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Abstract: The Elatsite–Chelopech ore field in the northern part of the Panagyurishte district in
Central Bulgaria comprises numerous spatially associated porphyry copper and epithermal gold
deposits and prospects. In addition to the mineralization and alteration features, trace elements,
lead and sulfur isotope signatures of sulfide minerals from porphyry copper, base metal and gold-
base metal deposits/prospects have been studied. LA-ICP-MS analyses of pyrite, arsenopyrite and
sulfosalt minerals validate them as major carriers for Au, Ag, Sb, Se and Co. Pyrite from the three
types of mineralization has specific geochemical characteristics. Pyrite from the porphyry copper
deposits/prospects has generally lower total trace element content compared to pyrite from the
epithermal prospects, except for Se, Co and Ni. Pyrite from the base metal and gold-base metal veins
is enriched in As, Au, Ag, Sb and Pb. In pyrite from the base metal deposits, Co and Ni have contents
comparable to the pyrite from the porphyry copper deposits, while pyrite from the gold-base metal
veins shows lower Co and Ni. Arsenopyrite from these deposits shows similar features. Similarly,
sphalerite from the gold-base metal veins also has lower Co content compared to sphalerite from the
base metal veins but higher In and Cu contents. In addition to the close spatial relationships between
the Elatsite and Gorna Kamenitsa porphyry Cu deposits and Negarstitsa-West and Dolna Kamenitsa
base metal prospects, as well as similarities in the mineralization and alteration styles, the lead isotopic
(206Pb/204Pb = 18.61–18.68, 207Pb/204Pb = 15.64–15.65 for porphyry and 206Pb/204Pb = 18.55–18.67,
207Pb/204Pb = 15.64–15.68 for base metal) and sulfur isotopic (δ34S values of −3 to +1‰ for porphyry
and δ34S values of −1.7 to +3.5‰ for base metal) signatures of sulfides support the idea of a genetic
link between these two types of deposits. The porphyry and base-metal mineralization result from
a common major ore-forming event during the Late Cretaceous, corresponding to deep/higher-
temperature and shallower/distal/lower-temperature environments, respectively. In particular, more
radiogenic lead (206Pb/204Pb = 18.41–18.47, 207Pb/204Pb = 15.67–15.76) and slightly different sulfur
isotopic compositions (δ34S values of +3.5 to +10.6‰) of sulfides from the distal gold-base metal
veins of Kordunsko Dere, Svishti Plaz and Shipkite might be a consequence of the interaction of the
ore-forming fluids with an external older crustal and isotopically positive S source. Alternatively, a
different fluid source/event for the formation of these gold-base metal veins may be suggested.
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1. Introduction

Porphyry copper deposits occur within volumes of hydrothermally altered rock in the
order of several cubic km that may also contain skarn, carbonate-replacement, sedimentary-
hosted and epithermal mineralization. The alteration and economic mineralization in
this environment show a general outward and upward zonation from the porphyritic
intrusion [1]: porphyry Cu-Mo-Au and/or skarn deposits occur deeper and proximal to
causative intrusions, whereas their shallower parts tend to host epithermal mineralization
commonly enriched in precious metals, Cu, Pb and Zn. A genetic link between porphyry
Cu and adjacent high- or intermediate-sulfidation epithermal mineralization is commonly
suggested, based mainly on the geochronology of alteration and mineralization, as well
as on fluid inclusion data and isotopic tracing (e.g., [1–6]). In the southern part of the
Panagyurishte district, Kouzmanov et al. [2] have demonstrated a genetic link between the
Vlaikov Vryh porphyry Cu and the neighboring Elshitsa epithermal Cu-Au deposits, based
on the Pb isotopic composition of sulfide minerals and absolute geochronology.

During the last few decades, the development of high-sensitivity and high spatial
resolution microanalytical techniques, such as laser ablation inductively coupled mass spec-
trometry (LA-ICP-MS), has allowed for accurate determination of a large number of trace
elements down to the parts-per-billion (ppb) level in many mostly fine-grained hydrother-
mal minerals (e.g., pyrite, magnetite, chlorite and epidote). Geochemical signatures of
these minerals can be successfully used for mineral exploration purposes, owing to certain
systematic spatial patterns with respect to fluid source(s) and temperature during alteration
(e.g., [7–11]). Pyrite is especially appropriate for such studies because it is commonly the
most abundant sulfide mineral in altered rocks from any kind of hydrothermal ore deposit
(e.g., [12–14]). Pyrite is also a versatile target mineral because it is a major host of many
siderophile and some chalcophile trace elements including many of the pathfinders used
in exploration geochemistry: Co, Ni, Cu, As, Sb, Se, Te, Pb, Bi, Mo, Ag, Au and the PGE
(e.g., [14–16]) and can be a major and economically important repository of these elements
(e.g., [13,17,18]).

The Elatsite–Chelopech ore field, northern Panagyurishte district, Bulgaria, comprises
numerous spatially associated porphyry copper and epithermal copper/base metal-gold
deposits and occurrences. Most of these are known or inferred to relate to Late Creta-
ceous calc-alkaline arc magmatism, whereas some prospects are inferred to relate to the
extensive Carboniferous magmatism that forms the local basement (e.g., Svishti Plaz;
Amov et al. [19]). The occurrences include regular porphyry Cu deposits and base metal-
rich and gold-base metal epithermal styles. This diversity of mineralization styles belonging
to the greater porphyry Cu environment makes the Elatsite–Chelopech area an excellent
place to investigate the possible genetic connections (or lack thereof) between parts of
the architecture of the greater porphyry copper to epithermal environment. The correct
interpretation of these genetic connections is relevant to the exploration for resources of
Cu and byproduct metals. Toward that goal, the aims of our present study are: (1) to
document the trace element composition of sulfides in these occurrence types and evaluate
their potential utility in exploration, and (2) to use the sulfur and lead isotope signatures
of the sulfide minerals as evidence to support or deny the genetic relationship between
the occurrences.

