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Abstract: There is a wide variety of ore deposits in Albania, where 20% of the Cu resources belong to
a deposit type of unknown genesis (sulphide-bearing quartz veins in gabbroic rocks). The focus of
this paper is on two mineralisations of this type (Kçira and Thirra) in the Mirdita Zone, an ophiolite
zone representing the Mesozoic Neotethys Ocean in the Dinarides. Our aim is to understand the ore-
forming processes and the genesis of these deposits, which can be used in future exploration projects.
According to the petrographical analysis, the host rock suffered propylitic alteration or subgreenschist
facies metamorphism. Mineral chemistry of pyrite and epidote suggests a VMS related origin,
more precisely, the deeper part of its stockwork feeder zone. The bulk rock geochemical analyses
confirms that the mineralisations are classified as mafic-, Cyprus-type VMS deposits. Differences
in the geochemical compositions and the corresponding mineralogical observations are attributed
to the distinct original geotectonic positions: higher amount of compatible elements (Cr, Ni, V and
Cu) occur in Kçira, which formed in a mid-oceanic ridge environment, while incompatible elements
(Ag, As, Co and Zn) are more abundant in the Thirra deposit, which formed in a supra-subduction
zone setting.

Keywords: ophiolite; pyrite chemistry; hydrothermal processes; fluid–rock interaction; VMS stockwork;
Dinarides

1. Introduction

The majority of Albania’s copper resources is related to the Mirdita Zone, which is
part of the Dinaric ophiolite suite, representing the remnants of the Jurassic ocean floor
of the Neotethys Ocean. These deposits represent three types of mineralisations: VMS
deposits, volcanogenic-sedimentary Cu deposits, and gabbro hosted vein-type Cu-deposits
(e.g., [1,2]).

The exploration and exploitation for copper is reviving in Albania, and numerous
international companies have projects there. Though most of the Cu mineralisations belong
to the VMS type, 20% of the country’s Cu resources belong to a deposit type of unknown
genesis [3]. This type of ore mineralisation occurs in the gabbroic units of the ophiolite series
and is composed of pyrite, chalcopyrite, and pyrrhotite with quartz as the main gangue
mineral. Width of the veins ranges from a few centimetres to twenty metres and their
length from a few metres to a few hundred metres [4,5]. According to analogies, this gabbro
hosted sulphide-bearing quartz mineralisation (formerly called quartz-sulphide veins,
by [4]) could be generated either by regional metamorphic or by subseafloor hydrothermal
processes. While the former type is scarce (found e.g., in Canada, Australia, Morocco or
Slovakia) [6–9], the latter, submarine volcanism-related hydrothermal type is relatively
common (e.g., Italy, Cyprus, Turkey, Oman). However, gabbro, as the host rock of the
stockwork feeder zone, is relatively rare [10,11].
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Therefore, we selected deposits of this peculiar type for investigation; they have not yet
been examined with modern analytical methods, even though detailed descriptions of min-
eralisation with the definition of the deposit type have obvious importance in mineral explo-
ration. Hence, this paper presents the petrographical, mineralogical, and textural analysis,
together with the evaluation of the formation processes, using a wide range of analytical
methods (X-ray Powder Diffraction—XRPD, scanning electron microscope—SEM, elec-
tron microprobe—EPMA, inductively coupled plasma optical emission spectrometry—ICP
OES). However, the presented results bear not only regional geological importance, but
contribute significantly to our knowledge on this uncommon deposit type. Our model
can be used in the future to better understand similar gabbro-hosted VMS deposits in the
Neotethyan belt and worldwide.

2. Geological Setting

Three main units can be distinguished in the orogeny of the Dinarides-Hellenides on
the Balkan Peninsula: Inner Dinarides, External Dinarides, and the Dinaridic Ophiolite Belt
in between. The Mesozoic Mirdita Zone is part of the Dinaridic Ophiolite Belt, outcropping
on 4000 km2 in Albania and representing the suture between two continental units, Apulia
in the west and Korabi-Pelagonia in the east (Figures 1 and 2), e.g., [12,13]. The remnants
of the Middle Jurassic Mirdita-Pindos oceanic basement crop out along this belt.
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after [14]. Legend and abbreviations: 1—Apulian and Pre-Apulian Units; 2—Ionian Units; 3—South
Adriatic Units: Kruja, Gavrovo and Tripolitsa; 4—Budva, Krasta-Cukali (K-C) and Pindos Units;
5—Dalmatian-Herzegovian (DHZ) Units; 6—Sarajevo-Sigmoid (SS) Unit; 7—East Bosnian-Durmitor Unit;
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8—Dinaric Ophiolite Belt (DOB); 9—Drina-Ivanjica and Pelagonian Units (DIE); 10—Vardar
Units (VZ); 11—Lavrion Blueschist Unit; 12—Serbian-Macedonian Massif; 13—Pannonian Basin;
14—Bradanic trough. Ophiolites: a—Ibar; b—Troglav; c—Maljen; d—Zvornik; e—Krivaja-
Konjuh; f—Bistrica; g—Zlatibor; h—Pindos; i—North Mirdita (where the study areas are located),
l—South Mirdita.

Two ophiolite types are preserved in Albania: MOR-type in the western and SSZ-type
in the eastern part of the Mirdita Zone [13,15–17]. The division is based on geological,
petrological, geochemical, and mineralogical data [15]. The Western-type ophiolitic series,
predominantly lherzolitic, spans a thickness of 2–3 km. Within this sequence, mantle rocks
are succeeded by troctolite, gabbro, and pillow basalt. In some cases, the plutonic section
is missing, and the basalt directly overlies the ultramafic units [13]. The Eastern-type
ophiolitic series is 6–8 km thick. It is composed of dominantly harzburgitic mantle rocks
(harzburgite-dunite and dunite with subordinate wehrlite and lherzolite), gabbro, basaltic
sheeted dikes, basalt, and boninite [13,15,18]. Both ophiolitic sequences are underlain
with metamorphic soles which show similar ages at the western and eastern parts, accord-
ing to [19–21]. Systematic rejuvenation is detected from south to north (174–168 Ma to
164–160 Ma) indicating a scissor-like closure of the ancient oceanic basin [19]. The ages cor-
relate with the Bajocian–early Bathonian (∼168–166 Ma) to late Bathonian–early Callovian
(∼165–163 Ma) radiolarian cherts overlying the pillow basalts [22,23].

