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Abstract. Here we present statistical and geochemical data on 12 minor and trace elements from pyrite- and marca-
site-bearing samples from drillhole cores in the Sarnak (also known as Surnak) gold deposit. The data were obtained
by SEM-EDX and single-spot LA-ICP-MS analyses in marcasite and different pyrite zones — core, mantle, and rim.
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Introduction

In order to obtain geochemical and genetic informa-
tion from the elemental composition of the main ore
minerals, pyrite and marcasite, of the Sarnak low-
sulfidation gold deposit, we investigated polished
and polished thin sections of pyrite- and marcasite-
bearing samples for a wide range of chemical ele-
ments (41 in number) by laser ablation inductively-
coupled plasma mass spectrometry (LA-ICP-MS).
Here we present data for minor and some trace ele-
ments in 19 ore samples, and some geochemical and
genetic conclusions derived from them. This work
continues a previous one (Gadzhalov et al., 2022).

Geology and mineralization of the Sarnak
deposit

The Sarnak deposit (Krumovgrad goldfield, Eastern
Rhodope Mt.) is hosted within and next to a tec-
tonically reworked contact of a high-grade meta-
morphic basement and overlying sedimentary cover
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(according to drillhole data of Dundee Precious
Metals Krumovgrad, Bulgaria, abbr. DPMK). The
compositions and ages of the basement and cover
rocks are described by Goranov et al. (1995), Mar-
ton (2009), Gadzhalov and Marinova (2021a), and
the tectonic setting — by Bonev (1996), Bonev et al.
(2006), Marton (2009), and Zhivkov et al. (2022).
In the eastern part of the deposit, highly mineralized
hydrothermal breccias are located within N-S-strik-
ing and steeply dipping to the east fault (Zhivkov et
al., 2022). The Sarnak deposit is of epithermal type
with propylitic, adularia-sericite (fault-related), and
argillic wall rock alterations (Kunov, Nakov, 2002;
Gadzhalov, Marinova, 2021b). It also appears rep-
resentative of the hot spring-related deposits (Bon-
ham, Giles, 1983) since a silica sinter was mapped
within its area (geological map, DPMK). The sinter
indicates that the epithermal mineralization hap-
pened within the upper few hundred meters of the
paleosurface (Nelson, Giles, 1985). Other data on
the mineralization can be found in Christova (1996),
Marton (2009), Gadzhalov and Marinova (2021a,
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b), Gadzhalov et al. (2022), Bozkaya and Marinova
(2022), Zhivkov et al. (2022), Ivanov et al. (2022).
We identified several mineralization stages: quartz-
marcasite-pyrite, quartz-sulfide-sulfosalt-electrum,
barite, quartz-carbonate, and supergene stage. The
studied samples come from the first two stages. The
mineral association of the first stage comprises py-
rite, marcasite, and quartz while that of the second
stage — pyrite, marcasite, sulfides of Cu, Zn, Pb, tet-
rahedrite, electrum, and quartz + adularia.

Samples and methods

To characterize the epithermal mineralization in the
Sarnak deposit we sampled 15 drillholes, took 58
samples in 2020 (drilling of DPMK), and prepared
more than 35 polished and polished thin sections.
After examining all the sections under an optical
microscope, we selected 19 samples from different
locations and levels relative to the contact between
the metamorphic basement and the sedimentary
cover and to steep faults. The samples come 1) from
the contact and nearby areas (+3 meters), 2 sam-
ples; 2) from a steep N-S fault and its damage zone,
11 samples; 3) below the contact, 3 samples; and
4) above the contact, 3 samples. The levels were es-
timated as the shortest distance to the contact from
the respective drillhole sample. The selected sam-
ples were further studied using scanning electron
microscopy (SEM) coupled with energy-dispersive
X-ray analysis (EDX), and LA-ICP-MS analysis as
described in Gadzhalov et al. (2022). The analyti-
cal dataset includes 210 EDX and 210 LA-ICP-MS
analyses of pyrite and marcasite. In this study we
only consider the following isotopes measured by
the LA-ICP-MS method which in the dataset have
contents below the respective detection limit in less
than 30% of the data (as recommended in Martin-
Fernandez et al., 2012): ¥Co, Ni, %Cu, *Zn, "*Ge,
5As, Mo, 107Ag, 121Gh, 197 Ay, 202Hg, 205T], and 2°Pb.
Such isotopes as °'V, 7'Ga, #Se, ''Cd, '"In, '8Sn,
123Te, ¥2W, 195Pt, and 2”Bi turn out to be not indica-
tive of the pyrite and marcasite of the studied depos-
it since >50% of their analyses have values below
the detection limit.

