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Rudashevskyite, the Fe-dominant analogue of sphalerite, a new mineral:
Description and crystal structure
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ABSTRACT

Rudashevskyite, Fe-dominant analogue of sphalerite, is an accessory phase in the Indarch mete-
orite (enstatite chondrite, EH4). It occurs as xenomorphic polycrystalline grains, 5-120 um in size,
associated with clinoenstatite, kamacite, troilite, oldhamite, niningerite, schreibersite, and roedderite.
Macroscopically, rudashevskyite is black with resinous luster. In reflected light, it is gray with brown-
ish tint. Isotropic, no internal reflections. Reflectance in air (%, A): 19.5(400), 19.5(420), 19.5(440),
19.5(460), 19.6(470), 19.8(480), 19.8(500), 19.9(520), 20.2(540), 20.3(546), 20.5(560), 20.7(580),
20.8(589), 20.9(600), 20.9(620), 21.1(640), 21.1(650), 21.1(660), 21.1(680), and 21.2(700). Brittle.
D, 3.79 g/lcm?. VHN 353 kg/mm?. Chemical composition (electron microprobe, average of 31 analyses
on 11 grains, wt%): Fe 37.1, Zn 24.7, Mn 2.4, Cu 0.4, S 35.3, total 99.9. Empirical formula (2 apfu):
(Feo,6:ZN0.35MNg04Clg 1) 51005100, ideally (Fe,Zn)S. Cubic, F43m, a 5.426(2) A, V 159.8 (2) A3, Z = 4.
X-ray powder diffraction pattern (Debye-Scherrer, FeKa), [d(1)(hkI)]: 3.130(100)(111), 2.714(10)(200),
1.919(50)(220), 1.634(40)(311), 1.359(5)(400), 1.246(30)(331), 1.107(30)(422), 1.045(30)(511, 333).
Crystal structure: R, = 0.050 for 26 unique observed (|F,| > 4c¢) reflections. It is named in honor for

N.S. Rudashevsky, St. Petersburg, Russia, for his contributions to the study of ore minerals.
Keywords: Rudashevskyite, new mineral, sphalerite, wurtzite, FeS, meteorite, enstatite chondrite,

black smokers

INTRODUCTION

Sphalerite and wurtzite, polytypes of ZnS, are common
minerals in various geological occurrences. Their synthetic
Fe-dominant analogues are well known and are chemically and
structurally studied by several authors. Natural (Fe,Zn,Mn)
S minerals were originally described from meteorites. Paul
Ramdohr (Ramdohr 1963, 1973) was the first who optically
characterized (Fe,Zn)S sulfide (Mineral K) in the Indarch mete-
orite (enstatite chondrite, EH4). Further investigations revealed
that Fe-dominant members of (Fe,Zn,Mn)S solid solutions are
typical accessory minerals in enstatite chondrites (Buseck and
Holdsworth 1972; Kissin 1986, 1989; Rambaldi et al. 1986; El
Goresy and Ehlers 1987, 1989; El Goresy et al. 1988; Kimura
1988; lkeda 1989; Lin et al. 1991; Zhang and Sears 1996; Lin
and Kimura 1997, 1998; Petrichenko and Ulyanov 1998; Lin and
El Goresy 2002; Lorenz et al. 2003). These minerals were also
described from three iron meteorites (octahedrites) related to the
IAB group: Odessa, Waterville and Burkhala (El Goresy 1967;
Weinke et al. 1977; Yaroshevsky et al. 1989). Unfortunately,
meteoritic occurrences of (Fe,Zn,Mn)S sulfides were not sup-
ported by either X-ray or TEM data, thus their relationship to
sphalerite or wurtzite remained unsolved.
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Terrestrial occurrences of Fe-dominant (Fe,Zn,Mn)S miner-
als include hydrothermal sulfide assemblages of black smokers
in oceanic rift zones (Izawa et al. 1991; Peter and Scott 1988;
Lawrie and Miller 2000; Glasby and Notsu 2003) and natrocar-
bonatite lavas of Oldoinyo Lengai volcano, Tanzania (Mitchell
and Belton 2004).

In this article, we present a description of properties and
structure refinement of the Fe-dominant analogue of sphalerite,
based on a material from the Indarch meteorite (Mineral K of
Ramdohr 1963, 1973). The new mineral is named rudashevskyite,
in honor of Nickolay S. Rudashevsky (1944-), St. Petersbhurg,
Russia, for his contributions to study of ore minerals. Both the
mineral and its name have been approved by the Commission on
New Minerals and Mineral Names, International Mineralogical
Association. The type specimen of rudashevskyite is deposited
at the Mineralogical Museum, Department of Mineralogy, St.
Petersburg State University, St. Petersburg, Russia.

