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Abstract. Mineralogical and geochemical LA-ICP-MS trace element study was conducted on sulphides from the 
Djurkovo Pb-Zn deposit, Central Rhodopes. The studied ore mineralization consists mainly of sphalerite, galena, 
pyrite, and chalcopyrite precipitated in three mineral parageneses, part of the main polymetallic and quartz-carbonate 
stages as it is indicated by the textural relationships. The first paragenesis is developed as massive metasomatic re-
placement occurring in the marble horizons and consisting of sphalerite, galena, and chalcopyrite. The second para
genesis represents later veins composed mainly of quartz, pyrite, galena, and sphalerite crosscutting the metasomatic 
bodies. The third paragenesis represents late thin carbonate veins with translucent greenish sphalerite (cleiophane) and 
pyrite/marcasite aggregations, parts of the quartz-carbonate stage. The trace element signatures of the studied sphaler-
ites indicate incorporation of Fe, Cd, Mn, Cu, Co, In, and Hg. Important elements in pyrites are Co, As, Pb, Mn, and 
Se. Chalcopyrite is the main carrier of Ag among the studied sulphides. The latest pyrite/marcasite aggregations show 
significant incorporations of As, Sb, and Tl.
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Introduction

The sustainable development of the European econ-
omy and the needs of smooth transition to renewa-
ble energy sources, and zero-waste technologies are 
primarily dependent on the continuous discovery of 
new mineral resources. In recent years, great part of 
these resources (including elements, minerals and 
rocks) has been identified by the European Union as 
critical and/or strategic. The ambition to achieve a 
fully circular economy focused mainly on recycling 
and reusing accessible raw materials is still an un-
feasible goal due to the lack of efficient technologies 
for recycling many of these materials. Current tech-
nologies are unable to meet the growing demands 

of the continuously evolving economy, making re-
search and exploration of primary ores essential for 
supplying these critical and strategic raw materials. 
The focus of this study is to obtain new data about 
the trace element composition (including elements 
listed as critical and strategic) of the main sulphide 
ore mineralization developed as massive meta-
somatic replacement bodies in marbles crosscut by 
the late quartz-sulphide and quartz-carbonate veins 
outcropping in horizon 550 of the Djurkovo Pb-Zn 
deposit. For this purpose, 10 representative samples 
were selected, and >80 analyses of the investigated 
sulphides were done. The minor and trace element 
signature of the sulphides was analyzed by the LA-
ICP-MS system in Geological Institute, BAS, con-
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sisting of New Wave Research (NWR) 193 nm Ex-
cimer laser UP-193FX attached to a Perkin-Elmer 
ELAN DRC-e quadrupole ICP-MS.

Geological setting
The Djurkovo Pb-Zn deposit, Laki ore region is lo-
cated in the northern part of the Central Rhodopes, 
south Bulgaria. The deposit is a result of Oligo-
cene magmatic and hydrothermal activity, related 
to late-orogenic extension (Marchev et al., 2005). 
The polymetallic ore is attached to several predomi-
nantly NNE ore-bearing faults that also crosscut the 
volcanics of the near Borovitsa caldera to the east. 
The sulphide mineralization occurs either as rich re-
placement ore bodies in the marble layers or repre-
sents subvertical veins formed by open-space filling 
in the metamorphic rocks, mainly gneisses. The main 
ore bodies of the deposit are located in NNE-SSW 
trending ore veins, developed in gneisses and mar-
bles. Three main ore stages are distinguished in the de-
posit (Stoynova, 1988): 1) early quartz-pyrite; 2) poly 
metallic (galena, sphalerite); 3) late carbonate stage.