Results and discussion

In BSE images, most of the studied pyrite grains have
a zonal texture comprising a distinct core, mantle, and
rim. The individual zones display a homogenous or
oscillatory or patchy pattern of varying grayscale con-
trast, which is due to a variable arsenic content, and
appear either light grey (relatively enriched in As) or
dark grey (relatively depleted in As) according to both
EDX and LA-ICP-MS analyses. The oscillatory zon-
ing is more apparent in BSE images of pyrite from the
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lower horizons (Gadzhalov et al., 2022); it is almost
missing in the higher horizons, especially in sand-
stone, and is weak or missing within the N-S fault and
its damage zone where the patchy zoning is a more
pronounced characteristic. Microscopic and nanomet-
ric electrum grains were observed in the latter two lo-
cations. The laser ablation spots were chosen to be in
both light grey and dark grey zones to constrain the
behavior of trace elements relative to the main minor
element, arsenic. Since there is also patchy zoning, we
classified the given crater as in the light grey or dark
grey respective zone by the predominant grey tone.
All LA-ICP-MS analyses of pyrite were divided into
three groups: core, mantle, and rim, and then each of
the latter was subdivided into two groups: dark grey
or light grey, thus getting six pyrite populations. Mar-
casite does not display zoning in the BSE images; it
appears dark grey and homogeneous. That is why it is
separated into a single, seventh group.

Among the elements considered here, As and Sb
have the highest contents in both pyrite and marca-
site, with As contents being an order of magnitude
higher than Sb (Fig. 1). These elements have most-
ly consistent signals in-between and to Fe in the
time-resolved depth LA-ICP-MS profiles (Fig. 2).
These features hold to Hg and TI, too. The follow-
ing average contents/medians of As according to
point EDX analyses were estimated for the speci-
fied above pyrite zones, and for the marcasite group
(given in brackets in wt. %; n — number of analy-
ses): core — dark grey (0.83/0.86, n = 8), light grey
(2.87/2.96, n = 53); mantle — dark grey (1.92/1.56,
n = 17), light grey (2.62/2.67, n = 62), and rim —
dark grey (1.18/1.08, n = 4), light grey (2.49/2.44,
n = 28); marcasite (0.95/0.72, n = 38). That is, py-
rite in the dark grey zones has similar arsenic con-
tents regardless of the individual zone (core/man-
tle/rim) — around 1-1.5 wt %, while pyrite in the
light grey zones has also similar but higher arsenic
contents regardless of the individual zone — around
2.5-3 wt. %. This result indicates likely an alter-
nation of three hydrothermal pulses relatively de-
pleted in As and another three relatively enriched in
As. Many of the time-resolved depth LA-ICP-MS
profiles for Au are smooth and parallel to Fe and
As, which implies a solid solution form of gold in
the pyrite structure rather than mineral inclusions
(Fleet, Mumin, 1997). However, the finding of mi-
cro- to nanometric electrum in pyrite points out that
there is a particulate form of gold and silver in ad-
dition to the solid solution, as concluded earlier by
Gadzhalov et al. (2022). According to the LA-ICP-
MS analyses, Au has coupled behavior compared
to that of As (Fig. 1). We calculated the Pearson
correlation coefficient (R) between Au and As in
the core, mantle, rim, and the marcasite group, and
obtained respectively: 0.30, 0,11, 0,10, and 0.53
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Fig. 1. Box-and-whisker plots of pyrite by zones recognized in BSE images, and of marcasite
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Fig. 2. Time-resolved depth profiles of pyrite showing (a, b) the coupled behavior of Fe and As; a, unsmooth signals for Co, Ni, Cu,
and Au; b, unsmooth signals for Au, Hg, and TI, and a high correspondence for Hg and T1. The insets display both the respective

pyrite grain and LA-spot in BSE images, with enhanced contrast.