2. Geological Setting

The Elatsite–Chelopech ore field is situated in the Panagyurishte District of the Central
Srednogorie Zone, Bulgaria. The Srednogorie Zone is part of the Apuseni–Banat–Timok–
Srednogorie Arc [20,21] (Figure 1); a belt of mafic to dacitic calc-alkaline magmatism related
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to the subduction of Mesozoic oceanic crust under southeastern Europe from the Albian to
the Maastrichtian [22]. The Panagyurishte District is a NNW–SSE trending alignment of ore
deposits oblique to the general strike of Central Srednogorie Zone. It includes porphyry Cu
deposits (Vlaykov Vruh, Tsar Assen, Medet, Assarel, and Elatsite), and high-intermediate
sulfidation epithermal deposits (Elshitsa, Radka, Krassen and Chelopech) (Figure 1).
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The study area is located at the northern end of the Panagyurishte District. The base-
ment consists of pre-Mesozoic metamorphic and igneous rocks, and the post-Srendogorie
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cover consists of Quaternary terrestrial sediments (Figure 2). The pre-Mesozoic basement
comprises ortho- and para-gneisses and orthoamphibolites of the Paleozoic high-grade
Metamorphic Complex [23] and low-grade Ordovician-Silurian meta-sediments of the
Phyllite Complex [24]. Numerous post-Variscan granitoids intruded the metamorphic
basement and range from gabbrodiorite to granite [23,25–27]. The emplacement of the
Carboniferous Vezhen Pluton caused contact metamorphism in the phyllites, forming
hornfelsses and mottled schists. Mafic and intermediate dykes and stocks also intruded
into the pluton and in the basement during the Carboniferous [24], and mafic enclaves are
observed among the granodiorite phases of the pluton. The latter observation has been
interpreted as evidence of magma chamber recharge and mingling processes comparable
to those invoked as important in porphyry copper genesis (e.g., [1,28]), and it provides
some context to the hypothesis that some of the mineralization in the study area may have
occurred before the Srednogorie magmatism.
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The Upper Paleozoic–Mesozoic sedimentary sequence consists of Permian to Lower
Triassic continental terrigeneous sediments that grade upward into carbonate rocks of the
Middle and Upper Triassic ([30] and references therein). Above these, Lower and Middle
Jurassic transgressive marine sediments grade upward into a relatively shallow-marine
flysch sequence of the Upper Jurassic to Lower Cretaceous.

In the early Cretaceous, brittle–ductile shear zones and thrust faults were formed
along the contact between the high-grade Metamorphic Complex and the overlying Meso-
zoic sediments, as well as in the low-grade metasediments (Figure 2, [31–33]). This event
corresponds to the first episode of Alpine compression in the Balkanides [34]. The fault
zones and fabrics are overlain by Turonian conglomerates and sandstones, which are the
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precursor to the Turonian to Maastrichtian volcano–sedimentary sequence, represented by
magmatic rocks and intra-arc sandstones, conglomerates, and subordinate deeper water
siliciclastic sediments ([35] and references therein; [36]). The Late Cretaceous magmatic
rocks consist of hypabyssal porphyritic intrusions and dykes, which are hosted in the
metamorphic basement and the granodiorites of the Vezhen pluton. The Late Cretaceous
dykes and subvolcanic bodies are predominantly andesitic, quartz–monzodioritic, gra-
nodioritic and dioritic in composition [37–41]. Any original volcanic equivalents have
been removed by erosion. A second Alpine compressional event affected the area after the
Maastrichtian and caused substantial thrust faulting and folding of the Upper Cretaceous
sequences [30,42–44].

The Elatsite–Chelopech ore field covers approximately 150 km2 and is defined as the
group of mineral deposits hosted by the block of pre-Alpine rocks exposed north of the
major Chelopech Thrust. The field notably includes the operating mines at the porphyry
copper deposit at Elatsite and the high sulfidation epithermal deposit at Chelopech. Other
porphyry occurrences occur north of Elatsite, and numerous epithermal base metal and gold
prospects, while prospects occur along the range to the east, near the southern margin of the
Vezhen Pluton (Figure 2). Crystallization of the causative or bracketing magmatic rocks at
Elatsite and Chelopech is constrained by zircon U-Pb geochronology to ~93–91 Ma [37,45].
An altered porphyritic granodiorite dyke at Etropole also crystallized at ~91 Ma (Ireland, T,
unpublished zircon U-Pb data). The other occurrences in the district are generally assumed
to have also formed around this time, except for the Svishti Plaz and Shipkite prospects
at the eastern extreme of the district (Figure 2). These have been considered as possibly
linked to the Carboniferous magmatic events [19].

3. Samples and Methods

In this study, we provide results for samples from three porphyry copper deposits: Elat-
site, Etropole and Gorna Kamenitsa, two base-metal-rich epithermal prospects: Negarshtita-
West and Dolna Kamenitsa, adjacent, respectively, to the Elatsite and Gorna Kamenitsa por-
phyries, and Au–pyrite–rich epithermal prospects at Kordunsko dere, Svishti Plaz-Central
and Shipkite (Table 1, Figure 2). The Chelopech deposit was not included in the present
study, as it has been the subject of substantial prior work. Chambefort et al. [45] found
that the Elatsite porphyry–Cu and the Chelopech high-sulfidation epithermal deposits
are related to two distinct upper crustal magmatic reservoirs and cannot be considered as
genetically paired despite their temporal proximity.

Polished thin sections were prepared from 70 altered and mineralized samples with
well-developed textural characteristics and clear relative age relations between vein types
(Supplementary Table S1). Standard transmitted and reflected light microscopy was com-
bined with scanning electron microscopy-backscattered electron imaging (SEM-BSE) for
mineral identification and textural correlation between different generations of quartz,
sulfide and alteration minerals. Additionally, SEM-BSE imaging was used to select the
areas for further geochemical analyses by in situ techniques (SEM-EDS, LA-ICP-MS and
sulfur isotope analyses). The SEM used was a JEOL JSM-6610LV (JEOL Ltd., Tokyo, Japan,
equipped with BSE, CL, EDS and WDS detectors) housed at Belgrade University. The stan-
dards used were as follows: FeS2 (Fe-Kα, S-Kα); FeAsS (As-Kα); ZnS (Zn-Kα); PbS (Pb-Lα);
CuFeS2 (Cu-Kα); Ag metal (Ag-Lα), Sb metal (Sb-Lα) and Co metal (Co-Kα). Analytical
conditions were 20 kV acceleration voltage and 5 nA beam current. The LA-ICP-MS system
used at the Geological Institute of the Bulgarian Academy of Sciences consists of a 193 nm
ArF excimer laser (ATLEX-SI and ATLEX-LR, Germany), combined with an ELAN DRC-e
ICP-MS instrument (Perkin Elmer, ON, Canada). The analyses were performed with 25, 35
or 50 µm beam spots and a repetition rate of 6 Hz. The homogeneous energy density on
the sample surface was 5–6 J/cm2. External standardization on the USGS MASS-1 sulfide
standard and the NIST glass SRM-610 allows for linear drift correction of the spectrometer
and provides relative element concentrations. These element concentrations were trans-
formed into true values by internal standardization (a known concentration of an element,
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determined by SEM in our case), using the Matlab®-based SILLS software Version 1.3.2 for
data reduction [46].

Table 1. Deposits and prospects studied from the Elatsite–Chelopech ore field, grouped by their
mineralizing style. Minerals that were analyzed for major, minor and trace elements, as well as lead
and sulfur isotope analyses from different mineralization stages (bold), are given.