RUDASHEVSKYITE IN INDARCH

The enstatite chondrite Indarch, EH4, is a long known (fall
witnessed 1894) and well-studied representative of its group.
Like other low-metamorphic grade enstatite chondrites, the
fine-grained matrix and chondrules of Indarch consist of cli-
noenstatite, with subordinate sodium-rich plagioclase, tridymite,
and roedderite. The principal opaque minerals are represented
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by Si-bearing kamacite, troilite, and schreibersite. Less com-
mon opaque minerals include graphite, niningerite, oldhamite,
daubreelite, djerfischerite, and Na-H,O-bearing Cr-sulfide
(Brearley and Jones 1998).

Rudashevskyite is an accessory mineral in Indarch. In total,
we observed 19 grains scattered over an area of approximately
0.5 cm?. It occurs as xenomorphic grains, 5-150 um in cross-
section, their segregations filling interstices between the crystals
and grains of adjacent minerals in the matrix of chondrite. The
grains are randomly disseminated among associated minerals,
both silicates and opaque minerals. We never observed ruda-
shevskyite in the chondrules of the meteorite. In reflected light,
core parts of rudashevskyite aggregates look homogeneous,
whereas boundary regions contain abundant troilite patches (Fig.
1). Since the first optical description of this sulfide by Ramdohr
(Mineral K; Ramdohr 1963, 1973), several authors have studied
its chemical composition by means of the electron microprobe
(Kissin 1986, 1989; El Goresy and Ehlers 1987, 1989). They first
observed unusual lamellar and porous textures, compositional
zoning and exsolution lamellae of troilite in the aggregates of
the mineral. BSE photographs with enhanced contrast reveal fine
foliated structures composed of thin subparallel lamellae (Fig.
2). The thickness of individual lamellae is usually 2-3 um (Fig.
3a), but in some cross-sections may reach 6—7 um. This kind of
lamellar aggregate with lenticular pores between lamellae was
called “porous structures” (El Goresy and Ehlers 1987, 1989;
Kissin 1989). According to El Goresy and Ehlers (1987, 1989),
the origin of the pores may be attributed to release of elemental
sulfur caused by probable sphalerite-wurtzite inversion. Another
explanation, however, is that these pores are interlamellar bound-
aries formed during growth of rudashevskyite aggregates.

PHYSICAL AND OPTICAL PROPERTIES

Macroscopically, rudashevskyite grains (30-100 um) extract-
ed from meteorite matrix are black with resinous to submetallic
luster. The mineral is brittle, and its powder is brown-black. No
distinct cleavage was observed, obviously due to polycrystalline

FIGURE 1. Xenomorphic grain of rudashevskyite (Rud) attached to
large schreibersite grain (Schr), associated with troilite (Tr), idiomorphic
roedderite tablets (Roed), and clinoenstatite (Px). Note abundant micro-
patches of troilite along rudashevskyite rim. Reflected light.
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FIGURE 2. Foliated lamellar aggregate of rudashevskyite (Rud)
with inclusions of troilite (Tr), associated with roedderite (Roed)
and clinoenstatite (Px). Brighter lamellae are slightly enriched in Zn
(~0.03 Zn apfu). Numbers correspond to analyses listed in Table 2.
BSE image.

FIGURE 3. (a) Detail of Figure 2 showing relative brightness
of troilite (Tr) lamellae in BSE compared with rudashevskyite
(dark and light lamellae). Note that troilite looks brighter than
rudashevskyite. (b) Exsolution lamellae of troilite (light) in sphalerite,
(Zng 60F€0.3sMnNg 06)5-1.01S0.99 (dark matrix), meteorite Sardis (IAB). BSE
image. Note that both rudashevskyite and sphalerite look darker than
troilite despite greater mean atomic number.
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nature of the aggregates. Average micro-indentation hardness
measured with Vickers pyramid (20 g load) is 353 kg/mm?, rang-
ing between 313 and 383 kg/mm? for five measurements, a value
noticeably higher than VHN of sphalerite (208-224 kg/mm?,
Criddle and Stanley 1993). Calculated density for the average
composition, (FeosZNg35MnNg0sClg o1)5-1.0051.00, IS 3.79 g/lcm?,

