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Ferroselite from Trogtal, the type locality of the cobalt selenide trogtalite, in the Harz Mountains, Germany, forms a 
trogtalite–ferroselite assemblage in pockets of massive clausthalite in which specular hematite is dispersed. The pockets 
occur in hematite-impregnated carbonate veins, emplaced in a reddened greywacke of Lower Carboniferous age. Fer-
roselite contains ~0.2–5.0 ppm Au; trogtalite has even higher Au contents. Ferroselite has Co/Ni ratios mostly above 
unity. These characteristics likely reflect oxidizing brines with Co/Ni > 1, such as those involved in the formation of 
sediment-hosted copper deposits.
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1. Introduction

Numerous studies have been concerned with the content and 
distribution of Au in sulfide minerals, particularly in pyrite 
and arsenopyrite (e.g., Benzaazoua et al. 2007; Wagner et 
al. 2007; Cook et al. 2009; Koglin et al. 2010; Majzlan et 
al. 2010; Thomas et al. 2011). Pyrite has also been inves-
tigated for other trace and minor elements. Among them, 
the contents of Co and Ni in pyrite, specifically its Co/Ni 
ratios, have been used as an indicator of the environment 
of pyrite formation (e.g., Loftus-Hills and Solomon 1967; 
Bralia et al. 1979; Clark et al. 2004; Marques et al. 2006; 
Koglin et al. 2010; Pal et al. 2011). Recently, the Co/Ni 
ratio in arsenopyrite has been applied to constrain the fluid 
source for an Au-lode deposit (Cabral and Koglin 2012). 

Compared to pyrite and other sulfide minerals, little 
information on the trace contents of Au and Co/Ni ratios 
in selenide minerals is available. Can ferroselite, the Se 
analogue of pyrite, host trace contents of Au? Can the Co/
Ni ratio in a Fe selenide hint at the fluid chemistry and/
or fluid provenance of a selenide vein-type deposit? Here 
we provide evidence that ferroselite, FeSe2, from Trogtal 
(Harz Mountains, Germany) contains trace amounts of 
Au. We also discuss the genetic significance of the Co/
Ni ratio in this ferroselite.

2. Trogtal and selenide-bearing veins

Trogtal is a small tributary valley near Lautenthal, in the 
north-western Harz Mountains. A quarry in the Trogtal 

exploited greywacke that hosted selenide minerals. A 
Lower Carboniferous age for the greywacke is ascer-
tained by abundant fossils of Goniatites, striatus zone 
(Figge 1964). The selenide minerals were found in veins, 
up to 3 cm thick, in the greywacke (Frebold 1927b; 
Tischendorf 1959). The veins consist of several genera-
tions of carbonate, with, or without, red pigmentation by 
fine-grained specular hematite. Such a red pigmentation 
also characterizes the greywacke host rock. The main 
selenide mineral identified is clausthalite, PbSe, which 
sporadically fills interstitial spaces within the vein-
carbonate aggregates. Frebold (1927a) recognized that 
grains of cobaltite, i.e., “Kobaltglanz”, are intensively 
corroded by clausthalite. He also noted that specular he-
matite is intergrown with cobaltite. The identification as 
cobaltite was later refuted by Ramdohr (1928), who sug-
gested the possible occurrence of at least four different 
selenides of Co. These were subsequently characterized 
as trogtalite, cubic CoSe2, “hastite”, asserted as ortho-
rhombic CoSe2, bornhardite, cubic Co3Se4, and frebold-
ite, hexagonal CoSe (Ramdohr and Schmitt 1955). The 
mineral “hastite” has recently been discredited as being 
identical with ferroselite, orthorhombic FeSe2 (Keutsch 
et al. 2009).

3. Samples and experimental methods

Polished sections labeled ‘Trogtal’ were found, together 
with an offprint of Ramdohr and Schmitt’s (1955) article, 
in the collection of late Professor Krause (1925–2010) at 
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Technische Universität Clausthal. The name ‘Schell’ was 
additionally written on two of the four polished sections. 
Ramdohr and Schmitt (1955) acknowledged an old miner 
of the Trogtal quarry, Schell, for having provided them 
with some selenide-bearing samples in which the afore-
mentioned selenides of Co were characterized. Hence, 
the samples studied here come from the type locality of 
trogtalite.

