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Abstract. In this study, the contents of Au and Ag in five pyrite±marcasite samples from the Sarnak gold deposit, the 
respective δ34S, and the sample distances to the contact between metamorphic basement and overlying sedimentary cover 
were considered. We found that two samples from lower horizons (levels of 69 and 30 m below the contact) display 
relatively low Au and Ag contents, negative values of δ34SV-CDT (–3.14 and –6.42‰) and pronounced oscillatory zoning, 
resulting from oscillating contents of As. Three samples from higher horizons (levels of 8, 7 and 0 m below the contact) 
have higher Au and Ag contents, positive or slightly negative values of δ34SV-CDT (+0.5, +1.73 and –1.85‰) and poorly 
expressed or absent arsenian zoning. Two of them contain microscopic electrum and adularia. Based on these contrasting 
features we assume different mechanisms of precipitation: intense fluid-rock interaction for samples from lower horizons 
under steady conditions and boiling of fluid for samples from higher horizons under fluctuating conditions.
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Introduction

The isotopic composition of sulfur in hydrother-
mal minerals is controlled by the fugacity of oxy-
gen (fO2), potential of hydrogen (pH), temperature 
and isotopic composition of total sulfur (δ34SΣS) in 
the hydrothermal fluids (Ohmoto, 1972). On the 
other hand, numerous studies have demonstrated 
that chemical composition of ore minerals can be 
used to identify ore-forming processes and trace the 
sources of ore-forming fluids. In this study, we use 
the isotopic composition of sulfur, along with gold 
and silver contents in pyrite and marcasite from the 
Sarnak deposit for further look on the likely reason 
for sulfur isotope fractionation and precipitation 
mechanism of pyrite/marcasite, Au and Ag. We 
focus on the behavior of Au and Ag as the most 
valuable elements it the ore. Pyrite is the major 
ore mineral in the Sarnak deposit, while marcasite 

occurs sporadically. Other ore minerals observed 
and identified in the Sarnak deposit are rare elec-
trum, arsenopyrite, galena, sphalerite, chalcopyrite, 
bismuthinite, tetrahedrite, acanthite, and stibnite. 
Gangue minerals are quartz and adularia, all cross-
cut by later carbonates.

Previously, Marton et al. (2006) presented  
δ34SV-CDT values of 14 pyrite samples from the Sar-
nak deposit, ranging from –16 up to +12‰. Recently, 
Gadzhalov et al. (2022) presented δ34SV-CDT values of 
5 pyrite/marcasite samples in the range of –6.42 – 
+1.73‰. All the values of both studies are typical for 
low-sulfidation deposits (Hutchison et al., 2020).

Samples and methods
This study is based on five pyrite±marcasite samples 
taken from drillhole cores (drilling of Dundee Pre-
cious Metals Krumovgrad, DPMK). The samples 
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correspond to the main quartz-sulfide stage, where 
pyrite is abundant. Four samples are from the high-
grade metamorphic basement (112, 100, 94, 82) and 
one is at the tectonically reworked contact between 
the sedimentary cover and metamorphic basement 
(76). They come from levels 69, 30, 8, 7 and 0 m 
below the contact, respectively. The methods used 
were optical microscopy, scanning electron micro-
scopy coupled with energy-dispersive X-ray spec-
trometry (SEM-EDX); laser ablation in inductively 
coupled plasma mass spectrometry (LA-ICP-MS), 
and sulfur isotope analysis. The first three methods 
were conducted on bulk polished sections, prepared 
from each sample. The isotopic analysis of S was 
carried out on powder material from hand-picked 
pyrite/marcasite of crushed samples. The SEM-
EDX was carried out at the Institute of Mineral-
ogy and Crystallography, BAS, Sofia using scan-
ning electron microscope SEM ZEISS EVO LS25 
equipped with analytical system EDAX TRIDENT. 
SEM was used for visualization of the pyrite texture 
and compositional zoning in backscattered electron 
images (BSE), whereas the elemental composition 
was analyzed by SEM-EDX with the following 
standards: marcasite (for Fe and S), cobaltite (for 
Co and As), iodirite and pure Ag (for Ag), stibnite 
(for Sb). LA-ICP-MS was performed at the Geo-
logical Institute, BAS, Sofia with a PerkinElmer 
ELAN DRC-e ICP-MS instrument integrated with 
New Wave Research (ESI) UP-193FX ArF exci-
mer laser-ablation system. A single ablation spot 
setup was used with the following main param-
eters: laser energy, 6 mJ; repetition rate, 7 Hz; en-
ergy on the sample, 4.8–5.0 J/cm2; spot diameter,  
35 μm; carrier (He) and makeup (Ar) gas flows. 
NIST SRM 610 and USGS MASS1 served as exter-
nal standards, while the content of Fe, determined 
previously by SEM-EDX in each spot – as an inter-
nal standard. The following isotopes were measured 
for this study: 57Fe, 75As, 121Sb, 107Ag, and 197Au. De-
tection limits were calculated for each isotopic mass 
in each spot analyzed. For element contents which 
were below the detection limit a calculated value 
was assigned that was 1/2 of detection limit of the 
respective element in the corresponding spot. The 
minor and trace element contents in a given sam-
ple were defined as average from all the analyzed 