Mineralization Type Mineralization Stages
Minerals Analyzed by

SEM-EDS and
LA-ICP-MS Methods

Minerals for
Pb Isotopes

Minerals for S
Isotopes

Porhyry copper deposits and prospects:

Elatsite (El)
Qz-Mt→Mt-Bn-Cpy→ Qz-Py-Cpy
→ Qz-Moly→ Q-Py→ Qz-Gal-Sph→

Qz-Cal-Zeol
Py, Cpy Py, Cpy

Gorna Kamenitsa (GK) Q-Cpy±Py→ Qz-Moly±Rut→
Qz-Py Py, Cpy Py Cpy

Etropole (Etr) Qz-Mt→ Qz-Py-Cpy→ Qz-Moly→
Qz-Py→ Qz-Carb Py, Cpy Py Py

Base metal veins:

Negarshtitsa-West (NW) Qz-Py-Ser→ Qz-Gal-Sph-Cpy-Fr→
Qz-Carb Py, Cpy, Sph, Fr Py, Gal Py, Cpy, Sph, Gal

Dolna Kamenitsa (DK)
Qz-Py-Aspy-Ser→

Qz-Gal-Sph-Cpy-Arg-Fr-Pyrg→
Qz-Carb

Py, Aspy, Cpy, Sph, Gal Py, Sph, Gal

Gold-base metal veins:

Kordunsko Dere (KD) Qz-Py→ Qz-Ht→ Qz-Gal-Sph-Cpy
→ Qz-Carb Py, Sph Py, Gal Py, Sph, Gal

Svishti Plaz-central part (SvP) Qz-Py-Aspy→
Gal-Sph-Cpy-Tn-Au-Chlt→ Carb Py, Aspy, Sph, Tn Sph, Gal

Shipkite (Sh) Qz-Py-Aspy→
Gal-Sph-Cpy-Tn-Au-Chlt→ Carb Py, Sph Gal Py, Gal

Abbreviations: Qz—quartz; Mt—magnetite; Bn—bornite, Cpy—chalcopyrite; Moly—molybdenite; Py—
pyrite; Gal—galena; Sph—sphalerite; Cal—calcite; Zeol—zeolite; Rut—rutile; Carb—carbonate; Ser—
sericite; Fr—freibergite; Aspy—arsenopyrite; Arg—argentite; Pyrg—pyrargirate; Ht—hematite; Tn—tennantite;
Chlt—chlorite.

Lead isotope analyses on pyrite and galena were carried out at the Institute of Geo-
chemistry and Petrology of ETH-Zurich, Switzerland. Samples of 50 mg (pyrite) and 10 µg
(galena) were digested in sealed 20 mL Teflon beakers with a mixture of 3 mL 6 M HCl and
1 mL concentrated HNO3 at 180 ◦C. After conversion of the samples to bromide form, lead
was separated by ion exchange chromatography using 0.5 mL AAT 100–200 mesh resin.
Procedural blanks were less than 120 pg Pb. Fractions of the purified lead were loaded
on Re-filaments using the silica gel technique, and lead isotope ratios were measured on
a Thermo Scientific TritonPlus thermal ionization mass spectrometer in static mode. The
analytical errors (2σ) were 0.05% for 206Pb/204Pb, 0.07% for the 207Pb/204Pb, and 0.1% for
the 208Pb/204Pb.

The sulfide samples for sulfur isotope microanalyses were prepared by crushing and
handpicking grains under a binocular microscope. The sulfur isotope compositions were
measured at the University of Lausanne, Switzerland on a Nier-type mass spectrometer
MS 4/7 with a double collector system, with compensation for the contribution of oxygen
isotope variability of the SO2. Each sample was measured three times, reaching a precision
of ±0.2 per mil with respect to the Canyon Diablo meteorite standard (CDT). Additionally,
in situ S isotope analyses were performed on pyrite, chalcopyrite, galena and sphalerite
using the Nd-YAG laser system at the Scottish Universities Environmental Research Centre
(SUERC). The system consists of SPECTRON LASERS 902Q CW Nd-YAG (1-W power),
operating in TEM00 mode and VG SIRA II gas mass spectrometer. Raw machine data were
converted to δ34S values by calibration with international standards NBS-123 (17.1‰) and
IAEA-S-3 (31‰), as well as SUERC’s internal lab standard CP-1 (4.6‰). All sulfur isotope
compositions were calculated relative to Canon Diablo Troilite (CDT) and are reported
in standard notation. Details of the laser characteristics, experimental conditions and
methodology are given in Fallick et al. [47].
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A combination of atomic absorption analysis (AAA) and inductively coupled atomic
emission spectroscopy (ICP-AES) was used to analyze the bulk rock samples. In addi-
tion, fused pellets with lithium tetraborate were prepared from hydrothermally altered
but less mineralized samples and subsequently measured by LA-ICP-MS to determine
the trace element content of the samples. The AAA were performed at the SGA Che-
lopech laboratory. The ICP-AES measurements were performed at the certified laboratory
“Aquateratest” Sofia.

4. Results
4.1. Mineralization and Alteration Styles
4.1.1. Porphyry Cu Deposits/Prospects

At Elatsite, the porphyry hydrothermal paragenesis consists of: early magnetite–
quartz; magnetite–bornite–chalcopyrite; pyrite–chalcopyrite; quartz–molybdenite; and
late quartz–pyrite, quartz–galena–sphalerite, and quartz–carbonate–zeolite veins [48–52].
Potassic alteration is spatially associated with the mineralization of the quartz–magnetite
and magnetite–bornite–chalcopyrite stages, which host the majority of the Pd and Pt in the
deposit [48,49,53–55]. The bulk of the Cu inventory corresponds to the pyrite–chalcopyrite
stage, and this is associated with both potassic and propylitic alteration assemblages [52].
The quartz–pyrite assemblage is observed mostly as veins with well-defined sericitic
alteration halos. Additionally, very late intermediate-sulfidation epithermal veins with
sericitic alteration are described in the upper part of the deposit [52,56]. These late veins
span the range of mineralogy observed among all the other prospects of the district, and
locally include tetrahedrite–freibergite, pyrargyrite, and/or unidentified Bi-Te and Ag-Te
minerals in addition to common sulfides [56]. Of these, our Elatsite samples correspond to
the pyrite–chalcopyrite stage and quartz–pyrite–(sericite) stage veins.

Mineralization stages in the other two porphyry Cu prospects (Etropole and Gorna
Kamenitsa) show some of the features similar to the Elatsite deposit (summarized in Table 1).
It is unclear if the simpler apparent paragenesis at these prospects is a real feature or a
function of the poorer exposure and availability of materials. The samples analyzed from
these locations also correspond to the pyrite–chalcopyrite stage and quartz–pyrite–(sericite)
stage veins. In our samples from all three porphyry localities, the pyrite–chalcopyrite stage
veins consist mostly of chalcopyrite and pyrite (Figure 3A), with inclusions of tetrahedrite in
chalcopyrite. Pyrite and chalcopyrite are also disseminated in the host rocks (Figure 3B). The
quartz–pyrite–(sericite) veins consist mostly of quartz and pyrite (Figure 3C) in association
with sericite wallrock alteration. Exceptions to this are the sample El1360W from the
western margin of the Elatsite deposit, which includes both chalcopyrite and sphalerite,
as well as unidentified Pb-Ag-Bi-bearing inclusions in pyrite that were detected by SEM
(Figure 3D).