Ferroselite and trogtalite had their chemical composi-
tions determined by wavelength-dispersion analysis using 
a Cameca SX 100 electron microprobe at Technische 
Universität Clausthal. The analyses were performed 
at 20 kV and 20 nA, with beam size of 1 and 10 μm. 
The following reference materials and X-ray lines were 
employed: pure metals (SeLα, FeKα, CoKα, NiKα, CuKα), 
PbTe (PbMα) and FeS2 (SKα).  

After the reconnaissance electron-microprobe work 
(Tab. 1), trace elements in the selenides were deter-
mined by laser ablation–inductively coupled plasma–
mass spectrometry (LA–ICP–MS) at GeoZentrum 
Nordbayern, Universität Erlangen. The instrument is an 
Agilent 7500i ICP–MS, coupled to an UP193FX, New 
Wave Research Excimer Laser, which was operated 
using plasma power of 1320 W, carrier gas I (He) at 
0.65 l/min, carrier gas II (Ar) at 1.10 l/min, plasma gas 
(Ar) at 14.9 l/min and auxiliary gas (Ar) at 0.9 l/min. 
The analytical conditions of the instrument were as 
follows: single spot of 20 µm, repetition rate of 20 Hz, 
irradiance of 0.58 GW/cm2, fluence of 2.9 J/cm2, 20 s 
for background and 25 s for sample measurements in 
time-resolved analytical mode at maximum peak. The 
isotopes analysed for were: 77Se at 1-ms integration 

time; 29Si and 59Co at 5-ms integration time; 33S, 34S, 
63Cu, 65Cu and 57Fe at 10-ms integration time; 55Mn, 
60Ni, 66Zn, 71Ga, 75As, 95Mo, 99Ru, 101Ru, 103Rh, 105Pd, 
108Pd, 109Ag, 111Cd, 115In, 118Sn, 121Sb, 125Te, 185Re, 189Os, 
193Ir, 195Pt, 197Au, 202Hg, 205Tl, 208Pb and 209Bi at 30-ms 
integration time. The content of Fe that had been de-
termined by the electron microprobe was used for in-
ternal standardization. Reference materials for external 
calibration were Po724 B2 of the Memorial University 
of Newfoundland (Ru, Rh, Pd, Os, Ir, Pt and Au), (Fe, 
Ni)1–xS for Ni and Re (Wohlgemuth-Ueberwasser et al. 
2007) and MASS-1 polymetal sulfide of the United 
States Geological Survey (S, Mn, Co, Cu, Zn, Ga, As, 
Se, Mo, Ag, Cd, In, Sn, Sb, Te, Hg, Tl, Pb and Bi). The 
LA–ICP–MS measurements were evaluated off-line by 
means of GLITTER (van Achterbergh et al. 2000). Con-
centrations are given in parts per million (ppm) in Tab. 
2, together with detection limits, precision and accuracy.

4. Results

Ferroselite occurs as grains that are commonly less than 
100 µm in length, enclosed in clausthalite (Fig. 1). The 
grains contain cracks filled with clausthalite. Specular 
hematite and subordinate tiemannite, HgSe, are present 
on the surface of ferroselite, in interstices between fer-
roselite grains (Fig. 1), and in clausthalite-filled cracks 
within ferroselite (Fig. 2). Contrary to ferroselite, which 
does not show obvious signs of replacement, early 
trogtalite is extensively replaced by clausthalite. A late 
generation of trogtalite overgrows the corroded trogtalite, 

Fig. 1 Reflected-light photomicrograph 
(oil immersion) of ferroselite from 
Trogtal, Harz, Germany. The ferroselite 
(F, shades of pale yellow) occurs in a 
matrix of clausthalite (C, bluish white), 
which contains hematite (H, grey) and 
tiemannite (Tie, grey but softer than 
hematite). The ferroselite has cracks 
that are filled with clausthalite. Circles 
are LA–ICP–MS spots and their num-
bers correspond to those of analyses 
in Tab. 2.
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forming a rim that composes an atoll-like microstructure 
(Fig. 2). This rim of late trogtalite has sharp, essentially 
rectilinear contacts with the immediately adjacent fer-
roselite. The late trogtalite also occurs as independent 
grains not altered by clausthalite. 