In reflected light rudashevskyite is gray with distinct brown-
ish tint. Itis isotropic and has no internal reflections. Reflectance
values have been measured in air (for point no. 4 on Fig. 2) by
means of an MSP-10 spectrophotometer (LOMO, St. Peters-
burg), using a 40x objective of 0.65 numerical aperture, with
3 um spot diameter and SiC (Carl Zeiss no. 545) as reference
standard. They are listed in Table 1 in comparison with data for
synthetic Fe-rich sphalerite (Chvileva et al. 1988) and our data
for Fe-Mn-rich sphalerite from the Sardis meteorite. Color values
for both rudashevskyite and sphalerite were calculated by means
of MicroMin software (Boldyreva et al. 2002), relative to the
CIE recommended illuminants C and A with color temperature
of 6774 and 2856 K, respectively (Table 1). The considerably
different dominant wavelength A4, orange-yellow (582-589 nm)
for rudashevskyite and greenish-blue (473-488 nm) for sphaler-
ite, is responsible for the tint of the minerals in reflected light.
Rudashevskyite possesses higher luminance (Y, %) and lower
excitation purity (P, %), relative to the illuminant C.

The reflectance curve of rudashevskyite is presented in Figure
4, in comparison with reference values for sphalerites of different
composition. Full data for pure sphalerite-type FeS are not avail-

TaBLE 1. Reflectance values of rudashevskyite and sphalerite

measured in air
A (nm) R (%)

Rudashevskyite Sphalerite* Sphalerite*+

400 19.5 19.9 -
420 19.5 194 204
440 19.5 19.0 19.6
460 19.5 18.5 19.1
470 19.6 184 18.8
480 19.6 18.3 184
500 19.8 18.0 18.2
520 19.9 17.9 18.0
540 20.2 17.8 17.8
546 203 17.8 17.6
560 20.5 17.7 17.5
580 20.7 17.6 17.3
589 20.8 17.6 17.2
600 209 17.6 17.2
620 20.9 17.5 17.2
640 21.1 17.4 17.2
650 21.1 17.3 204
660 211 17.3 19.6
680 21.1 17.2 19.1
700 21.2 17.2 18.8
CIE color values: illuminant C (6774 K)
X 0.313 0.305 0.301
y 0.318 0.309 0.306
Y (%) 214 17.7 17.9
Ay 585 473 476
P. (%) 1.2 2.8 44
CIE color values: illuminant A (2856 K)
X 0.450 0.443 0.440
y 0.408 0.405 0.404
Y (%) 21.5 17.7 17.7
Ay 592 486 488
P. (%) 2.0 1.1 1.9

* Sardis meteorite, (ZNngsoF€035MNo06)1.01S000, OUF data.
T Synthetic, 45 mol% FeS, Chvileva et al. (1988).

able, but Murowchick and Barnes (1986) measured its reflectance
at 580 nm. This value, 28(1)%, can be used for comparison with
corresponding data for other minerals of the series. These values
are plotted against Fe content (apfu) (Fig. 4).

CHEMICAL COMPOSITION

Chemical composition of rudashevskyite from Indarch has
been previously studied in context of its use as a geothermometer
(Kissin 1986, 1989; El Goresy and Ehlers 1987, 1989). Our mi-
croprobe data were obtained with a LINK AN10000 EDS system
operated at 20 kV, 1 nA beam current, with 1-3 um estimated
beam diameter, 150 s counting time per spot, using the follow-
ing standards: pyrite (for Fe), synthetic ZnS (Zn and S), Cu and
Mn metals (Cu and Mn), and GaAs (Ga). Selected analyses for
11 different grains are given in Table 2. No other elements with
atomic number greater than 11 (Na) were detected. Special care
has been taken to prove the absence of Mg, Ca, and Ga. These
elements were checked with a Microspec WDX wavelength
dispersive spectrometer (20 kV accelerating voltage, 25 nA beam
current). We could not find detectable (>0.05 wt%) contents of
Ca, Ga, or Mg in analyzed grains. Kissin (1989) reported up to
1.6 wt% Ga in the mineral from Indarch, whereas El Goresy and
Ehlers (1989) found less than 0.1 wt%. Magnesium was reported
by Nagel et al. (1989) as a major element in sphalerite from
enstatite chondrites. Later, this abstract was cited by EI Goresy
and Ehlers (1989) with respect to the mineral from Indarch. Un-
fortunately, the abstract by Nagel et al. (1989) is not supported
by their analytical data. Further analyses (El Goresy and Ehlers
1989; Kissin 1989) do not show detectable amounts of Mg in
rudashevskyite, in agreement with our results.