Samples that were collected from between Gorna Kamenitsa porphyry and Dolna
Kamenitsa base metal prospects were also studied, as this appears macroscopically as a
zone of transition between these two distinct occurrence styles (GDK samples). These
samples are from drillhole C26 and from surface outcrops. Some of the drill core samples
show a hydrothermal alteration paragenesis typical of porphyry Cu deposits: hydrothermal
K-feldspar and biotite with magnetite, propylitic alteration (predominantly epidote and
chlorite) and sericitic alteration. The main sulfide minerals are pyrite and chalcopyrite
as disseminations or in thin veinlets. However, in some samples, adularia occurs in the
quartz–pyrite veins, and small inclusions of chalcopyrite, sphalerite, galena, and Bi-bearing
phases accompany the pyrite, suggesting an intermediate or low sulfidation epithermal
overprint in these samples. We have analyzed samples from both types of mineralizations.
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Figure 3. Photomicrographs of samples from porphyry Cu deposit/prospects, showing relation-
ships between observed minerals: (A) Chalcopyrite–pyrite vein contains predominantly chalcopyrite
and rare pyrite crystals (sample El1060S7). (B) Disseminated chalcopyrite and pyrite (GK13-2b).
(C) Quartz–pyrite vein with subhedral pyrite crystals (El1300E35). (D) Unidentified Pb-Ag-Bi inclu-
sions in pyrite from quartz–pyrite–sericite stage (El1360W-2). The holes are laser craters. Abbrevia-
tions: Py—pyrite; Cpy—chalcopyrite; Qz—quartz.

4.1.2. Base Metal Veins

In the two base metal prospects studied, sericitic alteration overprints propylitic
alteration. There is a simple sulfide paragenesis of Fe-(As) sulfides, followed by base metal
sulfides and sulfosalts. In the early stage, subhedral to euhedral pyrite (Figure 4A) occurs in
association with quartz and sericite. Notable variations on this include pyrite crystals with
euhedral cores and sieve-like rims at Negarshtitsa-West (Figure 4B) and pyrite associated
with marcasite or arsenopyrite at Dolna Kamenitsa. SEM-BSE imagery reveals that pyrite
has patchy zoning (Figure 4C). Sulfides of the early stage were fractured and infilled by
the later base metal stage, which includes a diverse assemblage of sphalerite, chalcopyrite,
galena, freibergite, tennantite, argentite, pyrargyrite, and rarely native Ag (Figure 4D,E). On
the SEM-BSE images, freibergite shows zonal textures (Figure 4F). No gold was observed
microscopically. Quartz–carbonate ± chlorite veins are later and cut earlier formed quartz-
sulfide veins. Our samples from these veins represent the quartz–pyrite ± arsenopyrite
and base metal stages.
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Figure 4. Photomicrographs of samples from base metal prospects, showing relationships be-
tween observed minerals: (A) Subhedral to euhedral pyrite crystals and later galena (H-C1_183.9).
(B) Pyrite with massive core and sieve-textured rims (H-C 1_21). (C) Pyrite with irregular zoning
in association with arsenopyrite (DK12-1). (D) Sphalerite, galena, chalcopyrite and freibergite from
the base metal stage around earlier-formed pyrite grain (H-C 1_183.9). (E) Pyrite grains are cracked.
Chalcopyrite, sphalerite, galena, pyrargyrite and argentite in the cracks. Later carbonates (DK12-1).
(F) Irregular zoning of freibergite (H-C 1_177.8). Abbreviations: Py—pyrite; Aspy—arsenopyrite;
Cpy—chalcopyrite; Gal—galena; Sph—sphalerite; Fr—freibergite; Pyr—pyrargyrite; Arg—argentite;
Qz—quartz.

4.1.3. Gold-Base Metal Veins

Similarly to the base metal prospects here, the most intense alteration type is sericitiza-
tion. In the area of Kordunsko Dere where metabasites are present, a propylitic alteration is
also observed. The earliest-formed sulfide is pyrite, with subhedral to euhedral morphol-
ogy, reaching up to 500 µm in size. Often, it precipitates together with arsenopyrite. Thin
quartz–hematite veinlets cut earlier pyrite crystals. Pyrite and arsenopyrite crystals were
subsequently brecciated during the later gold-base metal stage (Figure 5A,B). Gold-base
metal veins consist mostly of galena, sphalerite, chalcopyrite, tennantite and gold often
have alteration salvages of chlorite. Small pyrite grains are also typical for these veins.
Petrographic observations show that these small pyrite grains are formed by the fragmenta-
tion of the earlier-formed large pyrite crystals. The gold is found as rounded inclusions up
to 30 µm in galena, sphalerite, pyrite and chalcopyrite (Figure 5C), filling cracks in pyrite
and arsenopyrite together with the other sulfide minerals (Figure 5A,B) or in quartz around
pyrite and arsenopyrite crystals (Figure 5D,F). In the latter, gold forms irregular elongated
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grains up to 150 µm in size. An unidentified Au-Ag-S phase associated with gold grains is
also observed on the SEM-BSE images.
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sphalerite, galena, chalcopyrite, tennantite and gold (Sh13-8c). (B) Galena, sphalerite, chalcopyrite
and gold filling fractures in pyrite (Sh1a_127.2). (C) Rounded inclusions of gold in galena and
pyrite (Sh13-8c). (D,E) Irregular elongated gold grains in quartz around pyrite crystals (Sh13-
6). (F) Unidentified Au-Ag-S phase around gold grain (Sh13-8a). Abbreviations: Py—pyrite;
Aspy—arsenopyrite; Cpy—chalcopyrite; Gal—galena; Sph—sphalerite; Tn—tennantite; Au—gold;
Qz—quartz.

Quartz–carbonate, rutile ± chlorite assemblage was later, and it is found as thin
veinlets as well as in voids of early veins. The samples analyzed from these locations
correspond to the early pyrite–arsenopyrite stage and the later gold-base metal stage.

4.2. Whole-Rock and Mineral Chemistry

The results from atomic absorption analysis are reported in Supplementary Table S2,
and those from ICP-AES and LA-ICP-MS analyses are combined in Supplementary Table S3.
From the Elatsite porphyry Cu deposit, only samples from the quartz–pyrite stage with
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sericitic alteration from the upper marginal parts of the open pit were analyzed. All studied
samples from the three porphyry Cu deposit/prospects have relatively low Cu content
(max. 1650 ppm), and low As (up to 48 ppm), Pb (below 120 ppm) and Zn (below 225 ppm).
The highest Mo content of 190 ppm was measured in a sample from Gorna Kamenitsa. The
Au content in the samples from the Elatsite deposit is up to 0.59 ppm.