The electron-microprobe analyses indicate that the 
Trogtal ferroselite corresponds to nearly stoichiometric 
FeSe2; however, a few microanalyses give Pb in the 
range of a few weight per cent, up to 2.4 wt. % (Tab. 1). 
In contrast to ferroselite, the early and late generations 

of trogtalite diverge from the end-member composition. 
The trogtalite contains variable amounts of Co, Ni and 
Cu, with the late generation having more Co and less 
Cu than the early trogtalite. Overall, the results of the 
electron-microprobe work agree with the compositional 
data reported in Keutsch et al. (2009).

The LA–ICP–MS measurements show that ferroselite 
contains traces of Au and Ag, ~0.2–5.0 ppm and ~4.0–38 
ppm, respectively (Tab. 2). However, Pb concentrations 
obtained in ferroselite, up to ~25 wt. % Pb, relate to 

Fig. 2 Reflected-light photomicrograph 
(oil immersion) of ferroselite–trog-
talite aggregates from Trogtal, Harz, 
Germany. The trogtalite (T, shades 
of pale brown) is corroded and par-
tially replaced by clausthalite (C, bluish 
white). The ferroselite (F, shades of pale 
yellow) has sharp contacts with a late 
generation of trogtalite, which forms a 
rim around the corroded trogtalite (i.e., 
atoll-like microstructure). Hematite (H) 
appears as greyish platelets. Circles 
are LA–ICP–MS spots and their num-
bers correspond to those of analyses 
in Tab. 2.

Tab. 1 Results of electron-microprobe analyses of ferroselite and trogtalite from Trogtal, Harz, Germany

Analysis 
number 1 2 3 4 5 6 7 8 9 10 11 12 13* 14 15

S (wt. %) <0.05 <0.05 <0.05 <0.05 <0.05 <0.06 <0.05 <0.05 <0.05 <0.05 <0.05 <0.06 0.14 0.11 0.13
Fe 26.46 26.35 26.40 26.33 26.30 26.46 26.37 26.48 26.51 26.18 25.78 0.23 0.67 0.67 0.77
Co <0.06 <0.06 0.07 <0.06 <0.05 0.11 <0.06 <0.06 <0.06 <0.06 <0.05 14.48 22.31 22.66 23.02
Ni <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 5.11 3.48 3.31 3.83
Cu <0.12 <0.13 <0.12 <0.13 <0.13 <0.12 <0.13 <0.14 <0.13 <0.13 <0.12 7.65 1.05 0.84 0.25
Se 73.75 72.90 73.70 72.98 73.52 73.17 73.33 73.31 73.73 73.46 72.50 71.92 72.32 72.73 72.62
Pb <0.60 1.19 <0.60 <0.60 <0.60 <0.60 <0.60 <0.60 <0.60 <0.60 2.39 <0.60 n.a. n.a. n.a.
Total 100.20 100.44 100.16 99.30 99.82 99.75 99.70 99.79 100.24 99.64 100.67 99.40 99.96 100.32 100.63
Apfu
S 0.01 0.01 0.01
Se 1.99 1.98 1.99 1.99 1.99 1.98 1.99 1.99 1.99 1.99 1.98 2.00 1.98 1.99 1.97
Fe 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.00 0.01 0.03 0.03 0.03
Co 0.54 0.82 0.83 0.84
Ni 0.19 0.13 0.12 0.14
Cu 0.26 0.04 0.03 0.01
Pb 0.01 0.02