(values in bold are statistically significant at a sig-
nificance level of 0.05). This result suggests that the
correlation of As and Au in the mantle and rim is
likely downgraded from the presence of particulate
gold. We also estimated the average/median of Au
in the different groups (in ppm): core — dark grey
(2.01/0.83), light grey (25.00/7.14); mantle — dark
grey (4.80/1.09); light grey (10.83/2.39), and rim
— dark grey (0.48/0.51); light grey (49.77/11.97),
meaning that the As-richer fluids deposited more

Au compared to the As-poorer ones but also that,
except for the dark gray rim, Au has a lognormal
distribution and a large difference between the aver-
age and median. The same applies to Ag. Marcasite
has low gold and silver medians — 1.3 and 8 ppm,
respectively. Similar relationships of Au and Ag to
As were previously demonstrated by Gadzhalov et
al. (2022) on a smaller dataset (n = 128) coming
from 7 samples. They were explained by the pos-
sible presence of gold and silver in pyrite and mar-
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casite as “invisible” ones and in a particulate form.
The highly asymmetric distributions of Au and Ag
in each individual zone (the estimated skewness and
kurtosis indicators are significantly different from
0 and 3, respectively) support the conclusion about
the presence of particulate Au and Ag.

The other elements considered here have a
coupled behavior to As in all pyrite zones except
Co, Ni, and Mo, in part (Fig. 1). Both pyrite and
marcasite in the Sarnak deposit are characterized
by the clear predominance of Ni over Co (Fig. 1)
with a few exceptions in the marcasite group from
the northern part of the deposit where the meta-
morphic basement-sedimentary cover contact be-
comes very steep. Arsenic has an insignificant or
negative correlation with both Co and Ni in pyrite
(for core: —0.21/-0.14, mantle: —0.08/-0.02, and
rim: 0.01/0.09, respectively; the value of R in bold
is statistically significant at a significance level of
0.05), and in marcasite (-0.22/0.23) while Co and
Ni are positively correlated among themselves in
pyrite (for core: 0.89, mantle: 0.75, and rim: 0.74).
The correlation between Co and Ni in marcasite is
insignificant (R = 0.11). Unlike the other trace ele-
ments and Sb, the pyrite dark grey cores and man-
tles have higher Co and Ni contents than the light
grey ones. In the rims, the trends for Co and Ni are
similar to the other elements, i.e., the dark grey rims
have lower Co and Ni contents compared to the
light grey ones. Also, similarly to Au and Ag, Co,
Ni, Cu, Zn, Sb, and Pb display highly asymmetric
(lognormal) distributions. These statistical pecu-
liarities can be explained for Cu, Zn, Pb, and Sb
by the presence of their own minerals, identified in
pyrite and marcasite as micron-sized mineral inclu-
sions (chalcopyrite, sphalerite, galena, tetrahedrite,
stibnite). For Co, and Ni this issue remains unclear
since their minerals have not been observed yet but
their asymmetric (lognormal) distributions indicate
the presence of such minerals. The same goes for
Mo. The time-resolved depth LA-ICP-MS profiles
in some spots give additional arguments for that
(Fig. 2). In conclusion, for all of the elements con-
sidered here, we assume two forms of presence in
the pyrite and marcasite — an invisible one (solid
solution/chemisorption/nanoparticles) and own
minerals most of which were identified under an
optical microscope or SEM.

Acknowledgments: The authors thank the man-
agement of DPMK, Bulgaria for permission to
sample and publish the results, and for providing
geological information. Thanks are due for the
technical support from the project PERIMED BG-
05M20P001-1.002-0005/29.03.2018. The Bulgar-
1an National Science Fund, contract KP-06-N54/6,
supports the study.

214

References

Bonham, H. F. Jr., D. L. Giles. 1983. Epithermal gold/silver de-
posits: The geothermal connection. — Geothermal Resourc-
es Council Spec. Reports, 13,257-262.

Bonev, N. 1996. Tokachka shear zone southwest of Krumovgrad
in Eastern Rhodopes, Bulgaria: an extensional detachment.
— Ann. Sofia Univ., Dept. Geol. and Geogr., 89, 1-Geology,
97-106.

Bonev, N., J.-P. Burg, Z. Ivanov. 2006. Mesozoic—Tertiary
structural evolution of an extensional gneiss dome — the
Kesebir-Kardamos dome, eastern Rhodope (Bulgaria—
Greece). — Internat. J. Earth Sci., 95, 318-340.

Bozkaya, G., . Marinova. 2022. New fluid inclusion data from
the Krumovgrad goldfield, SE Bulgaria. — Geologica Balc.,
Abstracts of the XXII International Congress of the CBGA.
Plovdiv, Bulgaria, 7-11 September 2022, p. 187.

Christova, J. 1996. Temperature, composition, and salinity of
gold-bearing fluid systems in pre-Alpine and Alpine ore de-
posits in Bulgaria (according to microthermometric studies
of quartz). — C. R. Acad. Bulg. Sci., 49, 85-88.