Five samples from base metal prospects were analyzed for whole rock geochemistry.
Only two of them show high contents of Zn (up to 18.05%) and Pb (up to 1.3%). Gold is
also detected (up to 2.44 ppm in a sample from Dolna Kamenitsa), and Ag is up to 33 ppm
and Cu is below 442 ppm.

The samples between Gorna Kamenitsa porphyry Cu and Dolna Kamenitsa base
metal prospects have variable metal contents: Cu (30–321 ppm); Zn (11–311 ppm); Pb
(6.55–990 ppm); Ag (0.67–6.52 ppm) and Au (<0.01–4.99 ppm).

Most of the analyzed samples from the gold-base metal prospects consist of massive
ore, and they show very high metal and semi-metal contents: Cu (up to 7633 ppm); Zn (up
to 16.3%), Pb (up to 16.2%), As (up to 2.76%), Ag (up to 230 ppm) and Au (up to 214.6 ppm).
The samples with high Zn content also show elevated Cd values.

Pyrite from all deposit/prospects was analyzed systematically by SEM-EDS and LA-
ICP-MS, while all the other sulfide and sulfosalt minerals were measured sporadically, and
there are only a limited number of analyses available. Analyses for all measured minerals
are reported in Supplementary Tables S4 and S5, as well as in Figures 6 and 7A,B for pyrite
+ arsenopyrite and sphalerite, respectively.
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The maximum measured FeS content in sphalerite from both prospects is 3.48 mol%. 
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Figure 6. Element content in pyrite from all studied deposit/prospects and arsenopyrite where
present obtained by LA-ICP-MS analyses. Deposit/prospects are sorted according to their min-
eralization type—cyan color for porphyry copper; green for base metal; pinkish for gold-base
metal. Abbreviations: El—Elatsite; Etr—Etropole; GK—Gorna Kamenitsa; GDK—Gorna-Dolna Ka-
menitsa; DK—Dolna Kamenitsa; NW—Negarshtitsa-West; KD—Kordunsko Dere; SvP—Svishti Plaz;
Sh—Shipkite.
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Figure 7. Element content in sphalerite from base metal and gold-base metal prospects obtained
by LA-ICP-MS analyses. Prospects are sorted according to their mineralization type. Abbrevia-
tions: DK—Dolna Kamenitsa; NW—Negarshtitsa-West; KD—Kordunsko Dere; SvP—Svishti Plaz;
Sh—Shipkite.

The composition of pyrite from the three porphyry Cu deposits/prospects is similar.
Pyrite is poor in As and Au (often below limit of detection, Figure 6A) and has low Pb, Ag
and Sb (Figure 6B,C). In contrast, it is rich in Se (up to 1036 ppm), Co (up to 376 ppm) and
Ni (up to 157 ppm) (Figure 6C,D). Like pyrite, measured chalcopyrite from the porphyry
Cu type mineralization also has high Se content (up to 412 ppm). The sulfosalt inclusions
in chalcopyrite were defined as zincian tetrahedrite. Pyrite from the GDK samples shows
strong variations in its trace element content (Figure 6).



Minerals 2023, 13, 630 13 of 23

Arsenopyrite, chalcopyrite, sphalerite and sulfosalts from the base metal veins were
analyzed in addition to pyrite. All pyrite samples from Dolna Kamenitsa correspond to
arsenian pyrite (As content up to 3.4 wt%), enriched in Au (up to 125 ppm) (Figure 6A).
Irregular zones in pyrite crystals that were observed on the BSE images show variable As
content. The zones with higher As content also have higher Au values. Most of the pyrite
samples from the Negarshtitsa-West prospect are also As- and Au-bearing. An exception is
the pyrite from a sample with intense sericitic alteration where pyrite has massive inner
and sieve-textured outer parts. This pyrite has low As content, and Au is below LOD
(<0.16 ppm). The sieve-textured zones of the pyrite have higher Bi, Pb, Ag and Cu contents,
compared to the massive inner parts. Small chalcopyrite inclusions are also observed
within the porous zones. Pyrite from both base metal prospects is also rich in Co, Ni, Sb, Pb
and Ag and has low Se content (Figure 6). Chalcopyrite is also poor in Se and has elevated
contents of Pb, Sb and Ag. Arsenopyrite from the Dolna Kamenitsa prospect is Au-rich (up
to 39 ppm Au) with high Co, Ni, Cu, Sb, Ag and Pb (Figure 6 A–D).

Most of the analyzed sulfosalts from both prospects are defined as members of the
tetrahedrite group with Ag content between 2.56 and 6.10 apfu. These from Negarshtita-
West prospect showed zoning on the BSE images due to the variable Cu and Ag contents.
As a whole, freibergite is Au-rich, and the zones with higher Ag and lower Cu contents
have higher Au. The highest measured Au value is 144 ppm.

The maximum measured FeS content in sphalerite from both prospects is 3.48 mol%.
Cadmium content reaches up to 7500 ppm, Cu—up to 360 ppm, Ag—up to 67 ppm,
Mn—up to 182 ppm, Co—up to 34 ppm and Hg—up to 53.5 ppm. Germanium and In
contents are relatively low (Figure 7).

Pyrite and sphalerite from gold-base metal prospects and the Svishti Plaz-Central part
were analyzed; additionally, trace elements in arsenopyrite and sulfosalts were measured.
Like the pyrite from the base metal prospect, the pyrite from the three gold-base metal
prospects is As- and Au-bearing (Figure 6). It has high Cu, Sb, Pb and Ag and low Se and
Ni contents. Cobalt content in the pyrite from Svishti Plaz-Central and Shipkite is very low,
while in the pyrite from Kordunsko Dere, it is slightly higher (Figure 6C). Arsenopyrite
from the Svishti Plaz-Central part is also Au-rich, has high Cu, Sb, Pb and Ag content and
low Co and Ni (Figure 6). The Cu-sulfosalt in this sample was determined as tennantite.
We performed only two LA-ICP-MS analyses, and in one of them, gold was detected
(5.6 ppm). Cobalt content is very low.

All analyzed sphalerite samples from the three gold-base metal prospects are Fe
poor (with FeS content up to 3.11 mol%). The Cd content reaches 5000 ppm, Cu—up to
2000 ppm, Ag—up to 83 ppm, Mn—up to 149 ppm and Hg—up to 44.7 ppm. Germanium
is relatively low, while In content varies from 4.5 to 152 ppm (Figure 7).

4.3. Pb Isotopes

The Pb isotope data obtained for the studied sulfides from the Elatsite–Chelopech ore
field are listed in Table 2 and plotted in Figure 8.