1–11: ferroselite, beam diameter of 10 µm; 12–15: trogtalite, beam diameter of 1 µm; early (12) and late (13*–15) trogtalite.
* Average values of six microanalyses on the same grain of trogtalite.
Apfu = atoms per formula unit on the basis of 3 atoms; n.a. = not analysed.
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the clausthalite matrix because the Pb signal invariably 
increased as the sample ablation proceeded, as observed 
in the time-resolved analytical mode. The highest values 
of Au, about 7 and 10 ppm, are measured in trogtalite. 
Considering all measurements, both on ferroselite and 
trogtalite, Au and Co are significantly positively corre-
lated (Fig. 3a, with a squared correlation coefficient, r2, 
of 0.92), whereas Au shows no correlation with Pb (Fig. 
3b). Trogtalite is also richer in Pt and Pd relative to fer-
roselite (~1.0 Pt and ~0.5 ppm Pd, Tab. 2).

The LA–ICP–MS results give a wide range of Co and 
Ni contents in ferroselite, from ~30 ppm to ~3.0 wt. % 
and from ~20 ppm to ~1.0 wt. %, respectively. In con-
trast, both elements are consistently low, mostly lower 
than 0.06 wt. %, in the electron-microprobe analyses 
(Tab. 1). Consequently, Co and Ni values above 0.06 
wt. % are regarded as contamination from trogtalite, 
or other Co-rich minerals, during laser ablation. Most 
analyses of ferroselite have Co/Ni ratios that are above 
unity, even if those above 500 ppm Co are excluded. For 
those with <500 ppm Co, ferroselite has Co/Ni ratios that 
extend from 0.8 to 3.1, averaging 1.7 ± 0.8 (n = 13, three 
of which have Co/Ni ratios below unity).

The Trogtal ferroselite contains an assemblage of trace 
elements that characterize deposits in the epithermal 
temperature range, such as Hg (up to ~2800 ppm) and 
Sb (up to 30 ppm), with ratios of Sb/As > 1. The mineral 
also hosts trace contents of Te (up to 98 ppm) and Tl (up 
to 8 ppm). 

5. Discussion

The Au enrichment in the ferroselite–trogtalite assem-
blage seems to be connected with the increase in Co 
(Fig. 3a), and not in Pb (Fig. 3b), making unlikely any 
significant contribution of Au from the ablation of ma-
trix clausthalite. Indeed, Ramdohr and Schmitt (1955) 
observed native Au within an atoll-like microstructure 
of corroded trogtalite, which is analogous to Fig. 2. The 
corrosion of trogtalite likely liberated its trace amounts 
of Au, which locally precipitated as native Au within the 
atoll-like microstructure. 

Because pyrite has extensively been analysed for mi-
nor and trace elements, in particular for Co, Ni and Au, 
the following discussion on the Trogtal ferroselite refers 
to pyrite. To our knowledge, trace-element data for fer-
roselite have not yet been reported in the literature. 

Pyrite with Co/Ni > 1 has been used to distinguish 
pyrite of volcanogenic origin (e.g., Bralia et al. 1979; 
Marques et al. 2006), in particular where high-salinity 
brines interacted with volcanic host rocks. For example, 
Cl-rich fluids, which have Co/Ni > 1 (Douville et al. 
2002), are thought to have formed volcanogenic pyrite 
that is also distinguished by Co/Ni > 1 (Marques et 

al. 2006). Similarly, Pal et al. (2011) have argued that 
the chemical composition of their hydrothermal pyrite, 
which is enriched in Co with Co/Ni > 1, fingerprints a 
high-salinity fluid. The assumption that fluids of high 
salinity are capable of fractionating Co from Ni finds 
support in the economically important concentrations 
of Co in the Zambian Copperbelt, the genesis of which 
has been explained by high-salinity sedimentary brines 
that transported metals in solution (e.g., McGowan et al. 
2006; Koziy et al. 2009). Cobalt-bearing pyrite and Pd-
containing trogtalite have been documented from African 
sediment-hosted Cu deposits (e.g., Craig and Vaughan 
1979; Pirard and Hatert 2008).