In addition to analysis for elements with Z greater than 11,
we performed special measurements for nitrogen and carbon.

R.%
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FIGURE 4. Reflectance spectrum of rudashevskyite measured in
air, curve (1), in comparison with spectra of reference sphalerites:
(2) 45 mol% FeS (Chvileva et al. 1988); (3) Sardis meteorite,
(Zng.60F€0.35MnNg 06)s-1.01S000 (OUr data); (4) 23 mol% FeS (Criddle and
Stanley 1993); (5) ZnS with 0.4 wt% Cd (Criddle and Stanley 1993);
outer bottom scale in nanometers. Black circles represent reflectance
values measured at 580 nm for above mentioned minerals and for pure
sphalerite-type FeS (Murowchick and Barnes 1986); inner bottom scale
in atoms per formula unit.
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TABLE 2. Chemical composition of rudashevskyite from Indarch meteorite

Wt% Formula amounts (2 apfu) Ref. Comment
Fe Zn Mn Cu S Total Fe Zn Mn Cu S
33.9 27.8 23 0.5 353 99.8 0.56 0.39 0.04 0.01 1.01 1 70 (1)*
337 28.5 2.1 0.4 344 99.1 0.56 0.40 0.04 0.01 0.99 1 70(2)
36.1 26.7 1.6 0.0 346 99.0 0.60 0.38 0.03 0.00 1.00 1 70(3)
36.5 26.0 1.8 0.4 35.1 99.8 0.60 0.36 0.03 0.01 1.00 1 70 (4)t
36.5 26.8 24 0.5 343 100.5 0.60 0.38 0.04 0.01 0.98 1 30
37.4 23.2 2.9 0.4 36.4 100.3 0.60 0.32 0.05 0.01 1.02 1 35
37.9 23.2 3.0 0.3 35.6 100.0 0.62 0.32 0.05 0.00 1.01 1 40
39.9 209 29 0.5 359 100.1 0.65 0.29 0.05 0.01 1.01 1 30
35.8 26.1 3.6 0.6 346 100.7 0.58 0.36 0.06 0.01 0.98 1 20
424 20.9 2.2 0.3 35.7 101.5 0.68 0.29 0.04 0.00 1.00 1 50
40.2 20.8 24 0.3 36.0 99.7 0.65 0.29 0.04 0.00 1.02 1 50
374 229 2.7 0.6 354 99.0 0.61 0.32 0.05 0.01 1.01 1 70
33.8 29.4 17 0.4 35.1 100.4 0.55 0.41 0.03 0.01 1.00 1 70
37.8 22.8 2.6 0.5 36.2 99.9 0.61 0.32 0.04 0.01 1.02 1 40
314 235 2.88 <0.05 343 92.15 0.54 0.34 0.05 0.00 1.01 2 Cr0.07 wt%
326 27.0 2.55 0.50 343 96.95 0.55 0.39 0.04 0.01 1.01 2
325 24.2 3.37 0.21 34.6 94.88 0.55 0.35 0.06 0.00 1.03 2 Ga 0.09 wt%
39.34 23.02 245 - 35.26 100.07 0.64 0.32 0.04 - 1.00 3
35.89 25.10 2.40 - 35.14 98.91 0.59 0.35 0.04 - 1.01 3 Ga 0.38 wt%
34.54 22.46 3.28 - 36.13 97.02 0.57 0.32 0.06 - 1.04 3 Ga 0.61 wt%
41.21 20.34 1.75 - 34.02 98.13 0.69 0.29 0.03 - 0.99 3 Ga 0.81 wt%
32.73 26.19 2.03 0.75 35.37 98.58 0.54 0.37 0.03 0.01 1.02 3  Ca0.80;Ga0.71

Notes: References: 1 = our data; 2 = El Goresy and Ehlers (1989); 3 = Kissin (1989). A dash denotes not sought.
* Grain size in micrometers. Numbers in parentheses correspond to point numbers on Figure 2.