Table 2. Lead isotope data for sulfides from deposits and prospects of the Elatsite–Chelopech ore field.

№ Sample № Deposit/Prospect 206Pb/204Pb 2σ Error 207Pb/204Pb 2σ Error 208Pb/204Pb 2σ Error

Porhyry copper deposits and prospects:
1 KS 13-1 Py Etropole 18.6150 0.0005 15.6390 0.0004 38.6480 0.0010
2 GK13-2B-Py Gorna Kamenitsa 18.6856 0.0100 15.6518 0.0084 38.8025 0.0209

Base metal veins:
3 DK12-1-Gal Dolna Kamenitsa 18.5514 0.0006 15.6558 0.0007 38.6820 0.0024
4 H-C1-Gal Negarshtitsa-West 18.5923 0.0009 15.6773 0.0011 38.7235 0.0037
5 H-C1 Py Negarshtitsa-West 18.6678 0.0095 15.6829 0.0084 38.6678 0.0095
6 Neg 15-1 Negarshtitsa-West 18.5946 0.0041 15.6452 0.0034 38.6393 0.0085

Gold-base metal veins:
7 KD13-3 Py Kordunsko Dere 18.4681 0.0009 15.7615 0.0009 38.7561 0.0030
8 KD13-3 Gal Kordunsko Dere 18.4584 0.0006 15.7512 0.0042 38.7226 0.0050
9 Sh1a-2c-Gal Shipkite 18.4161 0.0002 15.6832 0.0003 38.5049 0.0009
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Figure 8. Lead isotope data of sulfides from the Elatsite–Chelopech ore-field (A–C) compared
with published lead isotope whole-rock data for Central Srednogorie/Panagyurishte district (B,C).
(A) 208Pb/206Pb vs.207Pb/206Pb plot, (B) 208Pb/204Pb vs. 206Pb/204Pb plot and (C) 207Pb/204Pb vs.
206Pb/204Pb plot. The evolutionary Pb-Pb curves for the different µ and ω values are calculated
after Stacey and Kramers [57]. The “KK” and “AvQ” fields consist of whole-rock Pb-isotope for Late
Cretaceous and Variscan magmatic rocks of the Panaguyrishte district after Kouzmanov et al. [2],
and von Quadt et al. [37,38], respectively. All whole-rock samples are not age-corrected. Sulfide lead
isotope data from Elatsite (1) are after Amov et al. [19], Elatsite (2) after von Quadt et al. [37], and
Svishti Plaz (3) after Amov [58].

On the plots, the Pb isotope data are shown together with published data for sul-
fides [19,37,58] and of Late Cretaceous and Variscan magmatic rocks from the Central
Srednogorie/Panagyurishte district [2,37,38]. The variations in the isotopic compositions
of lead clearly separate two groups of deposits. The first group (1) of the porphyry-copper
deposit/prospects of Elatsite, Etropole and Gorna Kamenitsa and the base metal veins of
Dolna Kamenitsa and Negarshtitsa-West is characterized by more evolved 206Pb/204Pb
and 208Pb/204Pb ratios, but with lower ratios 207Pb/204Pb. In Figure 8, the corresponding



Minerals 2023, 13, 630 15 of 23

points are grouped in a small field with a narrow variation of the lead isotope ratios that
overlap with the field of the Late Cretaceous magmatic rocks. According to Stacey and
Kramers [57], these data infer possible Late Cretaceous model age. The µ (238U/204Pb)
values between 9.75 and 10.0 suggest an input of Pb from the continental crust. The second
group of deposits (2) is represented by the gold-base metal veins of Kordunsko Dere and
Shipkite. They reveal lower 206Pb/204Pb but higher 207Pb/204Pb (15.67–15.76) and suggest
a lead contribution from old continental crust. The two groups are also well distinguished
in the 207Pb/206Pb vs. 208Pb/206Pb diagram (Figure 8A).

4.4. S Isotopes

The sulfur isotope composition of pyrite and chalcopyrite from the porphyry copper
deposits and occurrences is characterized by δ34S between−2.5 and +1‰ (Table 3, Figure 9).
In sulfides (pyrite, chalcopyrite, sphalerite and galena) from the base metal veins, δ34S
varies in the same range; only the Negarshtitsa West pyrite samples and a chalcopyrite
reveal more positive values δ34S of +2.5 to +2.8, and +3.5‰, respectively. A trend of
increasing δ34S is observed in the sulfide samples from the distal gold-base metal veins that
are characterized by δ34S values of +3.5 to +10.6‰.

Table 3. Whole-mineral (normal font) and in situ (italic) sulfur isotope data of sulfides from deposits
and prospects of the Elatsite–Chelopech ore field.

№ Sample Deposit/Prospect Mineral Mean δ34S (‰)

Porhyry copper deposits and prospects:
1 1090 E03 Elatsite chalcopyrite −3.0
2 1330 EO1 Elatsite pyrite 1.0
3 1330 EO1 Elatsite chalcopyrite −1.5
4 EL12-1 Etropole pyrite −2.5
5 C26-3 Gorna Kamenitsa chalcopyrite −1.5

Base metal veins:
6 NEG15-1 Negarshtitsa West pyrite 2.5
7 NEG15-1 Negarshtitsa West sphalerite 1.0
8 NEG15-1 Negarshtitsa West galena −1.7

9 H-C1 (177.8) Negarshtitsa
West pyrite 2.8

10 H-C1 (177.8) Negarshtitsa West pyrite 2.6
11 H-C1 (177.8) Negarshtitsa West chalcopyrite 3.4
12 H-C1 (177.8) Negarshtitsa West galena 0.8

13 H-C1 (183.8) Negarshtitsa
West galena 2.8

14 DK12-1 Dolna
Kamenitsa pyrite 0.1

15 DK12-1 Dolna Kamenitsa sphalerite 0.5
16 DK12-1 Dolna Kamenitsa galena 6.1
17 DK15-1A Dolna Kamenitsa pyrite 0.2
18 DK15-1A Dolna Kamenitsa sphalerite −0.8
19 DK15-1A Dolna Kamenitsa galena 0.4

Gold-base metal veins:
20 KD13-3 Kordunsko Dere pyrite 10.6
21 KD13-3 Kordunsko Dere pyrite 6.2
22 KD13-3 Kordunsko Dere sphalerite 6.2
23 KD13-3 Kordunsko Dere galena 4.0
24 KD13-3 Kordunsko Dere galena 3.5

25 SH13-8A Sv. Plaz-Central
part galena 6.2

26 SH13-8A Sv. Plaz-Central
part sphalerite 5.2

27 Sh1a Shipkite pyrite 4.5
28 Sh1a Shipkite galena 3.3
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Figure 9. Variations of δ34S (‰) vs. CDT (Canyon Diablo Troilite) in sulfides from deposits and
prospects in the northern part of Elatsite–Chelopech ore field, Bulgaria. For comparison, pub-
lished sulfur isotope data for the same region of study are shown: (1) Bogdanov and Zairi [59];
(2) Moritz et al. [60]; and the main field of porphyry copper deposits (PCD; black line with the dark
grey rectangle of most common variations from 0 to −5 δ34S‰; (3) Hofstra and Cline ([17] and
references therein).