The maximum degree of metamorphism suffered by the Mirdita Zone rocks is of lower
greenschist facies, which did not cause significant element mobilization, according to [21].
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2.1. Ore Deposits of the Kçira Gabbroic Massif

The deposit of Kçira is located in the Kçira Gabbroic Massif, 12 km to the west from
Puka town in the western (MOR-type) ophiolite belt (Figures 2 and 3). The most common
rock type is gabbro in the area, but gabbro-diabase, gabbronorite, and olivine-gabbro occur
as well [4].

According to [25], the primary relationships between the ultrabasic, basic plutonic,
and volcanic rocks without significant tectonic overprints are observable in the Western-
type ophiolites.

The hydrothermal-metasomatic mineralisation, similarly to other sulphide-bearing
quartz veins occurrences in the region, form epigenetic veins in gabbroic rocks, and its
mineral composition has most likely a genetic connection with the host, according to [3].
Three mineralisation types are distinguished in this area: in the northern part of the massif,
a few 10 m wide copper-chlorite-sulphide type occurs with chalcopyrite, pyrite, and iron-
oxides hydroxides; in the southern area, sulphide-bearing quartz type with chalcopyrite,
azurite, and iron-hydroxides; and the third type of mineralisation is found in cracks,
composed of chalcopyrite, pyrite, and iron-hydroxides in non-altered gabbro [4].

Although the basic macroscopic and mineralogical descriptions of the Kçira Gabbroic
Massif are available, the alterations and the geochemical characteristics of the mineralisa-
tions are not yet studied.
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2.2. Ore Deposits of the Kaptina Gabbroic Massif

Thirra is located in the Kaptina Gabbroic Massif, at the northern part of the eastern
(SSZ-type) ophiolite belt (Figure 4). Every part of the ophiolitic series can be observed in
this massif, including the plutonic and volcanic units covered by Cretaceous to Cenozoic
sediments. The magmatic rocks are andesite, dacite, rhyodacite, and basalt, along with
ultrabasic, basic, and neutral plutonic rocks [5]. The most common rock types are gabbro,
gabbro-norite, norite, amphibole- and quartz-gabbro, and rarely plagioclase-pyroxenite.
The main sulphide mineralisations of the massif are Thirra, Gdeshta, Pista, Shëmri, Golaj,
and Nikoliq [5]. According to [1], the resources in single orebodies are between 0.5–1 Mt,
grading 1%–1.73% Cu, and Au 0.1–0.5 ppm. Ref. [27] suggests that the mineralisations of
the Kaptina Massif are formed through moderate temperature hydrothermal metasomatic
processes. The ore deposits of the Kaptina Gabbroic Massif are variable, concerning the
mineral species and texture; moreover, this variability appears within one deposit as well.
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The first discovered deposit of the massif is the Thirra deposit, which consists of seven
major veins (1, 6, 6b, 6c, 7, 7d, 8/A with 1–3 m width, 100–200 m depth and 200–300 m
length) and ten minor ones all with a NE-SW strike [5,27]. Ref. [5] distinguishes six
different types of mineralisations here: (1) the most common is the quartz-chalcopyrite
type, and besides there are (2) chlorite-chalcopyrite-pyrrhotite, (3) quartz-chalcopyrite-
chlorite, (4) chlorite-pyrite-epidote, (5) quartz-chalcopyrite-arsenopyrite, and (6) quartz-
chalcopyrite-sphalerite types.

3. Materials and Methods

Field studies were carried out in abandoned mines and natural outcrops of the Kçira
Gabroic Massif and the Kaptina Gabbroic Massif. The aim of the field work was the
representative sampling of both relatively fresh and hydrothermally altered host rocks
(alteration halo of the mineralisation) as well as the sulphide-bearing quartz veins.

A thin-section petrographic study of host rock samples—with emphasis on the obser-
vation of the distinctive textures of magmatic rocks and hydrothermal alteration mineral
assemblages—as well as a study of the polished sections of the mineralised veins were
performed using polarising microscopes.

The chemical compositions of mineral grains were determined semi-quantitatively
using an Amray 1830I scanning electron microscope with an EDAX PV9800 type energy-
dispersive X-ray spectroscopy detector (EDS) at the Department of Petrology and Geo-
chemistry, Eötvös Loránd University (Hungary), and they were determined quantitatively
using a Jeol Superprobe JXA-8200 type electron microprobe with wavelength-dispersive
X-ray spectroscopy (WDS) detector at the Eugen F. Stumpfl Laboratory, University of
Leoben (Austria). The EDS analyses were completed with focused electron beam with
20 kV accelerating potential, 1 nA beam current, and 100 s detection time. The detection
limits were 1.5 wt% for Na2O, 1 wt% for MgO and Al2O3, while they were 0.1 wt% for the
other analysed elements. WDS analyses were completed with 15 keV accelerating potential,
10 nA beam current, 1 µm beam diameter, and 20 s (peaks) and 10 s (backgrounds) detection
times. The detection limits for the analysed elements are as follows: As 300 ppm; S 150 ppm;
Bi 400 ppm; Zn 200 ppm; Fe 150 ppm; Se 300 ppm; Te 150 ppm; Ni 100 ppm; Cu 500 ppm;
Ag 300 ppm; Pb 400 ppm; Sb 600 ppm; Co 200 ppm; Au 500 ppm; Tl 500 ppm. Both
instruments were calibrated using well-known natural and synthetic standards.

X-ray Powder Diffraction (XRPD, at the Department of Mineralogy of the Eötvös
Loránd University) was used for the determination of fine-grained mineral phases. A
Siemens D-5000 type diffractometer with Bragg-Brentano geometric emission (Θ-Θ working
method, Cu Kα, λ = 0.154178 nm), a secondary graphite crystal monochromator, and a
scintillation detector were used together with the EVA software (version 16.0.0.0; Bruker-
AXS Diffrac Plus) for data analysis.

Preliminary whole-rock geochemical analyses, inductively coupled plasma—optical
emission spectrometry (ICP OES) were carried out at the Laboratory of the Supervisory
Authority of Regulatory Affairs (SARA) (former Mining and Geological Survey of Hungary).
Analytical procedures are described in the accreditation documentation of the laboratory
(MSZ 21470-50:2006 and MÁFI 11.12:2012). The detection limits for major elements are
SiO2 0.5 wt%, Al2O3 0.5 wt%, Fe 0.5 wt%, MnO 0.01 wt%, BaO 0.01 wt%, S 0.01 wt%, SrO
0.01 wt%, while for trace elements As 50 ppm, Co 50 ppm, Cr 25 ppm, Cu 25 ppm, Ni
25 ppm, Pb 50 ppm, V 25 ppm, Zn 25 ppm, Ag 10 ppm, Au 2.5 ppm.

