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Abstract

The Zune Ba-F epithermal deposit is situated in the Ljubija ore field (NW Bosnia and Herze-
govina), within Upper Palaeozoic dolostone. A typical ESE-WNW Variscan vergency fault zone
separates the dolostone from Lower Triassic schists and sandstones. External and internal pseu-
do-bedding, with massive, homogenous structure and partial limonitization characterizes the
dolostone. Its geochemical composition exhibits low SiO, (1.33 — 2.06 mass. %), Al,O3 (0.27 —
0.38 mass. %), BaO (0.02 — 0.83 mass. %), ZREE (5.7 — 9.4 ppm), Sr (61.7 — 120.4 ppm), Sm
(0.3 -2.2 ppm) and Eu (0.1 — 0.6 ppm), while having high CaO (30.24 — 32.38 mass. %), MgO
(16.47 — 17.35 mass. %) and LOI (44.6 — 45.58 mass. %). The dolostone-mineralization contact
zone consists of metasomatically recrystallised host dolostone with quartz and pyrite, where the
presence of accessory tremolite, magnesiochloritoid and pyknite indicates peak formation con-
ditions in the pre-mineralization phase with temperatures above 300°C. Two ore types are
described: (i) Ba-F vein-type mineralization composed of barite — fluorite + quartz, and (i) hy-
drothermal breccia composed of coarse-grained fluorite and barite, surrounding fragments of
dolostone, and occupying =20 % of the deposit. Mineralized samples show slightly elevated SiO-
(2.20 - 5.53 mass. %) and Al,03 (0.24 — 0.74 mass. %), low MgO (below 0.02 mass. %) and LOI
(0.3 =3.1 %), with high BaO (up to 50.74 mass. %), CaO (up to 66.03 mass. %), ZREE (20 — 166
ppm), Sr (exceeding 1 mass. %), Sm (up to 118 ppm) and Eu (up to 44 ppm). Elevated Sr can be
correlated to other barite epigenetic hydrothermal deposits in the Dinarides, interpreted as Ba-
Sr substitution in the barite crystal lattice. Fluorite-rich samples are characterized by Y (0.6 —
49.2 ppm) and HREE enrichment, accompanied by depletion of LREE. The Ba-F deposit Zune,
having variable REE concentration and a negative cerium and ytterbium anomaly corresponds
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geochemically to world-class fluorite deposits associated with carbonate sedimentary rocks.

1. INTRODUCTION

Within the Central Dinarides, fluorite (CaF») or fluorspar, an im-
portant industrial mineral used in the metallurgical, ceramic and
chemical industries, commonly occurs as a secondary mineral
associated with the Upper Palacozoic continental rift related de-
posits or younger post-collisional hydrothermal alteration. Ex-
amples of Upper Palacozoic deposits are: (i) As-polymetallic de-
posits with fluorite (Hrmza, Mid-Bosnian Schists Mts.), (ii)
carbonate hosted barite-fluorite deposits (Meovrsje, Mid-Bosnian
Schists Mts.; Zune, Sana-Una Palaecozoic) and (iii) carbonate-
hosted barite-siderite-fluorite deposits (Vidrenja-Ljubija, Sana-
Una Palaeozoic). An example of a younger occurrence is the Oli-
gocene post-collisional pneumatolytic-hydrothermal alterations
of the S-type granitoid (Motajica Mt.) (BOROJEVIC SOSTARIC
et al. 2022 and references therein, in press). According to a new
classification scheme (MAGOTRA et al. 2017), fluorite-bearing
deposits in the Dinarides are divided into two types: (i) those as-
sociated with carbonate sedimentary rocks (Hrmza, Meovrsje,
Zune, Vidrenjak-Ljubija), have a variable REE concentration and
low to moderate negative cerium and ytterbium anomaly and (ii)
others associated with felsic igneous rocks (Motajica Mt.) having
a strong positive yttrium and negative europium anomaly. Fluo-
rite deposits associated with carbonate sedimentary rocks world-
wide show low formation temperatures ranging between 100°C
- 150°C and variable salinities between 12 wt% eq NaCl up to 22
wt% eq NaCl, implying epigenetic formation conditions, very

similar to the Mississippi-valley type deposits (MVT) (BEJAOUI
etal., 2013; RAJABZADEH, 2007; XU et al., 2012). However, at
the Zune location, Sana-Una Palacozoic, PALINKAS et al. (2016)
reported ore-forming fluids of NaCl-CaCl,-H,O composition
with highly variable salinity and a homogenization temperature
between 100 - 310°C, implying epithermal conditions. Hydrother-
mal fluids were interpreted as being a mixture of high-tempera-
ture-high-salinity Permian evaporitic sea water, diluted by low-
temperature-low-salinity marine or meteoric waters.

This study focused on the Zune Ba-F epithermal deposit
situated in northwestern Bosnia and Herzegovina with the aims
of (i) performing detailed field mapping and production of a local
geological map of the Zune deposit; (ii) conducting a structural
study of the Zune deposit, linking the major structures with cer-
tain geodynamic events; (iii) conducting a detailed sampling
campaign of the mineralization and the host dolostone; (iv) con-
ducting detailed mineralogical and geochemical studies; (v) con-
ducting cluster hierarchical analysis using geochemical datasets
(major, trace and REE elements) and (vi) contributing to the for-
mation conditions and metallogenic understanding of this rare
deposit type in the framework of the Dinarides orogeny. Further-
more, the manuscript discusses REE-Y patterns of barite-fluorite
ore as fluorite is typically associated with several critical ele-
ments, including the REEs, Y, Nb and Zr with REEs frequently
substituting for Ca in the fluorite structure (BAU & DULSKI,
1995; MAGOTRA et al., 2017).
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2. GEOLOGY

2.1. Regional geological setting

Palaeozoic complexes in the Internal Dinarides are part of the Di-
naridic Variscan basement and represent the southeastern conti-
nuation of the Palacozoic complexes of the Eastern Alps. They are
included in the nappe structures of the Internal Dinarides by
south-westward directed thrusting and rest on the Adriatic car-
bonate platform units. The Dinaridic ophiolite zone is thrust onto
Palaeozoic complexes and represents their northeastern boundary
(PAMIC & JURKOVIC, 2002; Fig. 1). The Sana-Una Palaeozoic
is a northwestern part of the Dinaridic Variscan basement units,

Geologia Croatica 75/3

which are palacogeographically related to Apulia and Africa. The
Sana-Una Palaeozoic mostly consists of Carboniferous flysch se-
quences (sensu KARAMATA et al., 1997), where MAJER (1964)
determined low and very low—grade metamorphic conditions
(quartz-feldspars-sericite-chlorite-mica-ankerite assemblage).
Carboniferous flysch contains (GRUBIC etal., 2015; MILOSEVIC
et al., 2017): (i) a Lower-Middle Carboniferous pre-flysch (lower
flysch) unit, with the alternation of deep-marine dark argillaceous
schists and medium-grain sandstone; (ii) an olistostromatic unit
with Devonian, Lower and Middle Carboniferous limestone
(JURIC, 1971) clasts containing foraminifers, corals and cono-
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Figure 1. A) A simplified map of the Pannonian basin indicating the location of the Dinarides, B) A simplified geological map of the Dinarides with the major tec-
tonostratigraphic units and the location of the Zune deposit (modified after PAMIC (1993), PAMIC et al. (1998), SCHMID et al. (1998), WILLINGSHOFER (2000) and

TOMLJENOVIC (2002)).
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Figure 2. A tectono-geological map of the Sana-Una Palaeozoic (modified after GRUBIC et al,, 2015).

donts, with this unit containing metasomatic mineralization rep-
resented by siderite and ankerite carbonates that serve as host-
rocks for the largest iron deposit in the Dinarides, the Ljubija
deposit, and (iii) the overlying Uppermost Carboniferous sand-
stone-siltstone flysch, black due to Mn-mineralization. Flysch se-
quences are overlain by Middle Permian clastic sediments (red
breccia and conglomerates, sandstones, shales and evaporites) fol-
lowed by Lower Triassic formations grading to limestone and do-
lostone and volcano-sedimentary chert formation (GRUBIC et al.,
2000). Both Palaeozoic and Middle Permian to Triassic formations
host numerous barite vein-type deposits (Fig. 2). All these forma-
tions are surrounded by Upper Jurassic and Cretaceous carbonates
and Tertiary and Quaternary freshwater sediments that contain
economically significant secondary iron ore deposits.

