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Abstract: Acicular crystals of native selenium up to 30 um long occur together with barite on the surface of goethite
partial pseudomorphs after millimeter-sized pseudotetragonal-prismatic pyrite crystals in calcite veins that cross-cut
Senonian sandstones of the Silesian Nappe in the western Polish Outer Carpathians. Native selenium originated from
selenium apparently released during bacteria-induced oxidation of pyrite at neutral or near-neutral pH conditions. Oxi-
dizing bacteria preferentially colonized {100} faces of pyrite relative {111} faces.
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Introduction

Inspection of calcite veins that cross-cut thick-bedded sand-
stone in the Silesian Beskid Mountains of the western Polish
Outer Carpathians has revealed the abundance of pyrite dis-
playing various crystal habits including distorted (elongated)
pseudo-tetragonal prismatic forms and malformed crystals.
Some of those crystals are partially replaced by goethite with
microcrystals of native selenium and barite adhering to its
surface (Szeleg et al. 2012). To our knowledge this is the
first occurrence of native selenium in the Carpathians. In this
paper we discuss the origin of the native selenium. We also
provide morphological evidence of bacterial involvement in
the oxidation of pyrite.

Geological setting and samples

The native selenium-bearing samples were collected in a
sandstone quarry near the town of Wista (Vistula) in the
Silesian Beskid Mts (Fig. 1). The sandstone that crops out in
the quarry belongs to the Senonian Lower Godula Beds of the
Silesian Nappe in the western part of the Polish Outer
Carpathians. The sandstone and associated conglomerate rep-
resent siliciclastic turbidites and fluxoturbidites (Cieszkowski
2004). Siliceous Godula sandstones have been classified as
quartz sandstones (quartz arenites) and oligomictic sandstones
(Kamienski et al. 1967). The abundance of glauconite grains
in the sandstone framework is evidence of moderately reduc-
ing conditions during glauconite formation — whereas the oc-
currence of framboidal pyrite and pyrite-encrusted Bryozoa
fossils in the sandstone framework suggest reducing condi-
tions of the sedimentary environment or of the diagenetic en-
vironment. The fine- to medium-grained (average grain size
0.2-0.3 mm) thick-bedded sandstone in the Wista quarry is
cross-cut by numerous and rather randomly oriented calcite

veins up to 4 cm thick. Vugs and drusy-cavities within calcite
veins are lined by flattened rhombohedral {012} crystals of
calcite up to 5 mm in size (Fig. 2A). Double-terminated rock
crystals (variety known in the Carpathians as Marmaros dia-
mond) and tabular colourless crystals of barite occur occasion-
ally on calcite.

Numerous morphological varieties of pyrite crystals occur
in calcite veins. Cubo-octahedral and octahedral crystals are
the only isometric habits of pyrite observed in the veins. Pre-
dominant are distorted (axial) habits. The most common of
them are pseudo-tetragonal prismatic crystals with dominant
{100} faces and subordinate {210} faces, terminated by well-
developed octahedral {111} faces (Fig. 2B). Other varieties of
distorted crystals include pseudo-tetragonal prismatic {100}
forms terminated by pseudo-pinacoid {001} and poorly-de-
veloped {111} faces, whiskers, chains of autoepitaxially ag-
gregated cubo-octahedral crystals, and cylindrical forms
terminated by {111} faces. Longer axes of distorted crystals
range from a fraction of a millimeter up to a centimeter.
Some of the pyrite crystals are partially replaced by goethite
(Fig. 2A).

Mineral assemblages in the calcite veins represent low
temperature environment as suggested by calcite crystal habit
(Kostov & Kostov 1999) and the occurrence of the Marmaros
diamonds. According to Karwowski & Dorda (1986) the
Marmaros diamonds crystallized at 60-30 °C.

Analytical methods

Samples were examined by optical microscopy, analytical
scanning electron microscopy (ASEM), electron probe mi-
croanalysis (EPMA) and X-ray powder diffraction. Crystal
morphology and elemental composition of minerals were de-
termined using an environmental scanning electron micro-
scope Philips XL.30 ESEM/EDAX (Faculty of Earth Sciences,
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Fig. 1. Simplified geological map of the Carpathians. The enlargement shows location of the sampling site in the sandstone quarry (modi-
fied after Rytko & Paul 1992 and Szopa et al. 2012). 1 — Upper Cretaceous-Paleogene: sandstones and shales (Istebna beds); 2 — Upper
Cretaceous: sandstones and shales, Malinowskie conglomerates (upper Godulskie beds); 3 — Upper Cretaceous: sandstones and shales (midle
Godulskie beds); 4 — Upper Cretaceous: sandstones, conglomerates and shales (lower Godulskie beds); 5 — sandstone quarry — sampling

site; 6 — prominent mountain peaks; 7 — rivers and streams; 8 — state border.
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Fig. 2. A — Elongated pyrite crystal encrusted by goethite in a calcite-lined vug in the Godula sandstone. B — SEM image of prismatic

crystal of pyrite terminated by octahedral faces.