5. Discussion
5.1. Porphyry Copper and Proximal Base Metal Deposits/Prospects

Our petrographic observations show that the studied porphyry Cu deposit/prospects
share similar alteration and mineralization styles. Special attention was paid to quartz–
pyrite–sericite vein samples from the marginal upper west part of Elatsite that have distal
position to the copper mineralization but could mark the transition to the closely spa-
tially associated Negarshtitsa-West base metal veins. Texturally and mineralogically, these
veins are similar to the pyrite veins from the upper levels of the deposit, described by
Mladenova et al. [56]. The authors interpret these veins as intermediate-sulfidation ep-
ithermal mineralization. At Negarshtita-West, the samples with intense sericitic alteration
consist mainly of pyrite and lesser amounts of chalcopyrite, galena and sphalerite. Pyrite
has massive inner and sieve-textured outer parts with chalcopyrite inclusions. Our LA-
ICP-MS data show higher Bi, Pb, Cu and Ag content in the porous pyrite. These veins
could be analogous to the quartz–pyrite–sericite veins that were studied from the upper
western part of the Elatsite deposit. Base metal veins from the Negarshtitsa-West and
Dolna Kamenitsa prospects that consist of sphalerite, galena, freibergite, marcasite, and
native Ag could be analogous to the base metal veins from the Elatsite deposit, described
by Mladenova et al. [56] and Gonzalez-Gimenez et al. [55].

Although the whole-rock geochemistry shows that these samples from the base metal
veins contain up to 3.72 ppm Au, microscopically native gold was not observed. LA-ICP-
MS analyses reveal that As-bearing pyrite, as well as arsenopyrite and sulfosalts, contain
gold. Growth zoning of the pyrite observed on the BSE images is controlled by the variable
arsenic content. A positive correlation between the As and Au content in pyrite exists.
Similarly, there is a positive correlation between Ag and Au in zoned freibergite.

The LA-ICP-MS data reveal that the pyrite from the three porphyry copper de-
posits/prospects have similar trace element compositions, as well as pyrite from the
base metal veins. Analyzed pyrite crystals from the porphyry Cu deposits/prospects have
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low As and Au contents and relatively high Se content. Measured chalcopyrite grains
from these deposits also have high Se content and are depleted in Au and Ag. These
results are consistent with the previously reported data for chalcopyrite from Elatsite by
George et al. [61] and Gonzalez-Gimenez et al. [55]. Typical characteristics of the pyrite
from the porphyry deposits/prospects are the high Co and Ni contents and low Ag, Cu,
Pb and Sb contents. It seems that the fluids responsible for the porphyry Cu mineraliza-
tion formation in the area were enriched in Se, Co and Ni. This is also supported by the
observations of Petrunov et al. [48], Auge et al. [54] and Gonzalez-Gimenez et al. [55], who
described selenides and Co-, Ni-thiospinels at Elatsite.

The pyrite samples from the base metal veins show higher As content and elevated
Au content than those from the porphyry copper deposit/prospects. Comparable elevated
As content in pyrite from the Elatsite deposit is reported by Krumov and Bogdanov [62]
and Gonzalez-Gemenez et al. [55] from epithermal pyrite–galena–sphalerite association.
The Au content in the pyrite from the base metal veins is highly variable and shows a
positive correlation with As content. A similar positive Au/As correlation in pyrite has
already been reported for Au-bearing arsenian pyrite from other hydrothermal deposits
worldwide [6,14,15,63,64]. This correlation reflects the impact of arsenic in the speciation of
Au in pyrite, i.e., incorporation either into the lattice as a solid solution or as micro- to nano-
sized inclusions of Au-bearing minerals (Figure 10 after Reich et al. [64]; Keith et al. [14] and
reference therein). According to Reich et al. [64], results plotting below the solubility curve
should contain gold in solid solution, whereas those plotting above the solubility line should
have Au as solid inclusions. All our data points from the three types of mineralization
plots are below the solubility curve on the diagram, inferring that gold is present within the
crystal lattice of the studied pyrite samples. Our results are concordant with the previously
published data from porphyry Cu and epithermal Au deposits (Figure 10).
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Figure 10. Content of Au vs. As in pyrite from the studied porphyry Cu deposit/prospects, base
metal and gold-base metal veins from the Elatsite–Chelopech ore field based on LA-ICP-MS data.
Published results from the Elatsite deposit by Gonzalez-Gimenez et al. [55]. Fields for porphyry Cu,
high-sulfidation (HS) epithermal, low-sulfidation (LS) epithermal, alkaline rock-hosted epithermal
deposits after Keith et al. [14] and references therein. The black dashed line defines the solubility
limit for Au solid solution in pyrite as a function of As after Reich et al. [64].
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Pyrite from the base metal veins also has higher Cu, Pb and Sb and lower Se contents
compared to pyrtite from the porphyry Cu deposit/prospects, in agreement with the
published dataset for the Ladolam Au deposit, where epithermal mineralization overprints
porphyry style mineralization [6]. In pyrite from the base metal deposits, Co and Ni
contents are comparable to those in pyrite from the porphyry copper deposits. Pyrite from
the base metal veins is often formed together with arsenopyrite, which also has elevated
Au, Co and Ni contents.

Cobalt is also detected in shalerite from the base metal veins with values up to
35 ppm. The time-resolved depth profiles for Co are always flat, suggesting homogeneous
distribution in the sphalerite lattice without any evidence for sub-microscopic Co-bearing
inclusions.

Lead isotopic compositions of sulfides from the three studied porphyry deposit/
prospects and the spatially associated base metal veins of Negarshtitsa-West and Dolna
Kamenitsa have very similar values. This reveals that both mineralization types belong
temporally and genetically to the same metallogenic event and have a similar source
of Pb and most probably of the other metals. As the lead isotopic characteristics of the
porphyry copper and the base metal deposits are similar to that of the Late Cretaceous
magmatic rocks, the most plausible interpretation is that Pb is of magmatic origin and
that it was directly released by the Late Cretaceous magmas. The magmatic source of
fluids, responsible for the formation of sulfides from these deposits, is also suggested by the
sulfur isotopes of sulfide minerals. Our sulfur isotope results are compared with published
sulfur isotope variation for the Svishti Plaz [59] and Chelopech deposits [60], as well as
with the most typical values of δ34S in sulfides from porphyry–copper deposits (Figure 9).
There is good agreement in the variations of the sulfur isotopic data of the sulfide minerals
from porphyry and base metal deposit/prospects of the Elatsite–Chelopech ore field with
the most typical values of δ34S in sulfides from porphyry–copper deposits (PCD field in
Figure 9 after Hofstra and Cline [17]) that are genetically linked to magmatic fluids derived
from calk–alkaline magmas (e.g., [1,65]).