4. Results
4.1. Field Study

The sampling points of the mineralisation of the Kçira Gabbroic Massif are in Kçira, in
the so-called Puka area: an abandoned mine, at the coordinates of 42◦00′09.8′′ N, 19◦49′08.8′′

E and a natural outcrop, with coordinates 42◦00′26.8′′ N, 19◦48′56.5′′ E (Figure 5). The
latter is a 10–20 cm wide sulphide-bearing quartz vein in a dry stream with a strongly
altered surface. The gangue minerals are 5%–10% quartz with the same amount of chlorite,
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while the sulphides (80%–90%) are massive chalcopyrite with 0.5 mm disseminated pyrite
crystals. The host rock is a moderately altered gabbroic rock with a limonitic surface. The
former area is an abandoned underground Cu-mine that operated in the second half of
the 20th century, related to the same mineralisation system. Since the galleries are not in a
good condition nowadays, the samples were collected from the surface (outcropping host
rocks and waste dump).
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The sampling area in the Kaptina Gabbroic Massif is Thirra, an abandoned mine from
the 20th century. The samples are collected from the 6c vein, 42◦00′03.1′′ N, 20◦12′11.0′′

E (Figure 6). The outcropping part of the vein is 1 m wide and 1.5 m long. It represents
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the quartz-chalcopyrite-arsenopyrite type of the six mineralisation types identified by [5].
Massive chalcopyrite, pyrrhotite, and 0.2–0.5 mm pyrite occur in the vein with the same
amount of gangue minerals, quartz and chlorite. Close to the mineralisation, the host is a
strongly altered (chloritised and argillitised) gabbroic rock, while it is only slightly altered
~30 cm further.
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points indicated.

4.2. Host Rock Petrography and Mineral Chemistry

Differently altered mafic plutonic rocks were found in the study areas. Based on
macroscopic observation, these are medium-grained, holocrystalline gabbroic rocks with
chloritised mafic crystals and 0.1–2.0 mm wide white and grey veinlets.
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At Kçira, the modal composition shows that the host rocks are gabbro and gabbronorite,
composed of xenomorphic and hypidiomorphic plagioclase (50%–70%) and pyroxene
(10%–30%) crystals with panallotriomorphic, subophitic, and ophitic texture, crosscut with
veinlets (10%) (Figure 7b,d,f).

The size of the xenomorphic and hypidiomorphic plagioclase crystals is mainly be-
tween 1 and 3 mm. According to the SEM-EDS analyses, the unaltered crystals are anorthite
(An91–97) and bytownite (An75–85), while plagioclases in the altered parts are enriched in
Na2O (between An59 and An12) (Figure 7g). Additionally, 100 µm sized clinopyroxene and
10–100 µm sized chalcopyrite, pyrite, and rarely apatite inclusions occur in the plagioclase
crystals (Figure 7d). Sericite is the most common alteration mineral, while in rare cases the
cores of the plagioclase are calcitised.

The mafic phase is clinopyroxene with 0.1–1 mm sized xenomorphic grains. These
are Ca-Mg-Fe, quad pyroxenes, within the range of augite (based on the nomenclature
of [28]). However, two distinct chemical compositions occur: Ca-rich and Ca-poor augite
(Mg0.87Ca0.82Fe0.22Al0.12Si1.96O6 and Mg0.94Ca0.47Fe0.32Al0.21Si1.98O6); the latter composi-
tion also appears as rims on the Ca-rich augite grains (Figure 7h). Furthermore, 100–500 µm
sized plagioclase grains and a few 10 µm sized chalcopyrite are enclosed in the clinopy-
roxene crystals. Additionally, chloritisation can be observed at the rims and fissures of
the grains.

Rarely, chlorite pseudomorphs after orthopyroxene can be found with remnants of
orthopyroxene in the core. If present, the orthopyroxene gives 10%–15% of the rock, and
40% among the total pyroxenes.

Primary ilmenite grains of 0.5–1.0 mm size occur rarely (<5%) interstitially among the
plagioclase laths.

The nature of the alteration is the same throughout the host rocks, but the inten-
sity changes with the distance from the mineralised veins. Besides the above mentioned
chloritisation, sericitisation and calcitisation of the main rock-forming minerals, there are
10–100 µm thin veinlets filled with ~5–50 µm sized xenomorphic, mostly Fe-poor epidote
(Table 1), prehnite, chlorite, calcite, quartz, and albite (An5) (Figure 7a–c,e). Addition-
ally, 100 µm sized xenomorphic titanite was detectable accompanying the epidote veins
(Figure 7e,f).

Table 1. SEM-EDS analyses of selected epidote grains from the altered host rocks and mineralised
veins. n = number of analyses; * total iron expressed as Fe2O3 (recalculated by the software of the
EDAX PV9800 EDS detector); cation values are given in apfu. # Fe = Fe3+/(Fe3+ + Al3+).