2.2. Local geological settings

The barite-fluorite vein-type deposit Zune, in the NW part of the
Republic of Srpska region in Bosnia and Herzegovina, is located
about 2.5 km from Ljubija town, at an altitude of 250 - 300 m
above sea level and is surrounded by Kozara Mt. to the NE and
the Majdanske Mts. to the SW. Host rocks are Upper Palacozoic
dolostones. Lower Triassic schists and sandstones located to the
north and west of the mineralization are barren (Fig. 3). The
structure and texture of the vein bears some elements of hydrau-
lic fracturing, an important prerequisite for the boiling of hydro-
thermal fluid, as recognized in the fluid inclusion studies
(PALINKAS et al., 2016). The barite-fluorite ore body is im-
printed into porous dolostone along a fault zone with general
strike ESE-WNW. This ore body is positioned subvertical with
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Figure 3. The local geological setting of the Zune deposit.

its thickness varying from 3 - 10 m, but in the higher levels can
attain up to 20 m. The strike of the ore body can be followed for
up to 50 m. The contact zone consists of metasomatically recrys-
tallised host dolomite with strings of tiny barite veins and im-
pregnations. Although alterations and metasomatic repression
have been noticed, a sharp contact is common between the host
rock and mineralised fault-related veins. The central part of the
vein consists of pure barite and some fluorite. Barite occurs as
white and massive in form in the SW part of the deposit whereas
in the NE part it is mostly porous. Massive and porous barite is
exposed on the surface in the middle part of the deposit. Fluorite
also occurs in lenses or as impregnations within barite veins and
dolostone, slightly postdating barite precipitation. Accessory
minerals include calcite, quartz, sulphides and sulfosalts (tetra-
hedrite, cinnabarite, pyrite, realgar) and Au (JEREMIC, 1958).
Quartz and fluorite occur in close contact, however, they do not
contain solid inclusions. Pyrite is found on the contact with do-
lostone and as pyrite-quartz veinlets within the dolostone. Vein-
lets filled with calcite are rare and are also located in the contact
zone. Pyrite is considered to have formed at the end of the pre-
mineralization and beginning of the main mineralization phases,
according to JEREMIC (1958). Sulfosalts (tetrahedrite and cin-
nabarite) observed by the previous author were formed during a
post-mineralization phase, supressing the barite grains. The up-
per part of the ore body is limonitized.

The Zune barite-fluorite deposit, together with similar barite
deposits in the Sana-Una Palacozoic terrains was considered to

be formed during the Permo-Triassic period by an early stage of
intracontinental rifting of Tethys. The source of heat and hydro-
thermal fluids were deeply placed thermal diapirs (PALINKAS
et al., 2016).

3. SAMPLES AND METHODS

Representative samples from the Zune epithermal Ba-F deposit
were analysed micropetrographically using a LEICA MI-
CROSYSTEMS 020-522 101 DM/LSP polarization microscope
at the Faculty of Mining, Geology and Petroleum Engineering,
University of Zagreb (n = 14; Table 1), and divided into three main
groups (dolostone, Ba-F veins and hydrothermal breccia).

Geochemical whole-rock major and trace element analyses
of the selected non-altered Zune samples (n=11; Appendix A)
were conducted at the MSALabs Laboratory, Langley, Canada.
Whole-rock major elements were analysed by inductively coupled
plasma—atomic emission spectrometry (ICP—AES), while trace
elements including rare earth elements were determined by in-
ductively coupled plasma—mass spectrometry (ICP-MS). Lithium
metaborate/tetraborate fusion and dilute nitric digestion were
used for the decomposition of samples (0.2 g). Loss on ignition
(LOI) was determined by weight difference after ignition at
1000°C. In addition, a separate 0.5 g split sample was digested in
Aqua Regia and analysed by ICP-MS to determine the contents
of precious and base metals.

Trace elements and REEs were analysed using the GCD
Toolkit in R language (JANOUSEK et al., 2006). Their contents
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Table 1. List of samples with conducted analyses and mineral composition. List of mineral abbreviations: Brt = barite, Dol1 = host rock dolomite, Dol2 = contact
zone recrystallized dolomite, Dol3 = late-stage fine-grained dolomite, Ep = epidote, Fl = fluorite, Lm* = limonite, Mcld = magnesiochloritoid, Py = pyrite, Tpz = topaz

(pyknite), Tr = tremolite, Qtz = quartz.

Sample dessacr:i]gtlii n ICP-AES ICP-MS XRD Micropetrography Modal mineral composition Arﬁ?r?:iglrs Y Agreggzzn
7-1 + + + Dol1 (80%) > Qtz=Brt=Fl (5%) > Ms (1%) Py Lm, Dol2 (1%) > Dol3
Z-2 Dolostone + + + Dol1 (85%) > Brt (5%) > Qtz=Fl (3%) > Ms (1%) Py Dol2 (1%) > Lm, Dol3 (< 1%)
7-4 + + + Dol1 (90%) > Fl (5%) > Qtz (3%) Tr, Py Lm (< 1%), Dol2
Z-10 + + + Dol1 (90%) > FI (5%) > Qtz=Ms (1%) Py Lm (< 1%), Dol2, Dol3
7217 + + + Dol1 (75%) > FI (10%) > Qtz=Brt (5%) > Ms (1%) Tpz, Tr, Ep, Py Lm (< 1%), Dol2, Dol3
73 + + + Brt (75%) > Fl (15%) > Dol1 (5%) Py Dol2 (3%) > Lm, Dol3 (< 1%)
Z-11 + + + FI (95%) > Brt (3%) > Qtz=Ms (1%) Py Lm (1%)
796 Bafveintype + o+ + FI (85%) > Brt (10%) > Qtz (3%) > Ms (< 1%) Py Lm (1%) > Dol2
) mineralization
Z-19 + + + FI (90%) > Brt (5%) > Qtz=Ms (1%) Tr, Py, Tpz Lm (1%) > Dol2
7-20 + + + + Brt (75%) > FI (20%) > Ms (1%) Py Lm (1%) > Dol2
Z-5 + + FI (50%) > Dol1 (20%) > Qtz (15%) > Brt (10%) > Ms (1%) Mcld, Tr, Py, Tpz Lm (1%) > Dol2, Dol3
7-6 Hydrothermal + FI (80%) > Brt (10%); > Dol1 (5%) > Qtz (3%)> Ms (1%) Py Lm (1%) > Dol2
77 breccia + + + + Brt (40%) > Qtz (35%) > Dol1 (15%) > Fl (5%) > Ms (1%) Py Lm (< 1%) > Dol2
7-22 + FI (55%) > Dol1 (35%) > Brt (5%) > Qtz (3%) > Ms (1%) Py Lm (< 1%), Dol2, Dol3

* - mineraloid

were normalized to chondrite (ANDERS & GREVESSE, 1989)
and Upper Continental Crust (TAYLOR & MCLENNAN, 1995)
and further plotted on the suitable diagrams.