1 Grain used for reflectance measurements.

For this purpose, a section of meteorite was cut and then pol-
ished by diamond powders, using CFC-113 (CIF,C-CFCl,) as
liquid medium. No impregnation by epoxy was performed, to
minimize possible contamination. Analyses for N and C were
carried out using LINK ISIS EDS system (15 kV, 3 nA) on the
sections coated with 20 A gold film. Nitrogen was not detected,
but the intensity of NKa. excitation is low, therefore we cannot
exclude 0.n wt% of nitrogen in the composition of the mineral.
Carbon was always detected at the levels of 0.n wt%, but both
on rudashevskyite and troilite areas. As a consequence, surface
contamination is rather possible.

As seen in Table 2, the chemical composition of rudashevsky-
ite varies widely, between 55 and 68 mol% of FeS. We could not
find a correlation between grain size and composition. Individual
grains of rudashevskyite from Indarch possess some characteris-
tic features that can be observed in BSE images with enhanced
contrast (Figs. 2 and 3a). As first found by El Goresy and Ehlers
(1987), aggregates of the mineral always contain lamellae, which
look brighter in BSE than surrounding rudashevskyite. Analyses
of these lamellae (points 1 and 2 on Fig. 2) are presented in Table
2 (numbers in parentheses). The lamellae are slightly enriched in
Zn, by ~2 wt% (0.02-0.04 Zn apfu), as compared with composi-
tion of main part of the aggregate (points 3 and 4 on Fig. 2). Note
that rudashevskyite grains appear darker in BSE than adjacent
troilite (Fig. 3a), whereas the mean atomic number, MAN, of
rudashevskyite (21.5-21.8) is greater than MAN of troilite (21.0).
Itis usually accepted that the greater the MAN the brighter BSE
image of the corresponding phase. To find an explanation for the
discrepancy observed in rudashevskyite-troilite intergrowths, we
also conducted BSE and composition study of sphalerite-troilite
intergrowths from the Sardis meteorite (coarse octahedrite, IAB).
Sphalerite from our sample of Sardis, (ZngsF€0.35MNo 06)5-1.01S0.905
has a composition similar to that reported by Schwarcz et al.
(1975). Despite that MAN of this sphalerite is even greater than
that of rudashevskyite, the mineral is still darker in BSE than

troilite (Fig. 3b). This observation can be explained by the fact
that both sphalerite and troilite have different but close MAN’s,
whereas the density of troilite (D, 4.85 g/cm?®) is considerably
greater than the density of rudashevskyite and even of sphalerite
(for pure sphalerite, D, 4.10 g/cm?). The fact that relative BSE
brightness is different for different polymorphs of the same sub-
stance and is dependent on density is noted by several authors
(see, for instance, Chen et al. 2003). In the case of sphalerite-
rudashevskyite-troilite, we observe similar dependence for the
phases with different composition.

CRYSTAL STRUCTURE AND CRYSTALLOGRAPHY

For purposes of structure refinement, an 80 x 100 um grain
of rudashevskyite was recovered from the polished section and
mounted on a glass fiber. Data collection was performed by
means of a two-circle Stoe IPDS Il image plate diffractometer
operated at 50 kV and 40 mA, using monochromatized MoKao
radiation. Preliminary study of a few frames recorded from the
grain showed that it is not a single crystal but a polycrystalline
aggregate; therefore the grain was broken into smaller ones. A
20 x 30 x 30 um fragment was than selected for data collection.
In total, 90 frames were collected, with framewidths of 2° in
o, exposure time 180 s per frame, 100 mm detector-to-crystal
distance. Subsequent data processing was performed using the
Stoe X-Area software package (Stoe and Cie GmbH 2005).
Initial examination of collected frames revealed poor quality
of the pattern with smeared diffraction peaks. First attempts to
index the reflections showed that the broken fragment was still a
polycrystalline aggregate. To distinguish between the patterns re-
lated to single-crystal domains, we used the following scheme of
indexing. After the first single-crystal domain had been indexed,
all diffraction peaks related to it were removed from the total
pattern, followed by subsequent indexing of the remaining peaks,
and so on. Finally, three independent domains were extracted,
each of them corresponding to an F-centered cubic cell with an
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edge close to that expected for sphalerite. Diffraction peaks re-
maining after removal of rudashevskyite reflections displayed the
pattern corresponding to an I-centered cubic cell with a exactly
matching that of kamacite. No peaks were observed that might
belong to either troilite or pyrrhotite. The data for each of four
domains were corrected for Lorentz, polarization, absorption
and background effects. Structure refinement was carried out
against F2 using SHELXL-97 (Sheldrick 1997). Details on data
collection, unit cell determination and structure refinement are
listed in Table 3, along with isotropic displacement parameters
obtained by refinement. Supplementary reflection data (*.hkl
and *.cif files) are deposited with MSA®. The structure of each
rudashevskyite domain has been refined in space group F43m,
with parameter a of 5.426(2) A obtained from powder data,
confirming its sphalerite structure arrangement: (Fe,Zn) in 4a
(0,0,0), Siin 4c (Ya,Y4,Y4), with (Fe,Zn)-S bond length of 2.350(1)
A. Data obtained for kamacite were processed in space group
Im3m yielding Fe in 2a (0,0,0) as expected. Relatively high
R-values in case of rudashevskyite are obviously attributed to
poor quality of its reflections, in particular of those related to
the third domain. This is also a reason for low precision of the
cell refinement and significant departure of single-crystal a pa-
rameters (5.439-5.444 A) relative to that obtained from powder
data (5.426 A). Low quality of the rudashevskyite pattern is
illustrated by Figures 5 and 6 that represent reconstructions of
the zero-layer of reciprocal space of the first domain along [001]
and [110], respectively. A pronounced streaking of reflections
is caused by splintering or bending of the crystals, as illustrated
by Figures 2 and 3. Analysis of three-dimensional shapes of