Fleet, M. E., A. H. Mumin. 1997. Gold-bearing arsenian pyrite
and marcasite from Carlin Trend gold deposits and labora-
tory synthesis. — Am. Mineral., 82, 182-193; https://doi.
org/10.2138/am-1997-1-220.

Gadzhalov, A., I. Marinova. 2021a. Styles of epithermal min-
eralization in the Surnak Deposit, Kroumovgrad Goldfield,
SE Bulgaria. Data from surface outcrops. — Geologica
Macedonica, Special issue (Fourth Macedonian Geological
Congress, 3-EG-04 Papers, Ohrid, 2021), 5, 179-189.

Gadzhalov, A., I. Marinova. 2021b. Wall rock alteration in part
of the Sarnak gold deposit, SE Bulgaria. Preliminary data.
— Rev. Bulg. Geol. Soc., 82, 3 (Geosciences 2021), 46-48.

Gadzhalov, A., 1. Marinova, M. Tarassov, E. Tacheva. 2022.
Coupled and uncoupled to 6*S behavior of gold and silver
in pyrite and marcasite from the low-sulfidation Sarnak gold
deposit, SE Bulgaria. — Rev. Bulg. Geol. Soc., 83, 3 (Geo-
sciences 2022), 185-188.

Goranov, A, D. Kozhoukharov, 1. Boyanov, E. Kozhoukharova.
1995. Explanatory Note to the Geological Map of the Repub-
lic of Bulgaria. Scale 1:100 000. Krumovgrad and Sape Map
Sheets. Sofia, Avers, 97 p. (in Bulgarian, English abstract).

Ivanov, B., S. Metodiev, L. Matenco, N. Mihaylov, N. Zhivkov,
N. Hadzhieva, B. Vidinli, B. Ali, V. Bodurov, V. Dospatski,
M. Kavarimov. 2022. Angular unconformity constraining the
stratigraphic relationships of gold mineralization host units in
the Surnak prospect, Eastern Rhodopes, Bulgaria. — Geologi-
ca Balc., Abstracts of the XXII International Congress of the
CBGA. Plovdiv, Bulgaria, 7-11 Sept. 2022, p. 296.

Kunov, A., R. Nakov. 2002. Adularia-sericite epithermal
gold-containing deposits and occurrences in Bulgaria — an
overview. — Geologica Balc., 32, 2-4, 81-88; https://doi.
org/10.52321/GeolBalc.32.2-4.81.

Martin-Fernandez, J. A., K. Hron, M. Templ, P. Filzmoser, J.
Palarea-Albaladejo. 2012. Model-based replacement of
rounded zeros in compositional data: classical and robust
approaches. — Computational Statistics & Data Analysis,
56, 2688-2704; https://doi.org/10.1016/j.csda.2012.02.012.

Marton, 1. 2009. Formation, Preservation and Exhumation of
Sedimentary Rock-hosted Gold Deposits in the Eastern
Rhodopes, Bulgaria. PhD Thesis, University of Geneva,
Terre & Environment, 84, 134 p.

Nelson, C. E., D. L. Giles. 1985. Hydrothermal eruption mecha-
nisms and hot spring gold deposits. — Econom. Geol., 80, 6,
1633-1639.

Zhivkov, N., S. Metodiev, P. Ivascanu, 1. Marton, M. Knaak,
B. Vidinli, T. Jeleva, N. Hadzhieva, B. Ali, V. Bodurov, V.
Dospatski, N. Mihaylov, K. Kunchev. 2022. A new structural
model for the Surnak prospect, SE Bulgaria: exploring the po-
tential for listric fault-related epithermal gold mineralization. —
Geologica Balc., Abstracts of the XXII International Congress
of the CBGA. Plovdiv, Bulgaria, 7-11 Sept. 2022, p. 302.


https://www.google.com/search?sca_esv=577764723&q=Ann.+Sofia+University,+Dept.+of+Geology+and+Geography,+livre+1&spell=1&sa=X&ved=2ahUKEwjNrPCYwZ2CAxW1VPEDHf3iCFsQBSgAegQICBAB
https://doi.org/10.2138/am-1997-1-220
https://doi.org/10.2138/am-1997-1-220
https://doi.org/10.52321/GeolBalc.32.2-4.81
https://doi.org/10.52321/GeolBalc.32.2-4.81
https://doi.org/10.1016/j.csda.2012.02.012