The light fraction (quartz) was separated from the heavy
fraction (barite) using sodium polytungstate — SPT in a centri-
fuge and then frozen while in cuvettes. Following this, the sepa-
ration process was carried out by pouring deionized water over
the frozen light fraction, thawing and separating it from the heavy
fraction. The light fraction of each of the four samples was ho-
mogenized in an agate grinding set to powder fraction, and its
mineral composition was determined using XRD analysis.

X-ray diffraction analysis of the selected samples was per-
formed at the Faculty of Mining, Geology and Petroleum Engi-
neering, University of Zagreb (n = 4; Table 1) following micro-
petrographical and geochemical analysis. A Malvern
PanAnalytical vertical X—ray goniometer (type X‘Pert MPD) was
used, equipped with Cu tube and graphite crystal monochroma-
tor with the following experimental conditions: 45 kV, 40 mA,
primary beam divergence automatic, irradiated length 0.5 mm,
continuous scan (step 0.0131303° 2Q)/s). Obtained spectra were
analysed using X'Pert HighScore plus 2.1 PANalytical B.V. soft-
ware.

In order to determine correlation of major elements with se-
lected trace and REESs in the barite and fluorite zones, hierarchi-
cal clustering analysis (HCA) was conducted on samples Z-3, 7,
11, 16, 19, 20 using a joint tree diagram. The dataset needed to be
log-transformed as geochemical data does not follow a normal
distribution. Standardization of the data followed after log-trans-
formation to make sure that each variable was weighted equally.
As aresult of data standardization, new values Z (Z-value), with
a mean of zero, were calculated and are measured in units of
standard deviation. Hierarchical plotting of data was conducted
using Statistica 12 (STATSOFT INC., 2012). As the main distance
measure between the geochemical variables, the Euclidean dis-
tance was chosen for this study with Wards method as the linkage
rule. The linkage process and grouping were repeated until all
variables were connected, where the variables showing the largest
similarity were grouped first.

4. RESULTS

4.1. Structural characteristics of the deposit

Geological mapping was conducted with the purpose of better
understanding geological relationships in the study area. Minera-
lised fault-related veins and veinlets were the main structural
elements that were investigated, alongside pseudo-bedding of the
host dolostone that is related to millimetre thick intercalations of
clay. The Zune deposit, like the microlocality itself, and its barite
ore body is situated in a Variscan fault zone having ESE-WNW
vergency. It is also important to mention a second, subparallel
and barren fault, with a similar general strike that is situated
10-20 m south of the deposit, separating the olistostromatic unit
of the Sana-Una Palaeozoic from Lower Triassic sediments.
Additionally, there are several faults, perpendicular to the main
ESE-WNW vergency fault zone, postdating the mineralization
fault that crosscut the ore body in deposit with minor upturn.

Pseudo-bedding in the host dolostone is characterized by

millimetre thick intercalations of clay. The thickness of the
pseudo-bedding varies from 5 - 30 cm. Additionally, milli- to
centimetre intervals within the dolostone occur in variable grey
colours, steepening 50-55° toward the east and lying subparallel
to the clay intercalations. On the northern and southern flanks of
the main ESE-WNW vergency Ba-F vein, milli- to centimetre
thick barite veinlets within the host dolostone, with maximum
length of 0.5 metres, were observed:

(1) Veinlet system Sv; (statistical vein orientation 283/75)
was registered parallel or approximately parallel to the
pseudo-bedding of the host-dolostone (Fig. 4C). These
veinlets are filled with barite and fluorite and appear in
metre intervals for a couple of metres on the northern and
southern flanks of the deposit.

(2) The Sv; system of barite-fluorite veinlets (Fig. 4B and
4D), having the highest importance regarding minerali-
zation, with orientation 190/80, lie parallel to the main
fault and its mineralization.

(3) Svsveinlets/joints have a general orientation 105/55 and
are occasionally filled with barite-fluorite mineralization
(Fig. 4B and 4D).
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(4) Additionally, Sv4 and Svs veinlet systems appear diago-
nal to the pseudo-bedding of the host-dolostone (Fig.
13B; Sv4 with orientation 53/50 and Sv5 with orientation
339/72) and are weakly distributed in the deposit. They
are commonly filled with barite.

Sv1 vei nlet
Figure 4. Structural elements in the Zune Ba-F deposit. A) Fault surface with ESE-WNW strike, eastern side of the canyon (Z-22 sampling locality); B) Barite-fluorite

vein within dolostone (Z-21 sampling locality); C) cross tension Sv; vein in Z-11 sampling locality; D) transition from pseudobedding to cross veins/veinlets in Z-2
sampling locality.
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4.2. Host rock petrography

Macroscopically, dolostone has a massive, homogeneous struc-
ture and is mostly dark grey (Fig. 5A, Fig. 5C) but can also ap-
pear light grey in some samples (Fig. 5D). Despite primarily
having a massive structure, three samples (Z-5, Z-6, Z-7; Figs. 8A
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Figure 5. A) Quartz-barite veinlets cutting dolostone sample Z-2, dark grey in colour; B) A photomicrograph of the Z-2 sample (N+). Quartz-barite veinlet cutting
dolostone (Dol1) which consisted of partly weathered dolomite mineral grains; C) Dolostone-barite outcrop on the left slope in the Zune deposit; D) Fluorite-bar-

ite-dolostone outcrop in the Zune deposit.

and 8B) of dolostone fragments are found as part of a breccia
alongside barite and fluorite. Limonitization, occurring due to the
alteration of sporadic pyrite grains, is present in the form of orange
to brownish layers, and completely affects samples Z-3 (Fig. 7A)
and Z-9 (Fig. 7B). In the proximity of the ore mineralization,
veinlets are more common, occupying up to 15 vol. % of the
dolostone. The thickness of veinlets ranges from 1.00 - 5.75 mm.
The micropetrographical study illustrates the presence of
anhedral to subhedral mineral grains of dolomite (Fig. 5B). Do-
lostone is composed of dolomite mineral grains with negligible
amounts of muscovite and opaque pyrite. The size of dolomite
mineral grains varies from 0.008 - 1.20 mm, whereas the size of
muscovite mineral grains varies from 0.004 - 0.18 mm.

4.3. Contact zone petrography

The contact zone between the Ba-F type of mineralization and
dolostone is characterized by hydrothermally recrystallised do-
lomite (Dol2), pyrite and quartz containing accessory tremolite,
magnesiochloritoid, topaz (pyknite), epidote and rutile. Small
amounts of early-stage fluorite and barite are also present. Fine-