! Deposit item AM-08-020, supplementary reflection data. De-
posit items are available two ways: For a paper copy contact the
Business Office of the Mineralogical Society of America (see
inside front cover of recent issue) for price information. For an
electronic copy visit the MSA web site at http://www.minsocam.
org, go to the American Mineralogist Contents, find the table of
contents for the specific volume/issue wanted, and then click on
the deposit link there.

TaBLe3. Crystallographic data, refinement parameters and isotropic
displacement parameters for rudashevskyite and kamacite
Rudashevskyite Kamacite
Domain 1 Domain2  Domain 3
Space group F43m F43m F43m Im3m
a(h) 5.441(8) 5.439(9) 5.444(17)  2.866(5)
a () powder* 5.426(2) 5.426(2)  5.426(2)
V4 4 4 4 2
t(mm) 9.98 9.99 9.97 29.64
Total reflections 365 365 378 119
Unique reflections 38 38 38 7
Unique observed, |F,| = 40 26 26 23 7
26 min, max (°) 6.51,29.35 6.51,29.35 6.51,29.35 10.1,27,65
hkI (min) 76,7 777 76,7 333
h,k,I (max) 7,77 6,6,7 7,77 333
Rine 0.266 0.257 0.474 0.168
R, 0.094 0.106 0.169 0.042
R (|Fo| = 407) 0.053 0.050 0.106 0.012
R, (all) 0.099 0.085 0.170 0.012
WR, 0.203 0.182 0.245 0.044
S=GooF 1.253 1.122 1.101 0.526
Uy, for (Fe,Zn) 0.041(2) 0.038(2) 0.041(3) 0.010(2)
Uy, for S 0.056(4) 0.046(3) 0.053(5)

*Value refined from powder data and used in structure refinement.
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reflections along with their orientation in reciprocal space result
in the conclusion that rudashevskyite domains are platelets flat-
tened on (111). Contrary to rudashevskyite, the kamacite crystal
exhibits sharp and well developed reflections (Fig. 6), and its a
parameter of 2.866 A is in excellent agreement with the data on
natural kamacite (2.868 A, Keller et al. 1986).

Schematic projections of rudashevskyite domains onto the
cube plane of embedded kamacite crystal are displayed on Figure
7. Investigation of relative orientation of domains (Recipe pro-
gram from Stoe X-Area package) revealed that they are arranged
in a non-random way. The angular distance between nearest [100]
axes of the first and second domain is about 11°, between the
firstand third ~6°, and ~14° between domains 2 and 3. Thus, one

FIGURE 5. Reconstruction of reciprocal space of rudashevskyite
(first domain) along [001], zero-layer. Note weak reflections attributed
to the second domain [220(2)].

FIGURE 6. Reconstruction of reciprocal space of rudashevskyite (first
domain) along [110], zero-layer. Note weak and smeared reflections
attributed to the adjacent rudashevskyite domains, and sharp (110)
reflections of embedded kamacite crystal (110 Kamacite).
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(100) Kamacite
FIGURE 7. Schematic projections of the three rudashevskyite

domains (displayed as tetrahedra) onto cube plane of embedded kamacite
crystal.

can assume that the studied grain is a subparallel intergrowth of
the crystals, as illustrated by Figure 2. The average orientation
of rudashevskyite domains relative to kamacite may, in turn, be
represented as [110] of rudashevskyite is approximately coinci-
dent with [111] of kamacite.