Locality Rock Type n SiO2 Al2O3 Fe2O3 * CaO Total Si Al Fe Ca Total Fe #

Puka altered host 5 39.49 ±
0.61

26.75 ±
0.60

7.98 ±
0.77

23.78 ±
0.24 98 6.14 ±

0.08
4.90 ±

0.10
0.93 ±

0.09
3.96 ±

0.05
15.94 ±

0.04
0.16 ±

0.02

altered host 17 38.40 ±
0.58

25.38 ±
1.32

10.51 ±
1.92

23.70 ±
0.56 98 6.04 ±

0.06
4.70 ±

0.21
1.25 ±

0.23
3.99 ±

0.10
15.99 ±

0.05
0.21 ±

0.04

mineralised vein 4 39.32 ±
0.16

24.20 ±
1.30

10.48 ±
1.46

24.00 ±
0.25 98 6.19 ±

0.04
4.48 ±

0.22
1.24 ±

0.18
3.99 ±

0.03
15.94 ±

0.02
0.22 ±

0.03

Thirra altered host 5 39.05 ±
1.12

24.62 ±
1.06

10.52 ±
1.35

23.81 ±
1.20 98 6.14 ±

0.13
4.56 ±

0.18
1.24 ±

0.16
4.01 ±

0.22
15.96 ±

0.03
0.21 ±

0.03

In Thirra, the host rocks are gabbro and gabbronorite with panallotriomorphic granular
and hypidiomorphic granular textures (Figure 8a,b). The rock-forming minerals are mainly
xenomorphic plagioclase (55%–65%) and clinopyroxene (30%–40%), though in some cases
orthopyroxene also occurs (~20%).
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Figure 7. (a–f) Microphotograph and BSE images of host rock samples from Kçira. (g) Ternary
diagram of the analysed plagioclase grains, based on [29]. (h) Ternary diagram of the analysed
pyroxene grains, based on [28]. cpx = clinopyroxene, pl = plagioclase, ab = albite, chl = chlorite,
ep = epidote, cc = calcite, ap = apatite, ttn = titanite, py = pyrite, ccp = chalcopyrite.
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Figure 8. (a–f), Microphotographs and BSE images of host rock samples from Thirra. (g) Ternary dia-
gram of the analysed plagioclase grains, based on [29]. (h) Ternary diagram of the analysed pyroxene
grains, based on [28]. cpx = clinopyroxene, opx = orthopyroxene, pl = plagioclase, mt = magnetite,
chl = chlorite, ser = sericite, ilm = ilmenite, ttn = titanite, ab = albite.
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The size of the plagioclase crystals is mostly between 0.5 and 1.5 mm except for
the coarser grained samples, where 2.0–5.0 mm sized crystals occur. They are usually
xenomorphic, and are rarely hypidiomorphic anorthite (An92–97) crystals, with apparent
polysynthetic twinning (Figure 8c,g). The crystals often enclose clinopyroxene and primary
hypidiomorphic and xenomorphic magnetite grains (0.01–0.1 mm size). In some cases, the
plagioclase crystals have a spongy core, and melt inclusions mark the growth zonation in
some grains. Sericitisation can be observed in the core of this mineral (Figure 8c).

The clinopyroxene grains are usually 0.2–1.5 mm in size or 2.0–5.0 mm in the case
of coarse grained rocks with xenomorphic or hypidiomorphic crystal shape. Anorthite
can be observed occasionally as inclusions of clinopyroxenes. The occurring clinopy-
roxene crystals are Ca-Mg-Fe, quad pyroxenes, within the range of augite, based on the
nomenclature of [28]. Based on the mineral chemical analysis, two populations of clinopy-
roxene can be distinguished: Ca-rich and Ca-poor, both of them within the field of augite
(Mg0.88Ca0.79Fe0.23Al0.15Si1.95O6 and Mg1.1Ca0.44Fe0.22Al0.17Si1.99O6). The Ca-poor augites
are often enclosed in Ca-rich ones, while sometimes the former one surrounds the Ca-rich
augites (Figure 8f,h).

Chloritisation is a common phenomenon of the clinopyroxene grains. In extreme cases,
ilmenite lamellae appear in chlorite mass, marking the former presence of clinopyroxene,
which suffered intense alteration (Figure 8a,b,d).

In two samples, orthopyroxene (hypersthene) occurs in around 20% (1–3 mm in
size). It usually contains 50 µm sized clinopyroxene inclusions. Due to intense alteration
(uralitisation and opacitisation), actinolite/tremolite and chlorite with magnetite occur in
the rims and fissures of the orthopyroxene grains (Figure 8a,b).

Magnetite is a common accessory mineral in gabbroic rocks; xenomorphic inclusions
(0.05–0.1 mm in size) in orthopyroxene and plagioclase are common; and interstitial grains
occur as well (Figure 8b). Ilmenite accompanies magnetite occasionally, while xenomorphic
chalcopyrite and pyrite grains also appear in plagioclase laths.

The alteration is similar to the samples of Kçira: chloritisation of the mafic, sericitisa-
tion of the felsic rock-forming minerals. Magnetite, quartz, oligoclase (An28), and titanite
after ilmenite also occur as alteration products (Figure 8e).

The cross-cutting veins are filled with epidote (Table 1), chlorite, and sodic plagioclase
(An11) (Figure 8e,f).

XRPD analyses on the intensely altered host rock samples representing the alter-
ation halo of the ore mineralisation revealed the presence of chlorite, actinolite/tremolite,
prehnite, epidote, smectite/vermiculite, and laumontite in Thirra, while chlorite, actino-
lite/tremolite, plagioclase, prehnite, calcite, and laumontite are present in Kçira.

4.3. Ore Mineralisation Petrography and Mineral Chemistry

The ore mineralisation of Kçira is mainly composed of massive chalcopyrite (60%) and
disseminated idiomorphic, sometimes hypidiomorphic pyrite with a resorbed rim (5%)
(Figure 9a,b). 5–10 µm xenomorphic AgAu-, Ni-telluride, native tellurium (newly described
species from the area), and CoNi-sulphide grains were also detected in less than 1%
(Figure 9d,e). AgAu-telluride and native tellurium grains occur along fissures—associated
with chalcopyrite—in pyrite, and the latter as inclusions in chalcopyrite. Ni-telluride also
appears as inclusions in chalcopyrite. The gangue minerals are xenomorphic quartz (~1 mm
in size) (15%) and chlorite (15%), idiomorphic 100–200 µm long prehnite and epidote laths
(10%), and 10–20 µm xenomorphic titanite (<1%) grains, which are disseminated in the
massive chalcopyrite and in the chlorite (Figure 9c,d,f; Table 1).
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Figure 9. Reflected light microphotographs (a,b) and BSE images (c–f) of the ore samples from Kçira. 
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Figure 9. Reflected light microphotographs (a,b) and BSE images (c–f) of the ore samples from Kçira.
ccp = chalcopyrite, chl = chlorite, py = pyrite, q = quartz, ep = epidote, ttn = titanite, pr = prehnite.