University of Silesia). The chemical composition of the inves-
tigated minerals was determined using a CAMECA SX100
electron microprobe at the Inter-institutional Laboratory of
Microanalysis of Minerals and Synthetic Materials, Univer-
sity of Warsaw. Electron-microprobe analyses of major ele-
ments in pyrite and goethite were performed at 15 kV and
40 nA; while the selenium in native selenium was deter-
mined at 15 kV and 20 nA. X-ray Ko lines of Fe, Cu, Mn,
Zn, Ni, Co, Si, Ti and S, and Lo of Se, Te, Ba, As, Ag, Cd,
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Sb, and Sn were analysed using wavelength dispersive spec-
trometry (WDS). Minerals and synthetic materials (e.g.
Bi,Se; for Se) were used as standards appropriately selected
for each of the analysed minerals. X-ray powder diffraction
analyses of pyrite and weathered pyrite were performed us-
ing a Philips PW3710 diffractometer at the Faculty of Earth
Sciences, University of Silesia under the following operating
conditions: CoKa radiation, acceleration voltage 45 kV, cur-
rent 30 mA, counting time 3 s per step and scan step 0.01° 20.
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Results

Spindle-shaped acicular crystals of native selenium up to
30 um long and 3 pm thick are adhered to the surface of goe-
thite replacing pyrite (Fig. 3). They are often associated with
platy barite in the form of barite “roses” (Fig. 3A) and occur
as single crystals or sub-parallel intergrowths of split crystals
(Fig. 3B-C). Native selenium has not been observed on the sur-
face of non-altered pyrite or anywhere else in the calcite veins.

The EDS spectra of native selenium (Fig. 3D) display
strong peaks of SeLa and weak peaks of iron and oxygen,
most probably from the surrounding goethite. Due to the
small width of the crystals it was technically impossible to
obtain good quality electron microprobe data for the native
selenium. The best single-spot analysis gave 80.2 wt. % Se,
0.94 wt. % Fe, 0.46 wt. % Ca, and 0.21 wt. % S. Cleatly, py-
rite, goethite and possibly calcite contributed to the analysis.
The low analytical total (81.79 wt. %) most probably resulted
from count loss. Detailed WDS scan revealed the weak peak
of oxygen which can be assigned to either the surrounding
material or surface oxidation of native selenium.
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Goethite in the pseudomorphs after pyrite was identified
by X-ray powder diffraction. Its major peaks in the X-ray
pattern at 4.19 A, 2.45 A, 1.722 A, and 1.698 A are distinctly
broader than peaks of pyrite. This observation suggests a low
degree of crystallinity of goethite. The amount of goethite re-
placing pyrite in a few elongated crystals has been estimated
at ca. 31 wt. % based on the Rietveld refinement. Cross-sec-
tions of the affected pyrite crystals show replacement fronts
along crystal boundaries, crystal growth layers and sectors,
and along randomly oriented fractures (Fig. 4). In most cases
the pseudomorphic replacement of pyrite by goethite is lim-
ited to the outer portions of crystals leaving their interior
volumetrically dominated by pyrite.

The surface of altered pyrite is covered by aggregates of
elongated tubular structures (Fig. 5A-C). Individual tubes
are tens of micrometers long and consists of granular
goethite. The shape and morphology of the tubular structures
closely resemble products of bacterial (e.g. Leptothrix sp.)
iron oxidation (see, for instance figure 6 in Banfield &
Zhang 2001) including goethite-encrusted filaments from
oxidized pyrite ore (Hoffman & Farmer 2000). We infer
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Fig. 3. A — Aggregates of platy barite crystals on the surface of goethite. Note the granular features on the surface of altered pyrite crystals
and needles of native selenium. B — A group of native selenium crystals. C — Enlargement of spindle-shaped native selenium crystals.

D— EDS spectrum of native selenium.
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Fig. 4. Reflected light photomicrographs of pyrite crystals partially replaced by goethite. A — replacement of pyrite (bright) by goethite
(dark) in prismatic crystals occurring along crystal faces and fractures. Fractures perpendicular to the crystal longer axis are related to
growth layers in pyrite. B — replacement of prismatic pyrite overgrown by cubo-octahedral crystals. Note the complete removal of pyrite
from the octahedral growth sectors; whereas relics of pyrite are abundant in cubic growth sectors.
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Fig. 5. SEM images of pyrite crystals covered by the goethite-encrusted filaments coalesced to forming mat-like fabrics. A — double-ter-
minated prismatic crystal of altered pyrite. A mat-like texture is confined to {100} form. B — detail of image (A) showing the difference
between {111} and {100} in the abundance of tubular sheaths of excretions of iron-oxidizing bacteria. There are only a few filaments on the
octahedral faces compared to the densely covered prismatic face. Bright needles are native selenium crystals. C — Detail of goethite-en-
crusted filaments with two spindle-shaped crystals of native selenium. D — Granular aggregates of goethite resembling coccoids on the
surface of altered pyrite. Bright platy crystals are barite.
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from this striking similarity the bacterial-induced oxidation
of pyrite and its subsequent partial replacement by goethite.
Microbes preferentially inhabited {100} faces of prismatic
pyrite crystals covering them with a dense filamentous fab-
ric, whereas {111} were much less densely populated
(Fig. 5A and B). Granular features seen on the surface of
some other prismatic crystals can also be attributed to the
bacterial oxidation of pyrite because of their coccoid-like
morphology (Fig. 5D).