5.2. Distal Gold-Base Metal Prospects

In all studied gold-base metal prospects, pyrite is As-bearing and contains Au as well.
It is formed together with arsenopyrite, which is also Au-rich. Additionally, native gold
is formed as part of the later base metal stage and precipitates in fractured pyrite and
arsenopyrite or in quartz associated with the pyrite and arsenopyrite grains. Measured
Au content in arsenopyrite from Svishti Plaz is comparable to the reported values by
Dimitova et al. [66]. SEM analyses of arsenopyrite from the Svishti Plaz-Central part show
that it is enriched in S (1.07–1.17 apfu) and depleted in As (0.87–0.92 apfu) in comparison
to the stoichiometric composition. This is in agreement with the arsenopyrite compositions
from Svishti Plaz previously published by Mladenova and Kerestedjian [67]. An arsenopy-
rite geothermometer [68,69] was applied with the objective to determine the formation
temperature. Arsenopyrite is formed together with pyrite. Hence, the arsenic values
ranging from 28.8 and 30.7 at. % fall in the “pyrite + arsenopyrite” zone of the buffered
assemblages involving arsenopyrite in the Fe-As-S system (Figure 11). The calculated
temperatures range from 285 ◦C to 358 ◦C. Bogdanov and Zairi [59] have determined
temperatures between 230 ◦C and 320 ◦C for the pyrite–arsenopyrite and gold-base metal
stages at Svishti Plaz, based on fluid inclusion study and sulfur isotope thermometry. We
applied a galena–sphalerite thermometer in Kordunsko Dere based on S isotopes to deter-
mine the formation temperature of the later gold-base metal stage, according to Kajiwra
and Krouse [70] and Liu et al. [71]. The calculated T values are 271 ◦C and 277 ◦C, respec-
tively. The temperature of formation for the quartz–pyrite–galena–sphalerite assemblage
at Elatsite is 230–240 ◦C, based on fluid inclusions study [51], which is lower than the
calculated temperature interval for Kordunsko Dere.
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the Svishti Plaz gold-base metal veins after Kretschmar and Scott [68] and Sharp et al. [69].

Two elements that behave differently in pyrite from base metal and gold-base metal
veins and that help to distinguish among them are Co and Ni. In pyrite from the base metal
deposits, these elements have contents comparable to the pyrite from the porphyry copper
deposits. On the other hand, the pyrite from the gold-base metal veins shows lower Co
and Ni contents. Arsenopyrite from these deposits shows similar features.

Similarly, sphalerite from the gold-base metal veins also has lower Co content com-
pared to sphalerite from the base metal veins but higher In and Cu contents. All LA-ICP-MS
profiles for In are smooth, indicating homogeneous distribution and occurrence of the el-
ement in solid solutions. In some analyses, the spectra for Cu are ragged, showing clear
evidence for Cu-bearing inclusions. Other profiles are flat, inferring solid solution copper.
According to Cook et al. [72], some epithermal deposits appear to have higher contents
of In in solid solutions where the ore is proximally positioned relative to the causative
intrusive body. If we accept that the studied porphyry Cu, proximal base-metal and distal
Au-base metal mineralization could be part of a single zonal porphyry system of the Late
Cretaceous age, the In content in sphalerite from the distal gold-base metal deposits should
be lower compared to those from the proximal base metal veins. However, our results
show increased In content of sphalerite from the distal Au-base metal veins, compared to
the proximal ones. This may be a sign that the former veins do not have the same origin in
their magmatic–hydrothermal system.

Lead isotopic compositions of sulfides from gold-base metal veins differ significantly
from those of sulfides from porphyry deposits and base metal veins. Based on model lead
isotope ages, Amov et al. [19] and Amov [55] interpret these differences as evidence for
different ages of the deposits: carboniferous for the gold-base metal prospects. Alternatively,
the less evolved 206Pb/204Pb but higher 207Pb/204Pb isotope ratios in sulfides from gold-
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base metal veins may reflect higher contamination with older continental crust. They may
refer to longer circulation of fluids in the distal Au-base metal veins possibly resulting in
greater contamination of the fluids during their longer passage through the basement rocks.

The sulfides of the gold-base metal veins show higher δ34S, compared to the sulfides
from the porphyry copper and base metal deposits/prospects, although still falling in the
typical magmatic range [73]. Our Pb and S isotope data for sulfides from Svishti Plaz are
consistent with the previously published results by Amov et al. [19] and Bogdanov and
Zairi [59]. Additionally, we analyzed Pb isotopes in sulfides from the adjacent Kordunsko
Dere gold-base metal prospect, which show similar values to those of Svishti Plaz. The
different Pb and S isotopic signature of sulfides from the Kordunsko Dere and Svishti
Plaz-Central parts may suggest different mineralizing fluid source(s) in these veins.

6. Conclusions

In conclusion, we can summarize that pyrite, arsenopyrite and sulfosalt minerals from
porphyry copper deposits, base-metal and gold-base metal veins are major carriers not only
for Au but also for Ag, Sb, Se, and Co. Pyrite from the different types of mineralization in
the northern part of the Panaguirishte district has specific geochemical characteristics. In
the Elatsite–Chelopech ore field where dozens of porphyry copper and epithermal gold
deposits, prospects and occurrences are known, and the geochemistry of pyrite could
be used to discriminate among different mineralization types, especially in the areas
without clear connections to any of the known deposits/prospects, when pyrite is part of a
hydrothermal alteration formed at a distance from the main ore mineralization.

In addition to the close spatial relationships between the Elatsite and Gorna Kamenitsa
porphyry Cu deposits and the Negarstitsa-West and Dolna Kamenitsa base metal prospects,
as well as similarities in the mineralization and alteration styles (the upper marginal veins
from the Elatsite deposit), the lead and sulfur isotopic signatures of sulfides support the
idea of a genetic link between these two types of deposits. The porphyry and base-metal
mineralization could be a result of a common ore-forming event during the Late Cretaceous.

Differing radiogenic lead and sulfur isotopic compositions of sulfides from distal gold-
base metal veins of Kordunsko Dere, Svishti Plaz and Shipkite might be a consequence
of the ore fluid interacting with an external older crustal and isotopically positive δ34S
source. Alternatively, a different fluid source for the formation of these gold-base metal
veins could be suggested. A genetic relation to the Carboniferous granitoid magmatism
might be considered, but this needs to be proved by reliable isotope dating techniques (e.g.,
Re-Os dating of arsenopyrite and pyrite).
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ore minerals.
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