Powder diffraction data for rudashevskyite (Table 4) were
obtained with a 114.6 mm Debye-Scherrer camera using Mn-
filtered FeKa-radiation at 30 kV and 40 mA. Kamacite lines in
the powder pattern do not overlap with rudashevskyite lines and
were used for internal calibration of the film. Cell parameter
a was refined by least-squares to 5.426(2) A, V 159.8(2) A3,
Z=4.

NATURAL OCCURRENCES OF IRON-DOMINANT
ZNS-FES-MNS MINERALS

Figure 8 summarizes data on the chemical compositions of
known (Fe,Zn,Mn)S minerals, both of meteoritic and terrestrial
origin. Besides Indarch, Fe-dominant members of FeS-ZnS-MnS
solid solutions were found in 11 meteorites related to enstatite
chondrites: Yilmia (EL6) (Buseck and Holdsworth 1972); Pil-
listfer (EL6), ALHA77295 (EH3) (Kissin 1989); MACB88136
(EL3) (Linetal. 1991); LEW88135 (EL6), MAC88180 (EL3),
MAC88184 (EL3) (Zhang and Sears 1996); Yamato-86004
(EH®6) (Lin and Kimura 1997); PCA91020 (EL3) (Petrichenko
and Ulyanov 1998); Qingzhen (EH3) (Rambaldi et al. 1986; El
Goresy et al. 1988; EI Goresy and Ehlers 1989; Kissin 1989;
Lin and El Goresy 2002); and Yamato-691 (EH3) (El Goresy et
al. 1988; Kimura 1988; lkeda 1989). Other extraterrestrial oc-
currences include three iron meteorites (octahedrites) related to
the IAB chemical group: Odessa (EI Goresy 1967), Waterville
(Weinke et al. 1977), and Burkhala (Yaroshevsky et al. 1989).

Terrestrial occurrences of (Fe,Zn,Mn)S minerals were report-
ed from hydrothermal assemblages of black smokers in oceanic
rift zones: Southern Trough of Guaymas basin, Gulf of California
(Peter and Scott 1988), TAG hydrothermal field, Mid-Atlantic
Ridge (Lawrie and Miller 2000), and submarine lheya Ridge,
Okinawa Trough, SW of Japan (Izawa et al. 1991; Glashy and
Notsu 2003). In addition, Fe-dominant members of this series

Indarch: % our data, 17 [6]. # [B]
() EH chondrites [4,6,7.8,14]
0O EL chondrites [2, 8-13]

A Burkhala octahedrite (9]
A Dldoinyo Lengai [16]

Mn 0.50

Areas outlined by dotted lines:
A Ddesza octahednite [1]
B Waterville octahedrite [3]

C Guayamas basin [5] s /
D Okinawa ndge [15] '.'- D Fati\
. ::é":
=
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FIGURE 8. Chemical composition of natural Fe-dominant members
of FeS-ZnS-MnS system. Scale in apfu (2 apfu total). References: [1]
El Goresy (1967); [2] Buseck and Holdsworth (1972); [3] Weinke et
al. (1977); [4] Rambaldi et al. (1986); [5] Peter and Scott (1988); [6]
El Goresy and Ehlers (1989); [7] Ikeda (1989); [8] Kissin (1989); [9]
Yaroshevsky et al. (1989); [10] Lin et al. (1991); [11] Zhang and Sears
(1996); [12] Lin and Kimura (1997); [13] Petrichenko and Ulyanov
(1998); [14] Lin and El Goresy (2002); [15] Glashy and Notsu (2003);
[16] Mitchell and Belton (2004).

TABLE4. X-ray powder diffraction data for rudashevskyite compared
with TEM data for bacterial cubic FeS (Postfai et al. 1998a)
Rudashevskyite* Cubic FeS

Lobs [ Learc dearc dovs hkl

100 3.130 100 3.133 3.12 111

10 2714 9 2713 2.70 200

50 1.919 58 1.918 1.91 220

40 1.634 38 1.636 1.63 311

2 1.566 1.56 222

5 1.359 10 1.357 1.35 400

30 1.246 19 1.245 331

3 1.213 420
30 1.107 37 1.108 422
30 1.045 25 1.044 511
8 1.044 333

* Debye-Scherrer 114.6 mm camera, FeKo. radiation, Mn filter, 30 kV, 40 mA,
visual estimation of intensities, internal standard kamacite.

were described from natrocarbonatite lavas of Oldoinyo Lengai
volcano, Tanzania (Mitchell and Belton 2004).