The ore mineralisation occurs with stockwork texture in Thirra, where two types can
be distinguished based on the occurring minerals: pyrrhotite-chalcopyrite and chalcopyrite-
arsenopyrite-pyrite types. The former is composed mostly of xenomorphic chalcopy-
rite and pyrrhotite in 30%–30%, alongside those disseminated, 0.5 mm idiomorphic-
hypidiomorphic pyrite (5%) and 50–500 µm xenomorphic sphalerite grains occur in the
samples (Figure 10a,b). Quartz (30%, 0.5–1.0 cm in size) and chlorite (<5%) are the gangue
phases. Quartz grains are often crosscut with Fe-oxide/hydroxide, “limonitic”, and pyrite
veins, while chlorite occurs in chalcopyrite or quartz, and sometimes it crosscuts the sam-
ples, as the last phase of the hydrothermal process (Figure 10e). Additionally, ilvaite, a
newly described mineral of this locality was detected using SEM-EDS. Ilvaite occurs in veins
with chalcopyrite and either as inclusions in chalcopyrite or as the host of it (Figure 10f).
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Figure 10. Reflected light microphotographs (a–c) and BSE images (d–f) of the ore samples from Thirra.
ccp = chalcopyrite, po = pyrrhotite, py = pyrite, sph = sphalerite, apy = arsenopyrite, sc = scorodite,
cob = cobaltine, q = quartz, lim = limonite, ilv = ilvaite.
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In some cases, chalcopyrite occurs as inclusions in quartz (0.1 mm in size), while the
massive chalcopyrite encloses quartz, chlorite, sphalerite, pyrite, and pyrrhotite grains.
The massive pyrrhotite contains sphalerite, pyrite, and quartz inclusions. The pyrite grains
frequently have altered rims with Fe-oxides/hydroxides, and there are some veins in
quartz, filled with the altered pyrite. There are sphalerite inclusions—often with chalcopy-
rite disease—in pyrite, chalcopyrite, and pyrrhotite (Figure 10b). Furthermore, 5–20 µm
xenomorphic and idiomorphic cobaltite grains occur in chalcopyrite and also in quartz,
and cobaltite encloses chalcopyrite occasionally (Figure 10d).

The chalcopyrite-arsenopyrite-pyrite type is a hydrothermal breccia, where sulphides
with alteration phases make up the matrix (40%) between the quartz clasts (60%). The matrix
is composed of chalcopyrite (30%), arsenopyrite (20%), and pyrite (5%–10%) (Figure 10c).
Based on microscopic and SEM-EDS analyses, the 0.5–1 mm fragmented arsenopyrite
grains are strongly altered to scorodite (they are also newly described from the area), which
makes up 40% of the matrix. The xenomorphic chalcopyrite grains are also fragmented
where scorodite is the matrix. Quartz is found as inclusion in chalcopyrite, and it encloses
0.1 mm chalcopyrite grains as well. Chalcopyrite veins even crosscut the arsenopyrite mass.
Additionally, 0.2 mm hypidiomorphic and idiomorphic pyrite grains occur as inclusions
of quartz and in the matrix as well. In some cases, square-shaped arsenopyrite grains are
identified which can be pseudomorphs after pyrite. In less than 5%, 50 µm sphalerite grains
occur in chalcopyrite.

4.4. EPMA Analyses of Pyrite

The iron contents of the analysed pyrite grains are between 46.02 and 47.78 wt% in
Thirra and 45.51–47.70 wt% in Kçira, while the sulphur contents vary between 52.30 and
53.64 wt% in Thirra and 52.23 and 53.32 wt% in Kçira. These indicate different quantities
and quality of trace element content [30]. Pb- and Ag-contents are higher in Thirra, while
Ni- and Cu-contents are higher in Kçira, the concentrations of Bi and Tl are mostly under
the detection limit in all cases (Table 2).

Table 2. Results of EPMA analyses of pyrite grains (Fe and S contents are given in wt%, other
elements in ppm, d.l. = detection limit, - = below detection limit).

Fe S Cu Zn Pb Bi As Se Co Ni Te Ag Au Tl Total

d.l.
(ppm) 150 150 500 200 400 400 300 300 200 100 150 300 500 500

Thirra

47.27 53.14 - 320 - - - - 1040 - - - - - 100.61
47.51 53.29 - - - - - - 1060 - - - 680 - 101.03
47.27 53.15 - - - - - - 830 - - 320 - - 100.60
47.57 53.36 - - - - - - 1410 - - - - - 101.11
47.66 52.80 - - - - - 310 460 - - - - - 100.58
47.78 53.35 830 - 770 - - - - - - - - - 101.34
47.36 52.69 - - - - - 300 1410 - - - - - 100.21
47.39 53.20 - - - - - - 1320 - - - - - 100.81
46.48 53.23 720 - - - - 1270 1090 - - 340 - - 100.10
47.39 52.68 950 - - - - - 640 - - 300 - 1000 100.36
46.79 52.73 - 230 - - - - 900 - - 800 - - 99.75
46.91 52.65 - - - - - - 2990 - 200 - - - 99.89
47.31 52.40 - - - 460 800 440 890 - 230 - 1170 - 100.13
46.99 52.39 1380 - - - 380 600 880 - 150 - - - 99.76
46.94 52.61 1040 - - - - - 1440 - - - - - 99.82
46.30 53.04 2930 - - - 470 740 2600 - - - 1510 - 100.17
47.28 52.36 - - - - - - 1570 - - - - - 99.87
46.54 53.27 - - - - - - 1180 - 250 - - - 99.97
47.24 52.80 - - - - - 2500 2300 - - - - - 100.55
47.50 52.74 - - - - - 470 1240 - 190 - - - 100.45
47.64 53.01 - - - - - - 300 - - - - - 100.71
46.93 53.43 - - - - - 1100 520 - - - - - 100.53
47.02 52.75 - - 770 - 1000 700 1310 - - 490 - - 100.20
47.02 53.40 780 - - - 710 - 850 - - - - - 100.71
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Table 2. Cont.