spots in the polished section. The isotope composi-
tion of sulfur was determined at the Iso-Analytical, 
Crewe (UK) by isotope ratio mass spectrometry 
(EA-IRMS). Analysis was based on monitoring 
of m/z 48, 49 and 50 of SO+ produced from SO2 in 
the ion source. The reference material used for sul-
fur isotope analysis was IA-R061 (barium sulfate, 
δ34SV-CDT = +20.33 ‰). IA-R061, IA-R025 (barium 
sulfate, δ34SV-CDT = +8.53 ‰) and IA-R026 (silver 
sulfide, δ34SV-CDT = +3.96 ‰) were used for calibra-
tion and correction of the 18O contribution to the SO+ 
ion beam. IA-R061, IA-R025 and IA-R026 are in-
house standards calibrated against and traceable to 
NBS-127 (barium sulfate, δ34SCDT = +20.3 ‰) and 
IAEA-S-1 (silver sulfide, δ34SV-CDT = –0.3 ‰). All 
sulfur isotopic compositions were calculated rela-
tive to the Vienna Canon Diablo Troilite (V-CDT) 
and are reported in standard d notation.

Local geology
The Sarnak deposit is hosted within and in close 
proximity to the tectonically reworked contact of the 
high-grade metamorphic basement and overlying 
sedimentary cover (drillhole data of DPMK). The 
metamorphic basement rocks belong to northwest-
ern flank of the NE-trending Kesebir-Kardamos 
Metamorphic Dome. The metamorphic basement 
consists of pre-Paleocene marble, calc-schist, am-
phibolite, and gneiss. The sedimentary cover starts 
with a Paleocene continental terrigenous formation 
(the Kroumovgrad Group – Goranov and Atanasov, 
1992), followed by two Eocene formations: coal-
bearing-sandstone formation and marly-limestone 
formation (Zhivkov et al., 2022).

Results and discussion

In the studied samples, up to 5 crystal growth epi-
sodes were recognized in the FeS2 polymorphs from 
the quartz-sulfide stage (Fig. 1a) as well as signifi-
cant recrystallization events, like coalescence of mi-
croscopic pyrite framboids, and inversion of marca-
site to pyrite (Fig. 1b). The later resulted in optical 
anisotropy and porous texture of the newly formed 
pyrite as previously found by Murowchick (1992). 
In the samples from lower horizons (112 and 100) 