grained late-stage dolomite veinlets (Dol3) sometimes crosscut
all the earlier paragenesis (Fig. 6A). Limonitization after pyrite
is widespread. Hydrothermally recrystallised dolomite (Dol2)
and quartz are coarser-grained (from 0.2 - 1 mm in size), com-
pared to euhedral pyrite that occurs as fine grains (0.01 - 0.25
mm). Accessory minerals are similar in size to the pyrite. Tremo-
lite (1 vol. % of the thin sections) mostly occurs as a fibrous ag-
gregate on the contact between quartz and early-stage fluorite but
can also be found incorporated in both quartz and early-fluorite
grains (Fig. 6B). Radially shaped aggregates of magnesiochlori-
toid (2 vol. % of the thin sections) occur included within quartz
grains (Fig. 6B). Acicular mineral grains of pyknite ([Alx(SiO4)
(F,OH),]J; 1 vol. % of the thin sections) are commonly included
within quartz (Fig. 6D). Dimensions of the pyknite mineral grains
vary from 0.003 - 0.17 mm. Epidote (1 vol. % of the thin sections)
is present as granular aggregates or as individual mineral grains
(Fig. 6C) sometimes included in quartz. Dimensions of epidote
mineral grains vary from 0.02 - 0.16 mm. Early-stage barite is
tabular to coarse-grained, does not host solid inclusions and ap-
pears similar to barite in vein and breccia types of mineralization.
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Figure 6. A) A photomicrograph of the Z-1 sample (N+). Host dolostone (Dol1) in contact with recrystallised dolomite (Dol2) and a barite/fluorite vein cross-cut by
fine-grained late-stage dolomite veins (Dol3); B) A photomicrograph of the Z-5 sample (N+). Radially shaped magnesiochloritoid and tremolite included in quartz
surrounded with fluorite that is cross-cut by late-stage dolomite (Dol3); C) A photomicrograph of the Z-9 sample (N+). Epidote grain in contact with fluorite and
limonitized dolomite; D) A photomicrograph of the Z-17 sample. Topaz (pyknite) included in quartz on border with recrystallised dolomite. Euhedral pyrite pres-
ent inside dolomite. Brt = barite, Cb = carbonate mineral, Dol1 = host dolostone, Dol2 = recrystallised dolomite, Dol3 = late-stage dolomite, Ep = epidote, FI = flu-
orite, Lm = limonite, Mcld = magnesiochloritoid, Py = pyrite, Tpz = topaz (pyknite), Tr = tremolite, Qtz = quartz.

4.4. Ore petrography

4.4.1. Ba-F vein type of mineralization

The predominant type of mineralization in the Zune deposit is
the Ba-F vein type mineralization located within a fault zone with
a general strike of ESE-WNW. The main Ba-F vein is subverti-
cal, 3 - 10 m thick and up to 50 m in length and composed pre-
dominantly of barite and up to 20% fluorite. The mining opera-
tions stopped in the late 1950s due to an increasing amount of
fluorite with depth (JEREMIC, 1958). Quartz and hydrothermal
carbonates occur as accessory minerals. Smaller veinlets (<1 - 6
mm thick) of similar composition occur within the dolostone
(Figs. 7A, 7B). Fluorite and quartz are usually located on the vein-
let’s edges indicating slightly earlier deposition. In the central
part of the veinlets, barite is the dominant phase while fluorite,
quartz and other minerals are less abundant.

The micropetrographical study illustrates the presence of
fluorite and barite as the main ore minerals alongside quartz in
the examined samples. Fluorite is mostly coarse-grained, isotro-
pic with expressed cleavage. Dimensions of fluorite grains vary
from 0.05 up to 5.50 mm. Fluorite occupies 15-95 vol. % of thin
sections. Barite occurs as fine-grained to coarse-grained, elon-
gated or as fan-shaped aggregates. Dimensions of barite grains
range from 0.1 to 4.50 mm, occupying 3—85 vol. % of thin sec-
tions. Quartz occurs in smaller amounts in thin sections (1-3 vol.
%) with grain size varying between 0.02 - 3.50 mm. Quartz is
often found accompanied by fluorite in veinlets, and seldom by
barite.

4.4.2. Hydrothermal breccia

The hydrothermal breccia mostly occurs in proximity to the
contact zone, represented by the Z-5, Z-6, Z-7 and Z-22 samples.
Fluorite-barite-dolostone-quartz breccia makes ~20 % of the de-
posit. The Z-6 (Fig. 8A), Z-7 and Z-22 samples predominantly
consist of fluorite and barite cement surrounding sporadic dolos-
tone fragments with rare limonite veinlets, where fluorite and bar-
ite together comprise 60 vol. % of these three breccia samples. The
7-5 sample (Fig. 8B) consists mostly of dolostone with quartz-li-
monite veinlets, where fluorite and barite occupy a minor part of
the sample. Fluorite and barite together comprise 20 vol. % of the
7-5 sample. Fluorite colour varies from purple to colourless with
vitreous lustre. Barite is white in colour with a pearly lustre. Do-
lostone is dark grey in colour and partly limonitized. Barite, fluo-
rite and quartz have similar physical and optical properties as
those in Ba-F vein type mineralization samples.

4.5. Depositional succession

A simplified paragenetic sequence of minerals in the Zune deposit
is presented in Figure 9. Based on microscopic analysis, it was de-
termined that after recrystallised dolomite was formed in the pre-
mineralization phase (Dol2), pyrite is the first to crystallize fol-
lowed by minor quartz hosting accessory epidote, Mg-chloritoid,
topaz (pyknite), tremolite and rutile and small amounts of early
fluorite and barite. The main mineralization phase starts with
abundant barite, fluorite and some quartz hosting accessory min-
erals. Small amounts of late-stage dolomite (Dol3) postdate pre-
vious phases (Fig 6). Limonite occurs in the post-mineralization
phase as an alteration product of pyrite.
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«==lAltered dolostone

Figure 7. A) Barite-fluorite vein within limonitized dolostone present in shape of thin layer on the edges of Z-3 sample ; B) Light to dark purple fluorite and white
coloured barite occur in completely limonitized dolostone in Z-9 sample.

Figure 8. A) Z-6 sample consisting of light purple to colourless fluorite, white barite with pearly lustre and dark grey dolostone in the form of breccia; B) Z-5 sample
present in the form of breccia with dolostone as a dominant component alongside deep purple fluorite, barite and quartz.

Pre-mineralization Mineralization Post-mineralization

Recrystalized dolomite (Dol2)
Pyrite

Quartz — e ——
Epidote

Mg-chloritoid
Topaz (pyknite) e

Tremolite e
Rutile
Fluorite

Barite
Hydrothermal dolomite (Dol3)
Limonite 0

Figure 9. A simplified paragenetic sequence of minerals in the Zune deposit determined in this study. Minerals in light grey determined in previous study by
JEREMIC (1958).
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Figure 11. Trace element concentrations of samples 7-1, 7-2, 7-3, 7-4, -7, 7-10, Z-11, Z-16, Z-17, Z-19 and Z-20 with Z-Comp (= Z-Composite) normalized to Up-

per Continental Crust (TAYLOR & MCLENNAN, 1995).

4.6. XRD analysis of the light mineral fraction

Based on the XRD analysis of the Z-5 light mineral fraction, the
most dominant mineral phases are dolomite, calcite and fluorite.
Occasionally, quartz and chloritoid mineral phases are also ob-
served (Fig. 10). Peaks of mineral phases, observed in thin-sec-
tion (muscovite, barite, tremolite, pyknite, pyrite and limonite)
were not recognized on diffractograms due to their low quantities
in the Z-5 sample. Samples Z-7, Z-16 and Z-20 have a similar
mineral paragenesis consisting of fluorite and quartz, with the
occasional occurrence of dolomite.

4.7. Geochemistry
4.7.1. Major elements

The geochemical composition of the major elements is presented
in Appendix A. Dolostone samples mostly consist of CaO (30.24
—32.38 mass. %), MgO (15.62 — 17.35 mass. %) and loss on igni-

tion (LOI) (43.61 — 48.58 mass. %). Only SiO; (1.33 — 3.65 mass.
%) and F (2.55 — 3.16 mass. %) are present in significant contents,
while other major elements are present in trace amounts. In con-
trast, samples of Ba-F vein-type mineralization have more variable
geochemical composition. Two main components are CaO (6.3 up
to 66.03 mass. %) and BaO (3.92 up to 50.23 mass. %). A positive
correlation can be seen between BaO and SO; contents (2.05 up to
26.22 mass. %) and between CaO and CaF5 (2.01 up to 22.88 mass.
%). Only SiO, with values between 2.92 and 5.77 mass. % and LOI
(0.3 up to 3.12 mass. %) are present in significant values, while
other major elements are present in trace amounts.