Posfai etal. (1998a, 1998b) reported on the unusual association
of iron sulfides in magnetotactic bacteria, so-called many-celled
prokaryotes. Cubic sphalerite-type FeS was tentatively recognized
among these sulfides, based on electron diffraction data (their
Table 3, Posfai et al. 1998a) and semi-quantitative EDS analysis.
However, this biogenic occurrence of sphalerite-type FeS requires
additional study.

SHALERITE-WURTZITE POLYTYPISM AND
IMPLICATION TO GEOTHERMOMETRY AND
GEOBAROMETRY

There are numerous papers devoted to application of ZnS-FeS
system in geothermometry and geobarometry. Experimental inves-
tigations of this join were initiated by work of Kullerud (1953), who
showed that Fe content in sphalerite may be applied as a geological
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thermometer. This was followed by studies of the system under dif-
ferent conditions intended to simulate natural processes. Experiments
were carried out both under hydrothermal conditions and in the solid
state. In hydrothermally synthesized sphalerites, FeS content may
approach as much as 53.5 mol% (Sorokin et al. 1968). The results
of syntheses in the solid state proved the existence of a continuous
sphalerite-type ZnS-FeS series with up to 56-58 mol% of FeS (Bar-
ton and Toulmin 1966; Balabin and Urusov 1995). It has been shown
(Barton and Toulmin 1966) that substitution of Fe for Zn stabilizes
the wurtzite structure and reduces the temperature of the reversible
sphalerite-wurtzite inversion in the solid state from ~1020 °C for
pure ZnS to as low as ~850 °C at 56 mol% of FeS. Scott and Barnes
(1972) showed that in dry systems, the upper limit for FeS incorpora-
tion in sphalerite is dependent on three factors: temperature (direct
dependence), pressure and sulfur fugacity (inverse dependence).
Sulfur fugacity in the experiments is controlled by the selection of an
appropriate type of Fe-S buffer. The highest FeS contents in synthetic
sphalerite solid solutions, 56 mol% (Barton and Toulmin 1966) and
58 mol% (Balabin and Urusov 1995), were obtained with the Fe/
FeS buffer that is similar to kamacite-troilite assemblage typical of
enstatite chondrites and iron meteorites.

Phase relations in the ZnS-FeS-MnS system were also stud-
ied by several authors, to establish the influence of Mn and Fe
substitution on the sphalerite-wurtzite transformation. Solid-state
syntheses (Tauson and Chernyschev 1977, 1978; Tauson et al.
1977; Shima et al. 1982) revealed that Mn and Fe substitution
stabilizes the wurtzite structure to as low as 350 °C, with a
wide wurtzite stability field around the center of ZnS-FeS-MnS
triangle. An extended series of gas-transport syntheses in the
ZnS-MnS-FeS system at 800 °C was carried out by Knitter
and Binnewies (2000). Their results show that Fe-dominant
(Fe,Zn,Mn)S compounds all crystallize in the wurtzite polytype,
with Mn as an essential stabilizing constituent. Well-known
sphalerite-wurtzite polytypysm is a characteristic feature of
FeS-ZnS-MnS solid solutions. Pure MnS may crystallize in
both polytypes, hexagonal rambergite-2H (Kalinowski 1996)
and synthetic cubic MnS-3C (Mehmed and Haraldsen 1938).
Cubic sphalerite-type FeS is known but it is metastable. This
polymorph has been synthesized by de Médicis (1970a, 1970b)
and Takeno et al. (1970) as a product of low-temperature iron
corrosion in hydrogen sulfide solutions.

Note that until present description, none of meteoritic occur-
rences of ZnS-FeS-MnS minerals were supported by either X-ray
or TEM data, thus their structural nature remains unsolved. In
this respect, meteoritic (Fe,Zn,Mn)S minerals, especially their
Mn-rich varieties, require additional study to establish their
relation to either sphalerite or wurtzite structure—an important
point necessary for understanding of meteorite formation. This
uncertainty, along with apparent inhomohenity of ZnS-FeS-MnS
sulfides in many of chondritic meteorites, leaves a wide field for
further investigations.
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