Results and discussion
Mineral association. The studied sulphide min-
eralization is developed as massive metasomatic 
replacement in marbles crosscut by later quartz-
sulphide veins (Fig. 1A, B). Both mineralizations 
are part of the main polymetallic stage of the ore 
formation. Late sphalerite (cleiophane type) and 
pyrite/marcasite aggregations part of the quartz-car-
bonate stage, developed as thin veins and nests are 
observed as well. The metasomatic mineralization 
is mainly composed of quantitatively predominated 
sphalerite, followed by galena and pyrite. Microm-
eter-sized chalcopyrite appears only as exolutions 
in the host sphalerite (Fig.  1C–E). Sphalerite and 
galena occur as irregular intergrowths, and rarely 
galena forms skeletal crystals enclosed by sphaler-
ite and/or gangues (Fig. 1G, H). Pyrite forms sub- 
to euhedral crystals often grown up on sphalerite. 
The gangue quartz, calcite and chlorite compete the 
mineral association. The later, more than 25 cm in 
width quartz-pyrite veins that crosscut the metaso-
matic bodies are composed mainly of quartz, sub- to 

euhedral pyrite and galena > sphalerite. The stud-
ied cleiophane type sphalerite and pyrite/marcasite 
aggregations (up to 2 cm) occur in late carbonate 
veinlets that are part of the quartz-carbonate stage.

Trace element signatures. The studied sphal-
erites from the three different parageneses slightly 
differ regarding minor and trace element composi-
tion. All are carriers of Fe and Mn, Cd, Cu, Co, Ag, 
In, Sb, Hg, Ga, and Pb with various magnitude (Ta-
ble 1). The sphalerite from the metasomatic min-
eralization is the richest in Cu (≤5886  ppm), Mn 
(≤3202 ppm), Hg (≤35  ppm), and Ag (≤23 ppm). 
The content of Fe reaches 38942 ppm, whereas Cd 
is ≤2436 ppm. Insignificant incorporations of Co 
(≤18 ppm), In (≤10 ppm), Ga, and Sb (≤3 ppm each) 
are established. The sphalerite from the quartz-sul-
phide veins is the richest in Fe (≤87588 ppm) with 
high incorporations of Mn (≤2292 ppm) and Cd 
(≤2220 ppm). Low contents of Hg (≤31 ppm), Cu 
(≤25 ppm), Pb (≤20 ppm), As (≤18 ppm), and in-
significant Ag, Co, Ga, In, and Sb (~1 ppm each) 
are determined. The cleiophane type sphalerite 
from the quartz-carbonate stage is the richest in Cd 
(≤3555 ppm), Co (≤100 ppm), and In (≤45 ppm). 
The content of Fe is ≤10465 ppm, Mn (≤1040 ppm), 
Cu (≤55 ppm), Hg (≤34 ppm), Ag (≤19 ppm), and 
Ga (≤12 ppm). This sphalerite is the only carrier of 
Se (≤34 ppm), Ni (≤6 ppm), and Ge (≤4 ppm). 

The pyrite from the metasomatic zone differs 
with high incorporations of Cu (≤3651 ppm), Zn 
(≤1273 ppm), and Pb (≤638 ppm). Significant con-
tent of As (≤1828 ppm) and Co (≤1094 ppm) are 
characteristic. Low incorporations of Sb (≤44 ppm), 
Ag (≤24 ppm), Ni (≤15 ppm), Mn (≤14 ppm), Cd, 
and Cr (≤7 ppm each) are established. The pyrite 
from the quartz-sulphide vein mineralization is the 
richest in Co (≤10471 ppm), Mn (≤74 ppm), and 
Se (≤61 ppm). Characteristic incorporations of As 
(≤339 ppm), Pb (≤109 ppm), Cu (≤41 ppm), and Ni 
(≤36 ppm) are confirmed. Insignificant amounts of 
Zn, Cr, Sb, and Ge (≤10 ppm each) occur. The chal-
copyrite from the quartz-sulphide stage is the main 
carrier of Ag (≤1736 ppm). The mineral is rich in Zn 
(≤45012 ppm), Cd (≤180 ppm), and Mn (≤111 ppm) 
as well. The pyrite from the quartz-carbonate stage 
contains significant amount of As (≤78885 ppm) 
and Sb (≤2299 ppm), and high amounts of Cu 