4.7.2. Trace elements

The distribution of trace elements is similar in most of the analysed
samples. It is also evident that the samples show trace element
concentrations (Appendix A) mostly lower than the average
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composition of the upper continental crust (Fig. 11). Strontium is
elevated in all samples, especially in samples Z-3 (1862.5 ppm),
7-1 (>1 mass. %), Z-20 (928.5 ppm) and Z-7 (>1 mass. %). Yttrium
is slightly elevated in Z-3 (24.8 ppm), Z-11 (41 ppm) and Z-19
(37.5 ppm) samples. Elevated concentrations of Ba and Sr have
strong positive correlations with the amount of barite in the
samples. An increased concentration of Y could be linked with
the occurrence of fluorite in the samples.

Rare-carth element concentrations are presented in Appen-
dix A. The ZREE varies from 5.73 to 166.01 ppm in the analysed
samples. In addition, visible enrichment of light REEs is present
in most of the samples with the XLREE/~HREE ratio being highly
fractionated where ZLREE increases to 598.13 ppm and XHREE
up to 24.42 ppm. They are normalized to chondrite (ANDERS &
GREVESSE, 1989) (Fig. 12), where the higher concentration of
LREEs is detected, with strong positive europium (Eu) and
samarium (Sm) anomalies. Samples Z-7, Z-16 and Z-20 have the
most deviating positive Eu anomaly, with Eu/Eu* ratio 24.27; 20.28
and 20.89 respectively, and with a noticeable positive Sm anomaly.
In these three samples, the concentration of Eu ranges from 40.73
to 43.52 ppm while Sm varies from 110.12 to 118.28 ppm. The Eu
anomaly was calculated as Eu/Eu*= EuN/A[(SmN)*(GdN)]. Other
significant anomalies that are visible on diagrams include negative
cerium (Ce) and ytterbium (Yb) anomalies. Trace and REEs nor-
malized to Upper Continental Crust (TAYLOR & MCLENNAN,
1995) show similar trends in most of the samples, while samples
7-1 and Z-4 show no distinctive anomalies or deviating trends, just
slightly increased, but equal, concentrations of all REEs.

To determine the correlation between the geochemical con-
tents of major elements and trace elements, hierarchical cluster
analysis (HCA) was conducted. The main principle in classifica-
tion of the samples and variables in HCA is the visual observa-
tion of the constructed dendrogram. The HCA resulted in one
dendrogram of analysed Ba-F vein mineralization samples
(Fig. 14). Three geochemically different clusters can be distin-
guished. One cluster consists of BaO, SOz and SrO, grouped with
Sm and Eu. Second cluster consists of CaO, F, NaO and majority

of HREEs, while the third cluster consists of the remaining major
elements (SiO2, MgO, Fe,0s, etc.) with Nb and LREEs (Ce, Nd
and Pr).

5. DISCUSSION

5.1. Structural control of the mineralization

Besides structural analysis, rupture zones through which hydro-
thermal fluids were circulating have been recognized as one of
the main control factors of barite-fluorite ore mineralization.
They filled out fault zones and veinlet systems with the breccia
structure of the host rock, dolostone, making circulation easier.
Fault orientation and position, when compared to a general dip
of the beds (vertical to the strike), indicates pre-ore emplacement
ESE-WNW oriented bedding, perpendicular to the current Dina-
ride NW-SE direction. Similar bedding orientation with pole con-
centration that highlights Pi-girdle with f-axis 14/15 was deter-
mined by GRUBIC & PROTIC (2003) while working on flysch
sediments of the olistostromatic unit in the Adamusa deposit
(situated 4 km west of the Zune deposit).

Five vein/veinlet systems were determined during fieldwork.
Longitudinal veinlets made a strong contribution to other vein-
lets and in the destruction of the deposit near the surface, when
in combination with other exogenous factors. Based on statistical
data interpretation (Figs. 13A and 13B) of veinlets spatial positions
that are filled with barite and fluorite, it was recognized that these
veinlets occur in the aforementioned five veinlet systems. The
main ESE-WNW vergency fault zone and Sv; barite and fluorite
veinlets were formed during the Variscan orogeny. This is con-
sistent with the observations of PALINKAS et al. (2016), inter-
preting Zune Ba-F mineralization as a shallow epithermal mani-
festation of the Late Permian Ljubija Fe polysulfide ore field.
However, it must be taken into consideration that their morpho-
logical and genetic significance is not the same. Based on the re-
maining ore body material, it can be concluded that they were
thicker and more significant than the remaining ruptures. This
interpretation fits with the regional analysis of the Sana-Una Pa-
laeozoic structures and rupture systems in the Adamusa iron de-
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Figure 13. A) A contour diagram of poles to veins/veinlets in the quarry, determined through measurements of structural geology, n= 34; B) Stereographic projec-

tion (Schmidt net) for the vein/veinlet systems in the study area.

posit (GRUBIC et al., 2003). Many of these folded structures, in
all dimensions, west of the Sana River and particularly between
Ovanjska and Ravska have a 3-axis positioned in a N-E to NNE-
SSW direction (GRUBIC et al., 2015).

5.2. Ore deposition conditions

5.2.1. Contact zone

The mineralogical assemblage of the contact zone between the
dolostone and vein-type mineralization is characterized by tremo-
lite, magnesiochloritoid, topaz (pyknite) and epidote.

Tremolite [Ca;MgsSigO2,(OH),] occurs in several samples
(Z-4,7-5,7-17 and Z-19) in the Zune deposit. It is commonly de-
veloped on the fluorite-quartz-carbonate boundary so the prese-
nce of quartz indicates that the tremolite-forming reaction was
not fully completed. The mineral assemblages suggest the reac-
tion (SLAUGHTER et al.,, 1975; EGGERT & KERRICK, 1981):

5CaMg(CQO3);, + 8SiO, + H,O =

(dolomite) (quartz)
Ca,Mg;Sig022(OH) ; + 3CaCO; + 7COs. (1)
(tremolite) (calcite)

Corresponding equilibrium conditions for reaction (1) were:
a pressure of 2 kbars with a temperature of 484 +/- 15°C and
Xcor=0.85. These data were the starting points for the thermo-
dynamic calculation of phase equilibria in the CaO-MgO-
Si0,-H,0-CO; system (SLAUGHTER et al., 1975). Reactions
involving talc can be excluded as no talc was discovered in the
carbonates of the Zune deposit area. The rare Tr + Dol assem-
blage reflects either local mineralogical (and hence composi-
tional) zoning on a larger scale than a thin section, or local meta-
somatism (COOK & BOWMAN, 2000). BUCHER & FREY
(2002) stated that in a zone with tremolite-bearing dolomites, the

low temperature limit for tremolite coincides with the upper limit
for talc (= 450°C).