Fe S Cu Zn Pb Bi As Se Co Ni Te Ag Au Tl Total

d.l.
(ppm) 150 150 500 200 400 400 300 300 200 100 150 300 500 500

Thirra

46.92 53.01 - - - - - - 1190 - - - 780 - 100.21
47.33 53.14 620 - - - 610 - 820 - - - 530 - 100.75
46.81 52.54 1480 - - - - - 1560 - - - - - 99.66
46.41 52.81 - - - - 520 - 1280 - - - - - 99.45
46.25 52.73 4660 - - - - 710 910 - - - - - 99.61
46.19 52.92 5360 - - - - 510 520 - 190 - - - 99.82
46.14 52.30 6050 - - - - - 680 - - - - - 99.14
47.08 52.84 - - - - 400 - 500 - - - - - 100.01
47.03 52.95 - - - - - 740 880 - 390 - - - 100.25
46.35 52.77 2430 - - - - - 1530 - - - - - 99.53
46.83 52.87 - - 490 - - - 540 - - - - - 99.80
46.49 53.05 1300 - - - 670 950 770 - 260 760 - - 100.04
46.32 52.98 540 - 410 - - 1110 720 - - - - - 99.60
46.60 52.85 1080 - - - - 1060 610 - - - - - 99.76
46.87 52.87 1980 - - - - - 1330 100 - - - - 100.15
46.85 52.86 510 - - - - - 1120 - - - - - 99.93
47.61 53.06 - - - - - 560 450 - - - - - 100.87
46.94 52.98 - - - - 430 430 760 120 - - - - 100.11
46.32 53.64 - - - - 380 - 410 - 170 340 - - 100.09
46.25 52.70 - - - - 1140 - 570 - - - - - 99.17
46.07 52.90 - - - - 400 - - - - - 730 - 99.14
46.61 53.55 1190 - - - - - 1470 - - 400 - - 100.50
47.52 52.75 4800 250 - - - - 2340 - - - - - 101.05
46.72 52.57 2550 - - - - - 1190 100 - - - - 99.69
46.27 53.59 - - - - - - 950 - - - - - 99.97
46.41 53.53 - - - - 310 - 600 - - - 670 - 100.13
46.34 53.02 - - 620 - 500 - 520 - - - 770 - 99.63
46.72 53.48 530 - - - 440 820 - - - - - - 100.41
46.78 52.69 510 - - - 440 970 820 - - - 920 - 99.85
47.05 52.47 510 - 870 - - 2420 2510 - - - 720 - 100.25
46.99 53.08 570 - 700 - - - 1440 - - - 580 - 100.41
46.87 52.47 - - - - - 2860 2140 - 390 350 - - 99.97
46.22 52.99 - - - - - - 1670 - - - - - 99.40
46.83 52.79 - - 1190 - 1010 2290 2570 210 - - - - 100.38
46.48 52.97 - - - - 300 2050 1830 130 - - - - 99.88
46.51 52.91 - - - - 1110 2030 2780 110 230 - 770 - 100.13
46.69 52.40 - - - - 510 1720 1230 - - - - - 99.46
46.84 52.95 550 - - - - - 840 - - - - - 99.93
46.45 52.76 - - - - - 370 1790 - - - - - 99.44
46.61 52.70 1100 - 490 - - 1510 1980 200 - 310 - - 99.88
46.08 52.99 - - - 480 - 680 1570 290 - 670 - - 99.49
46.73 53.36 1540 - - - 300 3450 1640 140 - - - - 100.85
46.02 52.81 - - - - 490 - 1830 - - - - - 99.08
47.10 52.92 - - - - 340 790 990 - - - - - 100.29
46.28 52.91 930 - 590 - - 1390 1310 - - 370 720 - 99.73
46.70 52.64 2390 - - - - 440 1220 - 230 - 720 - 99.87
46.63 52.90 3270 - - - - 1500 670 140 - 370 - - 100.13
46.84 53.17 3170 - 480 - 680 740 1120 - - 400 - - 100.67
46.81 52.60 - - - - - 970 1570 - - - - - 99.72
46.83 52.53 - - - - - 1770 2090 - - - - - 99.81
46.75 52.86 - - - - - 320 1850 - - - 860 810 100.04
46.44 52.92 - - - - - 750 1820 - 200 - - - 99.69
46.71 52.62 - - - - 310 - 1950 - - - - - 99.56
46.19 52.99 - - - - 620 1920 2470 - - - - - 99.69
46.25 52.93 - - - - - 660 1780 - - - - - 99.44
46.56 52.71 - - - - 700 1990 1560 - - 450 - - 99.73

Kcira

46.71 53.32 - - - - - - 5920 1400 490 - - - 100.87
46.36 53.20 - - - - 680 - 4730 1100 - - - - 100.22
46.70 53.10 - - - - - 600 5310 640 - - - - 100.48
45.86 52.46 - - 1180 - - 960 5920 780 - - - - 99.22
46.97 52.92 - - 590 - - - 3140 800 180 - - - 100.37
46.38 52.72 1050 - - - - 410 2660 720 270 - 520 - 99.67
46.34 52.93 3060 - - - - 570 3530 640 - - - - 100.05
46.08 52.92 4700 - - - - 740 3140 1220 - - - - 99.99
47.40 52.98 810 - - - 1280 300 730 - 550 - - - 100.80
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Table 2. Cont.

Fe S Cu Zn Pb Bi As Se Co Ni Te Ag Au Tl Total

d.l.
(ppm) 150 150 500 200 400 400 300 300 200 100 150 300 500 500

Kcira

46.31 53.12 1190 - - - - - 570 - - - 860 - 99.73
46.31 52.85 3990 - - - - - 2020 - - - - - 99.80
46.64 52.69 2420 - - - - - 890 180 - - - - 99.73
46.42 53.03 3350 220 540 - 1170 - 1880 - - - - - 100.18
46.75 53.24 4200 300 - - - 570 1590 - - - - - 100.68
47.70 52.82 5010 - - - - 510 1810 110 - 600 - - 101.34
46.29 52.23 13290 - - - 3450 - 590 110 - - - - 100.28
46.15 52.39 3220 - - - 1760 520 1290 160 180 - - - 99.27
46.05 52.69 2970 - - - 2410 470 950 - - - - - 99.44
46.22 52.52 3730 - - - 2210 - 1650 310 - - - - 99.54
46.05 52.77 3530 - - - 1840 760 1280 - 220 - - - 99.59
46.02 53.13 3550 - - - 4060 - 1470 - - - - - 100.07
46.05 52.76 6570 - - - 4540 - 1330 - - - - - 100.10
46.22 52.94 7740 - 1150 - 3110 - 1210 - - - - - 100.55
45.51 52.61 9360 - - - 4450 - 1090 - - - - - 99.62
46.14 52.96 6650 - - - 2650 670 830 470 - - - - 100.23
46.34 52.77 8230 - - - 2130 650 1380 - - - - - 100.35
46.46 53.21 4280 - - - - 500 810 130 - - - - 100.28
46.14 52.95 5380 - - - - - 940 - - 430 950 - 99.89

4.5. Bulk Rock ICP OES Analyses

Preliminary bulk rock geochemical analyses were carried out on the mineralised
samples (Table 3). Differences occurred between the two areas, concerning the As, Co, Cr,
Ni, Zn, and Ag content.