The Au-bearing ferroselite and the evidence for some 
Pd and Pt in the associated trogtalite, together with 
the reddish greywacke, genetically link Trogtal to the 
hydrothermal milieu of sediment-hosted Cu deposits, 
in which precious metals are found spatially associated 
with oxidized rocks (e.g., Oszczepalski 1999; Shepherd 
et al. 2005). This oxidation has been attributed to ba-
sinal brines (e.g., Jowett 1986; Kucha and Pawlikowski 
1986; McGowan et al. 2006). Such brines led to metal 

Fig. 3 Plots of Au vs. Co (a) and Au vs. Pb (b) from LA–ICP–MS 
analyses (Tab. 2). In a, the metals are positively correlated in an expo-
nential fashion (squared correlation coefficient, r2, of 0.92); in b, the 
metals show a scattered distribution. 
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concentrations that typically have Co/Ni > 1, as reported 
for the Kupferschiefer at Sangerhausen, in the vicinity 
of the Harz (Hammer et al. 1990; Sun and Püttmann 
1997). In the Kupferschiefer of Poland, epigenetic py-
rite is also characterized by Co/Ni ratios above unity 
(Kucha and Pawlikowski 1986). The Trogtal ferroselite, 
predominantly of Co/Ni > 1, could thus be interpreted to 
have formed from oxidizing, Kupferschiefer-like brines. 
It is important to note here that the selenide vein-hosting 
Carboniferous greywacke was primarily overlain by the 
Zechstein evaporitic sequences (i.e., Late Permian; e.g., 
Ziegler 1978), which were eroded during rapid uplift of 
the Harz in Late Cretaceous times (e.g., von Eynatten et 
al. 2008). The Zechstein could explain the existence of 
such highly saline fluids.

Our interpretation for the ferroselite Co/Ni ratio, as 
a fingerprint of high-salinity brines of Kupferschiefer 
type, needs to be supported by fluid-inclusion data. 
Such data are not available for Trogtal, but for other 
metalliferous deposits in the Harz (e.g., Lüders and 
Möller 1992). They indicate that the vein deposits of 
the Harz formed in post-Variscan times from high-
salinity brines at temperatures within the epithermal 
range. Based on its selenide–hematite assemblage, 
Trogtal can be regarded as belonging to the earliest 
stage of post-Variscan mineralization (e.g., Kuschka 
and Franzke 1974; see Tab. 1 of Lüders and Möller 
1992). This temporal positioning of Trogtal would be 
consistent with the Late Permian age that Brauns et al. 
(2003) established for the Kupferschiefer mineralization 
at Sangerhausen – considering its syngenetic or early-
diagenetic nature (e.g., Wedepohl and Rentzsch 2006). 
However, a new age proposed for the Kupferschiefer 
mineralization at Sangerhausen, Late Jurassic (Symons 
et al. 2011), favors an epigenic model. Such a late tim-
ing could suggest that the hematitization and associated 
seleniferous veins at Trogtal might be temporally linked 
with the epigenetic Kupferschiefer mineralization. Hy-
drothermal overprint involving oxidizing fluids resulted 
in vein-type mineralization in Permo–Triassic sequences 
elsewhere in Europe (e.g., Dill 1988; Shepherd et al. 
2005; Okrusch et al. 2007).

6. Conclusions

The ferroselite at Trogtal (Harz Mountains, Germany) 
contains trace amounts of Au, from 0.2 to 5.1 ppm, which 
increase with Co abundance. Greater Au concentrations, 
6.6 and 9.5 ppm, occur in trogtalite. Most Co/Ni ratios 
of ferroselite are above unity. These ratios, together with 
the reddened host greywacke and the specular hematite–
selenide veins, suggest a hydrothermal environment of 
saline and oxidizing brines with Co/Ni > 1. Such fluid 

characteristics are similar to those involved in the forma-
tion of sediment-hosted Cu deposits. 
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