Fig. 1. A, macrophotograph of the metasomatic polymetallic ore mineralization replacing marbles, crosscut by late quartz-pyrite 
vein; B, macrophotograph of the metasomatic sphalerite–galena mineralization crosscut by late pyrite; C–E, occurrence and rela-
tionships of sphalerite with chalcopyrite exolutions and galena skeletal crystals and irregular grains; F, occurrence of pyrite with 
sphalerite and chalcopyrite inclusions; G, H, BSE images of occurrence and textural relationships between sphalerite, galena and 
gangue mineralization. Abb.: Sph, sphalerite; Gal, galena; Py, pyrite; Chp, chalcopyrite; Qz, quartz; Chl, chlorite; Cal, calcite.
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(≤144  ppm), Tl (≤100 ppm), and Ni (≤ 99 ppm). 
Manganese (≤56 ppm), Ag (≤33 ppm), and traces 
of Co, Cr, Zn, Mo, and Hg (≤11 ppm each) are also 
established. Similar signatures with the highest 
contents of As (≤116073 ppm), Sb (≤14534 ppm), 
and Tl (≤793 ppm), as well as Mo (≤329 ppm) are 
characteristic for the associated marcasite. Lead 
(≤358  ppm), Ni (≤89 ppm), Cu (≤70 ppm), Ag 
(≤27 ppm), Hg (≤24), Mn (≤14 ppm), and Cr, Co, 
and Ga (≤10 ppm each) complement the trace ele-
ment composition of the mineral. 

The studied sulphide association form the Djurk-
ovo Pb-Zn deposit indicates diversity in composition 
of trace elements with different degrees of concentra-
tion. The most important incorporations are these of 
Cd and Mn in sphalerite, Ag in chalcopyrite, and As, 
Sb, Co, Tl, Mo, Ni, and Se in pyrite and marcasite.
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Table 1. LA-ICP-MS trace-element composition of the investigated minerals. Elements such as Au (up to 2 ppm in single point), 
Sn (up to 13 ppm), Te (up to 19 ppm), and Bi (up to 4 ppm) are measured but are close to, or below detection limits. Mineral ab-
breviations as in Fig. 1.

 

Sph Sph Cleiophane

 

Py Chp Py Py Mrc

polymetallic stage
quartz- 

carbonate 
stage

polymetallic stage quartz-carbonate stage

metasomatic veins veins   metasomatic veins veins

ppm min max min max min max ppm min max   min max min max min max
Cr bdl bdl bdl bdl bdl bdl Cr 6 7 bdl 9 9 5 7 10 10
Mn 269 3202 2197 2292 6 1040 Mn 1 14 111 1 74 1 56 2 14
Fe 4872 38942 58250 87588 1136 10465 Co 4 1094 bdl 7 10471 bdl 11 bdl 8
Co 3 18 1 1 55 100 Ni 4 15 bdl 4 36 1 99 1 89
Ni bdl bdl bdl bdl 3 6 Cu 2 3651 345400 2 41 2 144 23 70
Cu 5 5886 13 25 5 55 Zn 201 1273 45012 7 10 5 5 bdl bdl
Ga 1 3 1 1 1 12 Ga bdl bdl bdl bdl bdl bdl bdl 1 6
Ge bdl bdl bdl bdl 4 4 Ge bdl bdl bdl 4 4 bdl bdl bdl bdl
As bdl bdl 18 18 bdl bdl As 53 1828 bdl 3 339 14170 78885 21137 116073
Se bdl bdl bdl bdl 29 34 Se bdl bdl bdl 15 61 bdl bdl bdl bdl
Mo bdl bdl bdl bdl bdl bdl Mo bdl bdl bdl bdl bdl bdl 5 3 329
Ag bdl 23 2 2 bdl 19 Ag bdl 24 1736 bdl 1 bdl 33 bdl 27
Cd 1821 2436 2202 2220 1644 3555 Cd bdl 7 180 bdl bdl bdl bdl bdl bdl
In bdl 10 bdl 1 bdl 45 In bdl bdl 1 bdl bdl bdl bdl bdl bdl
Sb bdl 2 1 1 1 1 Sb 1 44 bdl bdl 6 117 2299 840 14534
Hg 8 35 18 31 18 34 Hg bdl bdl bdl bdl bdl 1 2 1 24
Tl bdl bdl bdl bdl bdl bdl Tl bdl bdl bdl bdl bdl 3 100 61 793
Pb bdl 24 2 20 bdl 5 Pb bdl 638 bdl bdl 109 bdl 40 1 358
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