Table 3. Results of bulk rock ICP OES analyses of the mineralised veins (- = below detection limit).

As Ag Zn Cu Co V Cr Ni

d.l. (ppm)
ppm ppm ppm wt% ppm ppm ppm ppm

50 10 25 25 50 25 25 25

Thirra
124,967 - 103 1.7 315 - - -

272 18.3 3666 15.3 399 - - 32.1
1950 11.4 1944 14.2 1428 - - 32.4

Kçira - - 129 22.8 130 52.3 168 98.5
51.9 - 132 30.4 68.7 - 44.3 48.8

The Ag content of the Thirra deposit is between 10 and 20 mg/kg, while it is under
10 mg/kg in the samples from Kçira. Samples from Thirra have higher contents of As, Zn,
and Co, while the ones from Kçira show higher Cr, Ni, V, and Cu.

5. Discussion
5.1. Metamorphic vs. Hydrothermal Alteration of the Host Rocks

According to the modal compositions of the host rocks, gabbro and gabbronorite
occur at both deposits, which represents the mafic plutonic part of the oceanic lithosphere
developed in the Neotethys Ocean. The majority of the analysed plagioclase laths show
primary composition, as they are anorthite in Thirra, while anorthite and bytownite are
present in Kçira (Figures 7 and 8). On the contrary, the plagioclase crystals with An12–59
composition are results of “Na-metasomatism”, as they are found in the vicinity of chlorite
veins, indicating a circulating acidic and Si-rich fluid [31]. In addition, the circulating fluids
could also cause the sericitisation of some plagioclase crystals. The apparent calcification of
the plagioclase points to a later event caused by higher pH and Ca-enriched fluids.

Ca-poor but Mg-rich augite cores of the clinopyroxenes suggest a primary inhomo-
geneity of the mafic minerals, while in some cases Ca-loss can be detected at the rims, as a
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result of a later fluid circulating event. Connected to this intense fluid circulation, the mafic
minerals are often altered to chlorite and actinolite/tremolite, and the veins are filled with
chlorite, epidote, prehnite, albite, and laumontite.

Chloritisation and uralitisation of the mafic minerals of the gabbroic rocks with the
occurrence of epidote, prehnite, and chlorite indicate prehnite-actinolite metamorphic
facies, thus a higher temperature subgreenschist alteration (220–320 ◦C), and the lack
of pumpellyite suggests a relatively low pressure with a maximum of 1.9 kbar [32]. In
addition, the laumontite-bearing veins with chlorite, epidote, and prehnite that crosscut
the samples, define the maximum pressure in 1.4 kbar and indicate a lower temperature
event (175–220 ◦C) (Figure 11). These values are in agreement with [21], who found
that the maximum degree of metamorphism suffered by the Mirdita Zone rocks is lower
greenschist facies.

In mafic rocks, minerals containing calcium, like prehnite, pumpellyite, epidote,
actinolite, titanite, and calcite can form as a result of both magmatic hydrothermal processes
and regional greenschist facies metamorphic events [33]. These processes can be separated
based on the composition of epidote. The iron numbers of the analysed epidote grains
are typical for the subgreenschist facies (Table 1, Figure 11), according to the calculations
of [32]. However, we found several epidote crystals with low iron content (less than
10 wt% Fe2O3 and Fe# = 0.16 ± 0.02), which indicate a higher temperature than the
subgreenschist facies, and rather high-temperature greenschist or amphibolite facies [32,33].
For the formation of epidote with such low Fe-contents, a higher metamorphic gradient
is required, a depth of 7–8 km in the crust (calculating with an average 3.55 ◦C/100 m
thermal gradient) [34]. This contradiction can be resolved with a local heat flow resulting
in higher temperature hydrothermal fluids, rather than the regional metamorphic grade of
the region. Consequently, it is more likely that local subseafloor hydrothermal processes
eventuated the mineralisations.
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Considering a hydrothermal origin, several papers evinced that Fe-rich epidote
forms from cooler descending, while Fe-poor ones are from warmer ascending fluids
(e.g., [37–42]). As most of the studied epidote grains are Fe-poor, the investigated de-
posits could have formed in an ancient hydrothermal system which was dominated by
ascending fluids. In contrast, the few Fe-rich epidote grains occurring in some veins could
form either during subgreenschist facies regional metamorphism or in a later stage of the
hydrothermal event.

5.2. Fluid Parameters of the Ore Mineralisation and Deposit Type

A precipitation sequence of the Kçira deposit (Figure 12), based on the petrographic
study, shows that the first minerals to precipitate are titanite, epidote, and chlorite—probably
resulting from intense alteration of host rock clasts—defining a formation pressure of
<1.6 kbar and temperature conditions between 175 and 320 ◦C (Figure 11). This p-T
condition is supported by the appearance of the hydrothermal prehnite, which indicates a
maximum pressure of 2 kbar and maximum temperature of 400 ◦C [32].
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Figure 12. Observed precipitation sequence of the mineralised samples of Kçira. Line thickness refers
to the quantity of the minerals in the samples, while dashed lines indicate uncertainties.

The first sulphide is pyrite, where the partly resorbed rims testify to a change in fluid
parameters. Massive chalcopyrite with CoAs-sulphide, tellurides, and native tellurium
represent the main ore-formation event in case of Kçira. The occurrence of Au Ag- and Ni-
tellurides suggests very high f Te2, indicating mafic magmatic fluid addition (e.g., [43,44]),
thus these minerals evince that the Kçira mineralisation formed from hydrothermal fluids
associated with mafic magmatism.