Chloritoid [(Fe?*,Mg,Mn?*")Al,(Si04)O(OH),] with Magne-
siochloritoid [MgAl,(SiO4)O(OH),] as an Mg analogue is often
a so-called “stress” mineral but it is also observed in quartz-car-
bonate veins and other hydrothermal environments according to
DEER et al. (1997). Mg-chloritoid occurs in three samples (Z-5,
7-17 and Z-19) where it occurs included in quartz. GHENT et al.
(1989) suggested a Mg-chloritoid forming reaction as:

(Mg,Fe?*)sAl(SizAl)O;o(OH)g + 4CaCOs + 4CO, =
(chlorite) (calcite)

4CaMg(CO3), + 2810, + MgAly(SiO4)O(OH),.  (2)
(dolomite) (quartz) (Mg-chloritoid)

In reaction (2) GHENT et al. (1989) decided on a clinochlore
component of chlorite that reacts with calcite giving Mg-chlori-
toid alongside recrystallised dolomite and quartz. The suggested
conditions of formation were a constant total pressure of 5 kbars
for part of the system K,0-Na,O-FeO-MgO-Ca0-Al,05-SiO-
H0-CO;, and Xco, exceeding ~0.01 at 350°C. LIVI et al. (2002)
showed, in a series of mineral forming reactions, that the mineral
assemblage Cal + Dol + Chl is present at a pressure of 2 kbars
and a temperature range of 320-400°C. Although chlorite was
not detected, due to the small number of thin-sections available,
its presence cannot be ruled out, similar to GHENT et al. (1989)
where chlorite was also lacking in the mineral assemblage.

Pyknite [Al5(SiO4)(F,OH),] is a variety of fine-grained topaz,
but also commonly occurs as dense aggregates of prismatic to
acanthine crystals. Pyknite occurs in three samples (Z-5, Z-17
and Z-19) where it is found as inclusions in quartz grains. At low
Ca?*/H* activity ratios, topaz is a stable phase whereas fluorite is
deposited at high Ca?*/H* ion activity ratios (as referenced in
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SRIVASTAVA & SUKHCHAIN, 2005). Under conditions of
very high F-activity, topaz may form as a result of the instability
of muscovite in the presence of HF according to the reaction
(WRIGHT & KWAK, 1989):

K,Aly(SigAly050)(OH), + 3HF + 2H* =

(muscovite)

3Aly(SiO4)(OH,F); + 3Si0; + 2K* + 4H,0. 3)
(topaz) (quartz)

According to THOMAS (1994), who studied different types
of topaz in the Erzgebirge area in Germany, temperatures of for-
mation of hydrothermal topaz are < 330°C with a fluorine content
(in F/(F + OH) molar ration) of < 0.76.

Epidote [Cay(AlFe")(Sip07)(Si04)O(0OH)] occurs in four
samples (Z-2, Z-9, Z-15 and Z-17) mostly present in granular ag-
gregates. BIRD & SPIELER (2004) described the formation of
epidote by precipitation in veins and cavities and by replacements
of silicates, carbonates and Fe-oxides. Due to the sensitivity of
epidote solid solutions to slight changes in fluid chemistry, the
quantitative evaluation of the physical and chemical variables
may be unreliable as stated in ARNASON et al. (1993). Thus, it
must be taken into consideration that under hydrothermal condi-
tions, epidote is stable over a range of temperatures and pressures
(as referenced in BIRD & SPIELER, 2004).

5.2.2. Ba-F vein type mineralization (previous estimation)

The formation conditions of the Zune Ba-F epithermal deposit
as a part of the Ljubija ore field were described by PALINKAS
et al. (2016). These authors conducted various analyses: (i) mi-
crothermometric measurements; (ii) Laser Raman spectroscopy
that was performed on fluorite samples and (iii) bulk crush-leach
analysis by ionic chromatography that was performed on fluorite
and barite samples from the Zune deposit. Fluid inclusion studies
in fluorite from the fluorite-barite veins resulted in the discovery
of nine different types of inclusions. Liquid-rich and vapour-rich
inclusions with or without daughter minerals were the objects of

the study. Homogenization temperatures were in a range from
125°C to 245°C for liquid-rich inclusions of high salinity, and
vapour-rich inclusions with very low salinity. Laser Raman spec-
troscopy was also performed on liquid-rich aqueous inclusions
containing halite daughter minerals, with high salinity. The in-
clusions were composed of aqueous liquid and aqueous gas and/
or traces of CO, at room temperature, while other volatiles were
not detected. Maximum values of SO42* were up to 30.000 ppm
within a single fluorite sample which is explained by contamina-
tion with barite since it was very often found in paragenesis.
Hydrothermal fluids were represented as a mixture of high-tem-
perature-high salinity Permian evaporitic sea water, diluted by
low-temperature-low-salinity sea or meteoric waters (PALINKAS
et al., 2016). The boiling temperature was controlled by the hy-
drostatic pressure at depths of 100-200 m below the land surface
so the Zune ore deposit experienced intensive boiling due to the
near-surface setting.

5.3. Hierarchical cluster analysis of geochemical data

Establishing the relationship between major-, trace- and REEs
was based on two main approaches: plotting trace and REEs and
a hierarchical cluster analysis (HCA).

5.3.1. The role of barite

The highest Sr concentrations occur in the samples containing the
highest amount of barite (e.g. Z-7, Z-19 and Z-20 sample; Appen-
dix A). The presence of Sr in the barite can be explained by the
substitution of Ba?* with Sr?* in the crystal lattice due to similar
ionic radii (Ba= 1.42 A; Sr=1.26 A) and expressed as a SrSOy
component. Such a relatively high Sr content is typical for an as-
cending hydrothermal type of mineralization, whereas a low con-
tent characterizes the volcano-sedimentary type of barite deposit
(JURKOVIC et al., 2010). Additionally, JURKOVIC et al. (2010)
presented the relationship between the SrSO,4 content in barites of
Bosnia and other worldwide known barite deposits. They deter-
mined that the barite of Bosnia, those of the Brixlegg deposit in
Austria and the Rudnany deposit in Slovakia are characterized by
considerably higher SrSO4 contents which is typical for hydro-
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Figure 14. Hierarchical cluster analysis of the Ba-F vein mineralization and hydrothermal breccia samples.
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thermal epigenetic deposits. The conclusion was that the extended
ranges of SrSO, contents could be the result of partial remobiliza-
tion processes during the Variscan and Alpine orogenies.

The most significant difference in the REE distribution pat-
terns is observed in the Sm- and Eu-anomaly that is mildly positive
for most of the samples (Fig. 12), but highest in the Z-7, Z-16 and
7-20 samples (Appendix A). Higher concentrations of Sm and Eu
also follow the trend of the higher amount of barite in the samples
which suggests that there is an enrichment of those two LREEs in
barite. A negative correlation between Sm and Eu with CaO, MgO
and F (Appendix B) is noted, meaning that there is no Sm and Eu
enrichment in either the dolomite or fluorite phases. This result
suggests that the ore-forming hydrothermal fluid was enriched in
Sm and Eu, which were presumably incorporated into the barite.
HAJALILOU et al. (2014) stated that the positive Eu anomaly can
be caused due to reducing conditions that stabilize Eu?*. They
added that if the ore-forming fluid is the final stage of the magmatic
differentiation, the late fluid is enriched in Eu, K, Ba and Sr, where
Eu?* and Sr?* are similar to Ba?*, leading to their involvement in
the barite structure. BAU & MOLLER (1992) (as referenced in
SAFINA et al., 2021) suggested that a positive Eu anomaly could
indicate a high temperature of mineral formation (>250°C), with
reducing conditions and the presence of Eu?* in the mineralizing
fluid. MORGAN et al. (1980) deemed it is more likely that the
positive Eu anomaly is related to the large radius of the Eu?* cat-
ions. The bigger the REE ions, the more easily they’ll be incorpo-
rated into the barite structure due to the large Ba?* ionic radius
(1.50 A stated by MORGAN et al., 1980, but 1.42 A by renewed
data). The Eu?* ion is very similar in size and charge to Sr2* (1.33 A
in VIII co-ordination) and accordingly is less difficult to accom-
modate in the barite structure than the smaller trivalent REEs; in
addition, Eu?* requires no charge compensation (MORGAN et al.,
1980). Based on renewed data, the ionic radius of Eu?* is 1.25 and
Sr?* is 1.26 in VIII co-ordination. So, it can be concluded that
minerals with large ions, such as Ba?* (1.42 A), favour replacement
by the largest (=lightest) REE ions (MORGAN et al., 1980), such
as Eu and the neighbouring Sm. When compared to hierarchical
cluster analysis (Fig. 14) Sm and Eu make one cluster that is con-
nected to BaO and SO3, which proves their strong connection. SrO
makes contact with BaO-SOs-Eu-Sm cluster somewhat later, im-
plying a secondary connection to it. This could indicate that barite
was first enriched in REEs (Sm and Eu) and then later with Sr.