Fig. 1. Pyrite and marcasite under study: a, five Py growth episodes; the 3rd episode is contrasted by dashed line, s. 77, next to s. 
76; b, Mrc-Py intergrowth; inset in cross-polarized light, s. 94; c, d, banded fragment of Py, s. 112, s. 76, BSE image, enhanced 
contrast; e, cracked Py with El inclusion (white), s. 82, BSE image; inset – the El grain in plain-polarized light; f, plot of As vs. Au 
in Py/Mrc; the two different populations are outlined with a dashed line; g, positive correlation between Au and Ag in Py/Mrc, a 
fragment; h, plot of contents of As, Sb, Au, Ag, and δ34SV-CDT in Py/Mrc; inset – enlarged view at ss. 94 and 82. Abbr.: Py, pyrite; 
Mrc, marcasite; El, electrum, s., sample.
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pyrite displays pronounced arsenian oscillatory 
zoning (Fig. 1c). Sample 76 from the highest ho-
rizon displays varying pyrite textures like euhedral 
or colloform core, porous outer core; weak oscilla-
tory or patchy zoned arsenian mantle, and euhedral 
rim (Fig. 1d). In the other samples from higher hori-
zons (94 and 82), pyrite and marcasite show poorly 
expressed to absent compositional zoning. In these 
samples microscopic electrum (a few tens of mi-
crons across) was observed (Fig. 1e), while adularia 
is present in samples 94 and 76. Significant Au and 
Ag contents are found in arsenian pyrite with pro-
nounced oscillatory zoning, based on LA-ICP-MS 
data without observing microscopic gold or silver 
minerals. In some of the time-resolved LA-ICP-MS 
spectra Au and Ag give flat lines parallel to that of 
Fe, As, Sb, Tl and Hg but in other Au and Ag dis-
play peculiarities, indicating the presence of inclu-
sions of sub- to microscopic electrum and/or other 
Au- and Ag-bearing minerals in pyrite. This kind 
of behavior on the time-resolved LA-ICP-MS spec-
tra finds expression on the plot of As versus Au. It 
shows an existence of two populations: in one, Au 
contents are independent of As ones, in the other 
Au contents are positively correlated with As ones 
(Fig. 1f). On the other hand, Au contents correlate 
positively with Ag ones (Fig. 1g). All these results 
mean that gold and silver are present in pyrite/mar-
casite as “invisible” ones and as microscopic grains, 
which likely reach down to nanometric sizes. The 
minor elements in pyrite/marcasite As and Sb, and 
Au and Ag have coupled behavior with δ34SV-CDT 
in the samples from lower horizons but uncoupled 
behavior in the samples from higher horizons (Fig. 
1h). These contrasting behaviors likely represent 
different mechanisms of pyrite/marcasite precipi-
tation. The samples from lower horizons have the 
most negative values of δ34SV-CDT in samples studied 
what means relatively higher pH or fO2 or T com-
pared to that producing positive values of δ34SV-CDT 
(Ohmoto, 1972). Marcasite is present in samples 
(100 and 82) from the two contrasting groups what 
indicates pH <5 and T < ~240 ºC (Murowchick, 
1992). Thus, it is unlikely that pH was key factor 
for the δ34SV-CDT fractionation in the two groups of 
samples. The temperature of the epithermal miner-
alization in the Sarnak deposit is 270–192 °C (ho-
mogenization temperature of fluid inclusions; G. 
Bozkaya, 2022, unpubl. data) but we do not have 
detailed data. It is likely that fluid in the lower ho-
rizons was of higher temperature. There is also a 
possibility that fO2 is responsible for the observed 
sulfur isotopic fractionation. Likely more oxidized 
fluids were responsible for the precipitation of py-
rite/marcasite in the samples from lower horizons 
since hematite is reported in the metamorphic base-
ment (Marton et al., 2006). Whatever the reason is, 

it is clear that we have two environments of pyrite/
marcasite precipitation. The precipitation of py-
rite/marcasite in the samples from lower horizons 
we ascribe to intense fluid-rock interaction under 
overall steady conditions. Samples 94, 82 and 76 
are much shallower. They give the highest Au and 
Ag contents in our samples, and adularia is present 
there. That is why we assume boiling of fluid for the 
samples from higher horizons likely due to breccia-
tion, pressure drop and phase separation at the tec-
tonically active and permeable contact between the 
metamorphic basement and the sedimentary cover 
under quickly fluctuating conditions. Boiling in the 
Sarnak deposit was proved by fluid inclusion data 
(Bozkaya, Marinova, 2022).
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