state any additional diffraction
peaks related to superstructures or not.

Harries and Langenhorst (2013) observed in their TEM
investigation of Fe,Ni-sulfides nanoscale assemblages in
different carbonaceous chondrites, e.g., complex exsolu-
tion textures of pyrrhotite, troilite, and pentlandite; poly-
crystalline pyrrhotite-pentlandite-magnetite aggregates;
and troilite-metal aggregates. The origin of a particular
assemblage is controlled by the condition of formation

and/or metamorphism. They also pointed out that the
small amounts of nickel measured by EPMA (around
2 wt. %) in the Y-791198 and Y-793321 meteorites are
actually formed by nanosized blebs pentlandite in troilite-
pyrrhotite intergrowths. Similar nanoscale assemblages
could cause small amounts of titanium measured by
EPMA in Ti-bearing troilites and in their synthetic ana-
logs. Obviously, TEM investigation is needed to confirm
these assumptions.

5. Conclusions

A detailed investigation of solid solution between syn-
thetic FeS and TiS was conducted using electron probe
microanalysis (EPMA) and powder X-ray diffraction.
A study of the chemical composition revealed the vari-
able deficit in the metal (Me = Fe+Ti) site occupation
whose degree depends on the overall titanium content in
the phase under scrutiny. A similar deficit of the metal
site can be observed in Ti-bearing troilites in aubrites.
Most of the synthetic samples of the (Fe,Ti)S series adopt
the NiAs-type structure of the P6./mmc space group.
Synthetic samples with high titanium content adopt the
wassonite-type structure of the R—3m space group. Stoi-
chiometric TiS can adopt both structure types. Due to the
deficit in the metal site occupancy and an affinity of the
structures of the synthesized samples to adopt the NiAs-
type superstructures, the question about assigning the
synthetic samples instead to Ti-bearing pyrrhotite should
be asked. Similarly, the question about the true nature of
the Ti-bearing troilites from enstatite-rich meteorites will
require further investigation.
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