5.3.2. The role of fluorite

Most of the samples containing a higher amount of the fluorite
phase also show higher concentrations of yttrium and other
HREEs (e.g. Z-3, Z-11 and Z-19 samples). While barite can also
be found in these samples, there is a negative correlation between
Y and barite (Appendix B) and in contrast, a positive correlation
between Y and fluorite.

Typically, fluorite is associated with several critical elements,
including REE, Y and Nb. Yttrium is considered to be a pseudo-
lanthanide due to its similar size and the same charge as the lan-
thanides, and it behaves anomalously in F-rich systems (as refere-
nced in MAGYAROSI & CONLIFFE, 2021). These authors also
stated that the positive Y anomaly is a common feature of hydro-
thermal fluorites. As observed in Fig. 11, Y shows a slightly posi-
tive anomaly in Z-3, Z-11 and Z-19 samples. This could be ex-
plained by yttrium forming a complex with fluorine due to the
substitution of Ca%* (ionic radius of 1.00 A) and Y3* (ionic radius
of 1.02 A). In addition, MOLLER et al. (1998) suggested that to
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achieve electrical neutrality due to substitutions of ions of differ-
ent charges, the following types of reactions should be considered:

1. 2Ca%* <> REE**+ Na™;
2.3Ca% < 2 REE*' + ;
3. Ca®*oREE* + F-.

So the previously mentioned substitution would be possible
according to reaction (3) where instead of REE*" in the reaction
there would be Y3'. There is also a positive correlation between
HREEs and Na,0O with fluorite (Appendix B) meaning fluorite is
slightly enriched with HREE and depleted in LREE. According
to MOLLER et al. (1998) partial dissolution due to tectonic stress
and subsequent recrystallisation leads to the preferred separation
of LREE from fluorite. Also, LREE are dominantly present in a
separate phase, which has a different solubility behaviour than
fluorite and therefore, due to remobilization, the subsequently pre-
cipitated fluorite is considerably depleted in LREE. Moreover,
LREE fractionation also occurs during precipitation of fluorite
due to HREE forming more stable fluoro-complexes and staying
in the F-rich fluid. With Na (NaO in Appendix B) showing a posi-
tive correlation with HREE and fluorite, a possible explanation
would be that Na* forms complexes with REE** while substitut-
ing Ca?* according to the previously mentioned reaction (1).
MOLLER et al. (1998) (as referenced in MAGYAROSI & CON-
LIFFE, 2021) noted that the positive correlation of Na with the
total REE-Y content observed in some phases suggests that the
Ca?" atom in the structure of fluorite is replaced by REE-Y?*, with
Na* preserving an electrically neutral charge in these phases.

6. CONCLUSION

This manuscript is focused on the Zune Ba-F epithermal deposit,
situated in the Ljubija ore field of northwestern Bosnia and Her-
zegovina, bringing new data on field mapping, the structural set-
ting, mineralogy and geochemistry. Different lithological units
were determined and analysed: Upper Palacozoic dolostone is the
host rock, contact zone, Ba-F vein type and hydrothermal breccia
mineralization. The dolostone is characterized by external and
internal pseudo-bedding (steepening to 50-55° dip towards the
east) with a massive, homogeneous structure, dark grey in colour,
with signs of partial limonitization proximal to mineralization and
composed of dolomite mineral grains with negligible amounts of
muscovite and opaque pyrite.

The contact zone consists of hydrothermally recrystallized
host dolostone with early quartz and pyrite, whereas the presence
of accessory minerals including tremolite, magnesiochloritoid and
pyknite indicate higher temperatures of formation, generally
above 300°C. The data obtained represent local peak temperature
conditions in the contact zone related to the pre-mineralization
stage and correspond to previously reported peak microthermo-
metric temperatures on coarse-grained fluorite from the main
mineralization stage. XRD analysis of the light mineral fraction
confirmed dolomite, calcite and fluorite with minor quartz and
occasional chloritoid.

Structural analysis of the Ba-F mineralization recognized five
vein/veinlet systems, infilled with barite and fluorite. The most
important system (Svy) stretches vertically to subvertically to the
pseudo-bedding with an orientation of 190/80, and was formed
during the Variscan orogeny. Fluorite and quartz are usually lo-
cated on the veinlet’s edges indicating slightly earlier deposition,
while barite is dominant in the central part of the veins, indicating
somewhat later deposition. Hydrothermal breccia is composed of
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coarse-grained barite and fluorite surrounding irregular fragments
of dolostone, crosscut by quartz-limonite veinlets, pointing to hy-
draulic fracturing, with the breccia occupying =20 % of the de-
posit.