Discussion

The occurrence of native selenium in calcite veins from the
Godula sandstone is confined only to the surface of goethite
partial pseudomorphs after pyrite. This observation implies
liberation of Se from pyrite during its microbial oxidation and
subsequent precipitation of elemental selenium on the oxi-
dized crystals. Selenium can easily be incorporated into the
pyrite structure substituting sulphur due to similarities of
their ionic radii (RSe?>"=1.98 A, RS? =1.84 A) (Coleman &
Delevaux 1957; Chouinard et al. 2005). As a result, Se-bear-
ing pyrites have been found worldwide with Se content as
high as 6.68 wt. % (Zhu et al. 2004 and references therein).
Average concentration of Se in pyrite is 61 ppm (Paulo &
Strzelska-Smakowska 2003). Unfortunately, we were not able
to determine selenium concentration in an unaltered pyrite
from Wista. However, Se concentration in that pyrite is cer-
tainly lower than its detection limit of about 200 ppm because
selenium Lo X-ray line was not observed during electron mi-
croprobe (wavelength dispersion) analysis. Moreover, the
small size of the native selenium crystals (Fig. 3) resulting in
their small mass (on the order of fractions of a nanogram) fur-
ther suggests that the investigated pyrite is not particularly
rich in Se compared to other Se-bearing pyrites. Release of Se
from Se-rich pyrites may lead to crystallization of millimeter-
or even centimeter-sized crystals of native selenium (Zhu et al.
2004 and references therein). The unit cell parameter of the in-
vestigated pyrite (5.4174 A) is also typical of “pure” pyrite.

Oxidation of pyrite in the calcite veins must have occurred
within the pH range constrained by the calcite stability,
namely in neutral or near-neutral pH conditions as suggested
by the lack of dissolution features in calcite. This is further
confirmed by the shape of goethite-encrusted filaments on
the surface of oxidized crystals closely resembling filaments
of neutrophilic Leptothrix sp. (Banfield & Zhu 2001). In a
neutral environment abiotic oxidation of iron is efficient and
rapid at high oxygen partial pressure — whereas neutrophilic
bacteria are capable of oxidizing Fe(II) at low oxygen partial
pressure, namely in microaerobic environments (Gault et al.
2011). That would explain why not all of the oxidized pyrite
crystals are covered by mat-like aggregates of filaments.
Possibly both processes, abiotic oxidation of pyrite and bac-
teria-induced oxidation of Fe(Il) were either competing or
complementary. Relatively low oxygen partial pressure may
explain the partiality of pyrite oxidation.

Octahedral forms in prismatic crystals are volumetrically
more profoundly replaced by goethite than prismatic forms
(Fig. 4A). In cubo-octahedral crystals, the octahedral growth
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sectors are entirely replaced by goethite; whereas there are
high amounts of pyrite relics in the cubic growth sectors
(Fig. 4B). These observations are in agreement with experi-
mental data that show higher oxidation rate of {111} growth
surfaces relative to {100} growth surfaces (Guevremont et
al. 1998). However, pyrite oxidizing bacteria seem to favour
the opposite trend. The preferential attachment of oxidizing
bacteria to the surface of {100} faces relative to {111} faces
seen in samples from Wista (Fig. 5A,B) is not accidental.
Studies of surface colonization by pyrite oxidizing bacteria
showed that the orientation of bacterial cells to pyrite cubic
crystals was crystallographically controlled. The attached
cells were preferentially aligned along [100] and [110] direc-
tions (Edwards et al. 1998). Perhaps the atomic structure of
{100} faces occupied by disulphide molecules is favourable
for oxidizing bacteria.

Pseudomorphic replacement of pyrite by iron hydrooxides
caused release of sulphur and traces of selenium from the py-
rite. Selenium Se?” ions were oxidized to elemental selenium,
whereas S?~ was oxidized to sulphate ions and bound to Ba*
to precipitate barite. The source of Ba ions is not obvious,
but the co-occurrence of tabular barite and calcite in the
veins suggests the increased activity of barium in solution.

Oxygen partial pressure during microbial oxidation of py-
rite was obviously not high enough to reach the stability
field of selenates. Elemental selenium is stable in aqueous
solutions over a wide range of pH and Eh values (Coleman
& Delevaux 1957; Howard III 1977; Zhu et al. 2004). The
stability fields of native selenium and FeOOH overlap in
standard conditions in the near neutral pH range.
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