In case of Thirra, the petrological observations indicate that the first minerals to
precipitate are quartz and chalcopyrite; however, further chalcopyrite generations can
also be observed in the pyrrhotite-chalcopyrite type mineralisation (Figure 13a). As the
first stage of the ore mineralisation, sphalerite and pyrite accompanied chalcopyrite with
minor cobaltite, and then co-precipitating pyrrhotite and chalcopyrite superimposed the
earlier minerals. The formation temperature of sphalerite is usually less than 250 ◦C, and it
precipitates in either the earliest or the latest stage of a hydrothermal activity, while the
chalcopyrite usually crystallises at higher temperatures, around 280–320 ◦C [45,46]. The
occurring chalcopyrite disease in cases of the studied sphalerite indicates a change in the
ore-forming fluid parameters, as higher temperature, higher f S2, and Cu-rich fluid causes Cu
diffusion after the precipitation of the sphalerite [47,48]. Change of the fluid parameters can
also be observed as the formation of cobaltite grains is followed by chalcopyrite (Figure 10d).
Cobaltite forms at high temperatures in hydrothermal environments [49–51], thus this
phenomenon may indicate a decrease in temperature. Repeated mineral precipitation
events can be detected in the samples, e.g., quartz, pyrite, and chalcopyrite appear in several
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generations. The observed Fe-oxides/hydroxides pseudomorphs after pyrite indicate an
oxidative environment after the hydrothermal process.
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Figure 13. Observed precipitation sequences of the pyrrhotite-chalcopyrite type (a) and the
chalcopyrite-arsenopyrite-pyrite type mineralisations (b) of Thirra. Line thickness refers to the
quantity of the minerals in the samples, while dashed lines indicate uncertainty.

Arsenopyrite occurs as the cement-between-quartz clasts and as pyrite pseudomorphs
in the chalcopyrite-arsenopyrite-pyrite type mineralisation (Figure 13b). Chalcopyrite
precipitated in more generations: one is right after the arsenopyrite, while another occurs
in the veins. The formation of scorodite is the result of the latest stage of mineralisation,
where the oxidation of the arsenopyrite took place thanks to an oxidative and low pH fluid.

Differences are observable concerning the mineralogical compositions of the two
deposits: at Thirra, arsenopyrite, scorodite, and sphalerite occur, while these are missing at
Kçira. The explanation can be found in the geochemical affinity (i.e., compatibility) of Zn
and As. The aforementioned minerals formed in an SSZ area, where the magmatic rocks of
the crust are enriched in incompatible elements [21]. It is known from [52] that As is one of
the first elements which leaves the slab and enters the mantle wedge. The same is true for
Zn, as it is also an incompatible element, thus it is more likely that sphalerite appears in an
SSZ than in an MOR area.

Due to the lack of recrystallisation and the only low-grade metamorphic processes
affecting the region, the chemical composition of the sulphides—considered together
with the texture and paragenesis—are informative for the ore-forming processes and
fluids [53–55]. We used the mineral chemistry of pyrite to draw further conclusions about
the formation conditions of the mineralisations.

The chemical composition of pyrite grains provides information about the origin
of their parental fluids: magmatic, hydrothermal, seawater and freshwater origins are
distinguishable based on the trace elements and especially their Co:Ni ratios [56–62]. Our
Co vs. Ni results are similar to the literature data of stockwork zones of VMS deposits



Minerals 2024, 14, 195 20 of 25

(Figure 14a); therefore, this supports the conclusions drawn from the mineral paragenesis.
This finding is also in comparison with the results of [63], who were able to discriminate
the sulphides of the stockwork zone from the stratabound massive lens based on the Co
and Ni contents of pyrite grains in the VMS deposit of Skouriotissa, Cyprus (Figure 14b).
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(b) Our results compared to the data of [63].

It is generally accepted that the rocks in which the hydrothermal fluids circulate
affect the hydrothermal mineralisations; thus, there is a strong connection between the
compositions of the host rocks and the minerals precipitated from the fluids [10,11]. The
investigated deposits occur in gabbro and gabbronorite; however, significant differences
were observed between the two areas concerning the concentrations and ratios of the
Co and Ni of the pyrites (Table 2, Figure 14). Generally, the concentrations and ratios of
these highly compatible elements are higher in the MOR area (Kçira) compared to the SSZ
one (Thirra).

Ref. [63] compares the Ni-, Co-, Se-, and Te concentrations with the Fe-content of pyrite,
which can also be used to make distinctions between the VMS lens and the stockwork
zone; in addition, the stockwork part can be divided into a shallow and deep stockwork
zone based on the Se contents (Figure 15c). Our pyrite grains show trace element contents
similar to VMS stockwork deposits; furthermore, the Se vs. Fe diagram indicates that the
samples formed in the deep stockwork zone (Figure 15).

Extremely high concentrations of Co occur in some pyrite grains (up to 5900 ppm),
indicating a high-temperature fluid present where the role of seawater was subordi-
nate [66]. The elevated concentration of Cu (1.3 wt%) also points to a high-temperature
fluid, because a mixing with cold seawater would cool the system leading to chalcopy-
rite precipitation—with a significant Co-content-; therefore, the pyrite would be Cu- and
Co-poor [67].

The bulk rock geochemical compositions of the analysed rocks correlate well with
the differences apparent in the mineralogical compositions between the two areas. The
copper mineralisation of the SSZ-like Eastern-type ophiolite belt is enriched in strongly
incompatible elements (As, Zn), while the concentrations of compatible elements (V, Cr,
Ni) are significantly lower compared to the MOR-like Western-type ophiolite belt (Table 3).
The Cu—unlike Pb, Zn, and Ag—is enriched in mafic rocks of MOR environments [68],
and thus the circulating fluids can be enriched in Cu in these environments.

Based on the concentrations of three common base metals (Cu, Zn and Pb), the
investigated deposits are Cu-type VMS deposits [69,70], while considering the type of host
rocks—which is also indicative of the geotectonic situation—these are mafic = Cyprus-type
VMS deposits [11] (Figure 16).
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6. Conclusions

• The two investigated copper deposits of the Albanian Mirdita Zone are hosted in
strongly altered gabbro and gabbronorite.

• A local high-temperature hydrothermal fluid flow is indicated, as the alteration
reached a higher temperature than the known metamorphism.

• The samples from the western Kçira are richer in compatible elements, while those
from the eastern Thirra have higher concentrations of incompatible elements, reflecting
their original geodynamic settings (MOR and SSZ, respectively).

• So far, unknown minerals have been identified in the deposits: ilvaite, scorodite, Ni-
and AgAu-tellurides, native tellurium, and prehnite.

• Based on the trace element contents of the pyrite grains (Co, Ni, Te, Se) and the mineral
chemical composition of the epidote, the deposits are identified as the deep stockwork
feeder zones of VMS systems.

Consequently, the Kçira and Thirra deposits are mafic-, Cyprus-, and thus Cu-type
VMS mineralisations, representing the feeder zone of the hydrothermal system, with the
detected mineralogical and geochemical differences related to their different geotectonic
situations. Further evaluations for the ore potential of these deposits are needed in the
future, as well as fluid inclusion and stable isotope geochemical studies (H, O, S, Cu, Fe).
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