Geochemical analysis revealed elevated BaO, SO, CaO and
F contents in the mineralized zone, while CaO and MgO were ele-
vated in the dolostone. Barite-rich samples have elevated Sr con-
tents that are typical for barite-rich epigenetic hydrothermal ore
deposits in the Dinarides, due to Ba-Sr substitutions in the barite
crystal lattice. Fluorite-rich samples are characterized by enrich-
mentinY (0.6 —49.2 ppm) and HREEs accompanied by depletion
of LREESs. Hierarchical cluster analysis confirmed the correlation
between the barite phase with SrO and LREEs (Sm and Eu), indi-
cating that the barite-forming hydrothermal fluid was possibly
enriched with Sm and Eu. CaO and Na,O are clustered together
with F, Y and other REEs that refer to the formation of fluorite and
substitution reactions between Ca, Na, F, Y and other HREEs.
Due to having variable REE concentration and low to moderate
negative cerium and ytterbium anomalies, the Ba-F Zune deposit
corresponds to the fluorite deposits associated with carbonate
sedimentary rocks according to the classification scheme.
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Appendix A
Sample type Dolostone Ba-F vein type mineralization :\):Ijrb(itetja
Sample Z-1 7-2 7-4 Z-10 717 7-3 Z-11 7-16 7-19 7-20 7-7 Z-Comp
SiO, 2.20 2.06 133 174 365 5.77 292 3.28 429 3.90 5.53 531
TiO, 0.03 0.02 0.02 0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.01
AlLO3 0.74 037 0.38 0.27 032 0.35 0.38 0.09 0.30 0.16 0.24 032
Fe,03 0.85 0.75 0.78 0.87 0.75 0.30 0.07 0.09 0.04 0.15 0.17 0.81
Cr,03 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
MgO 17.14 1735 16.47 16.48 15.62 0.78 0.02 0.10 0.17 037 0.55 575
MnO 0.1 0.1 0.10 0.1 0.10 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.06
Ca0 31.96 3238 31.15 30.24 30.81 49.06 65.10 7.98 66.03 6.30 171 2861
K0 0.15 0.06 0.06 0.05 0.04 0.06 0.05 0.02 0.04 0.03 0.05 0.06
Na,O 0.06 0.06 0.07 0.05 0.06 0.17 0.26 0.05 0.25 0.05 0.02 0.09
P05 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 <0.01 <0.01 <0.01
BaO 0.28 0.83 0.02 0.51 0.39 15.93 5.68 49.05 3.92 50.23 50.74 2335
SrO <0.01 0.01 <0.01 0.01 <0.01 0.23 0.08 1.26 0.12 117 1.26 0.52
SOz * 0.15 043 0.01 0.27 0.20 8.32 297 2561 2.05 26.22 26.49 12.19
F* 2.83 2.87 2.87 2.55 3.16 16.68 22.63 273 22.88 2,01 0.33 7.36 **
Lol 4522 45.18 4558 44,60 4361 3.12 030 1.28 0.44 0.90 0.95 1339
Total 101.73 102.49 98.84 97.75 98.74 100.78 100.45 91.53 100.54 91.50 88.05 97.83
Ba 2110 6126 184 4238 3107 1426 8391 1739 8044 2040 1889 953
Be 0.28 0.14 0.17 0.27 0.33 0.14 0.10 0.13 0.79 0.06 <0.05 0.35
Co 04 0.4 0.6 0.9 0.5 0.9 15 0.5 0.2 1.0 34 37
Cs 0.32 0.10 0.14 0.07 0.07 0.09 0.10 0.04 0.07 0.05 0.08 0.10
Ga 18 12 1.1 1.1 0.8 0.7 0.5 0.2 04 03 0.7 0.7
Hf 12 18 <0.2 <0.2 0.2 76 23 1.0 0.9 0.8 0.9 0.7
Nb 0.6 03 0.2 0.2 04 0.1 0.1 <0.10 <0.10 <0.10 0.2 0.2
Rb 6.1 26 26 19 17 2.7 23 12 25 1.8 24 19
Sn 03 <0.2 <0.2 <0.2 0.2 <0.2 <0.2 <0.2 <0.2 <0.2 0.5 03
Sr 64.8 1M11.2 61.7 1204 99.6 1862.5 635.5 >10000 999.4 92485 >10000 4116.0
Ta <0.1 <0.1 <0.1 <0.1 0.2 30 22 0.8 19 0.5 0.2 0.9
Sc 0.8 0.5 04 0.5 0.6 03 0.1 <0.1 <0.1 <0.1 0.1 04
Th 0.67 0.45 0.16 0.14 033 0.68 0.46 <0.05 0.30 <0.05 <0.05 0.09
0.39 0.53 0.94 0.61 0.30 0.22 0.17 <0.05 0.07 0.07 0.17 0.34
\ <10.00 <10.00 96 <10.00 20 122 56 <10.00 23 <10.00 <10.00 1"
1 <1 2 2 1 4 2 2 2 2 1 2
Zr 6 17 <2 <2 <2 73 24 <2 12 <2 <2 <2
Y 7.1 29 39 37 3.6 248 416 59 375 55 35 16.8
Mo 0.10 0.13 0.07 0.09 0.09 0.09 <0.05 0.08 0.09 0.05 0.06 0.18
Cu 128 8.0 13.0 4.7 24 34 4.1 26 15 6.4 7.6 8.7
Pb 23 20 23 37 39 35 44 2.7 6.7 84 52 6.8
Zn 6 6 5 7 5 3 <2 <2 <2 <2 2 7
Ni 65.9 89.2 81.3 1029 348 338 255 57.2 74.7 240 331 7.1
As 91.7 156.2 9.5 5.0 04 8.8 24 25 27 32 45 15.7
cd <0.02 0.03 <0.02 0.04 <0.02 0.02 0.02 0.03 <0.02 <0.02 0.02 0.05
Sb 74 24 16 25 21 0.9 0.8 0.8 <0.5 20 18 6.2
Bi 0.01 0.01 0.02 0.02 <0.01 0.01 0.01 0.01 <0.01 <0.01 0.08 0.02
Ag 0.11 0.06 0.05 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.06 0.08
Tl 0.29 0.22 0.05 0.03 <0.02 0.03 <0.02 <0.02 <0.02 <0.02 0.02 0.06
Se <1.00 <1.00 <1.00 <1.00 <1.00 <1.00 <1.00 <1.00 <1.00 <1.00 <1.00 <1.00
La 35 17 0.9 16 17 05 05 0.5 05 0.5 05 09
Ce 712 345 1.87 3.02 334 0.49 0.40 0.09 0.26 0.47 0.96 149
Pr 0.79 0.38 0.26 0.33 0.36 0.21 0.22 0.03 0.08 0.07 0.15 0.60
Nd 35 1.6 1 12 1.6 15 13 17 0.7 17 2.1 1.6
Sm 112 2.02 0.32 1.63 142 31.14 11.36 110.12 8.88 11227 118.28 4493
Eu 0.31 0.64 0.08 0.57 0.48 10.87 424 40.59 3.29 40.33 43.52 16.23
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Appendix A — continued.

Sample type Dolostone Ba-F vein type mineralization :]):Ijg:;ti;
Sample Z-1 22 7-4 210 2-17 73 Z-11 Z-16 219 7-20 -7 Z-Comp
Gd 0.63 0.26 0.34 0.31 0.36 0.80 1.55 0.34 171 0.31 0.25 0.72
Tb 0.10 0.05 0.06 0.05 0.07 0.19 0.38 0.09 0.30 0.10 0.06 0.17
Dy 0.67 0.29 0.34 0.30 042 1.09 2.28 0.18 1.86 0.12 0.06 0.83
Ho 0.14 0.06 0.07 0.07 0.08 0.21 042 0.03 0.36 0.02 0.01 0.16
Er 041 0.17 0.23 0.18 0.23 0.52 0.95 0.09 0.87 0.08 0.04 0.44
Tm 0.05 0.02 0.03 0.03 0.04 0.05 0.09 0.03 0.10 0.03 0.03 0.06
Yb 0.36 0.16 0.20 0.13 0.21 0.25 043 0.07 0.53 0.03 0.03 0.29
Lu 0.05 0.02 0.03 0.02 0.03 0.04 0.05 0.02 0.06 0.02 0.02 0.04
XREE 18.75 10.82 573 9.44 10.34 47.86 2417 153.88 19.50 156.05 166.01 68.12
Eu/Eu* 1.13 271 0.73 245 2.05 6.66 3.09 20.28 2.58 20.89 2447 873
* - stechiometrically calculated; ** - content determined in Czech Geological Survey laboratory
Appendix B
BaO Ca0 MgO MnO Na,O SrO Fluor SO3 Sm Eu Y

BaO 1

Ca0 -0.71 1

MgO -0.67 -0.03 1

MnO -0.67 -0.03 0.99 1

Na,O -0.34 0.90 -0.45 -0.45 1

SrO 0.99 -0.74 -0.64 -0.63 -0.38 1

Fluor -0.30 0.88 -0.50 -0.50 0.99 -0.34 1

SO3 1.00 -0.71 -0.68 -0.67 -0.34 0.99 -0.30 1
Sm 0.99 -0.73 -0.66 -0.66 -0.36 0.99 -0.32 0.99 1
Eu 0.99 -0.73 -0.66 -0.66 -0.36 0.99 -0.32 0.99 0.99 1

Y -0.21 0.83 -0.56 -0.55 0.98 -0.25 0.98 -0.21 -0.24 -0.24 1




