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The Rudnik Pb-Zn deposit is hosted in skarns and hornfels formed in the late Oligocene by contact metamorphism of lime-
stones, sandstones and shales. Garnets, together with epidote, represent the main non-metallic minerals in the Rudnik
skarn. In the distal skarn zone, the garnets are rare and their occurrence is related to the flow path of hydrothermal fluids. To
constrain the hydrothermal and physicochemical conditions, in situ elemental SEM-WDS and LA-ICP-MS analyses, and fluid
inclusion microthermometric measurements, were made. The Rudnik garnets from the distal skarn zone are predominantly
of andradite-grossular composition (Adrsg s ggoGrs, ¢ s39AIMgs_100), With @ small amount of spessartine. Generally, the
Fe-rich garnets show a positive Eu anomaly with LREE enrichment and a HREE flat pattern, with homogenization tempera-
tures and salinities of fluid inclusions ranging from 373 to 392°C and from 14.25 to 15.27% NaCl equivalent, respectively.
The trace elements and microthermometric properties indicate that the garnets formed at moderately high temperatures,
mildly acidic pH levels and increased oxygen fugacity.
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INTRODUCTION

Garnets are common in metamorphic and skarn deposits,
and can be a helpful tool in prospecting (Yardley et al., 1991).
Despite their highly variable composition reflecting a number of
elemental substitutions in the crystal structure, the composition
of garnet can reflect the alteration history during water/rock
(W/R) interchange reactions (Somarin, 2004). One of the main
characteristics of garnet is fractionation of rare earth elements
(REEs) (Gaspar et al., 2008). The application of REEs to study
the effects of hydrothermal fluids in skarn systems, and modern
methods such as LA-ICPMS analyses, have been recently in-
troduced to better understand the trace element chemistry of
garnet. As REEs have commonly been regarded as insensitive
to all except hydrothermal processes, grossular and andradite
(grandite) solid-solution garnets have been widely used to infer
the hydrothermal fluid evolution of skarn deposits, in which they
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are common (Somarin, 2004 and references therein); many
studies of REEs in garnets have been made (e.g., Jamtveit and
Hervig, 1994; Nicolescu et al., 1998; Smith et al., 2004; Gaspar
etal., 2008; Zhai et al., 2014; Park et al., 2017; Xiao et al., 2018;
Kosti¢ et al., 2021).

Changes in hydrothermal systems can result in chemical
zonation patterns during garnet growth, as widely discussed
(e.g., Jamtveit et al., 1993, 1995; Pollok et al., 2001; Tanci¢ et
al., 2012; Kostic et al., 2021). Oscillatory zoning in skarn miner-
als, particularly in grandite garnets, is common in shallow con-
tact metamorphic aureoles (Smith et al., 2004).

In Serbia, three locations with optically anisotropic and os-
cillatory zoned grandite garnets in skarns have been character-
ized: Tancic et al. (2012, 2020) at Kopaonik Mt.; Sreckovic-
-Batocanin et al. (2014) at Rogozna Mt.; and Kosti¢ et al. (2021)
at Rudnik Mt.

This study describes the Rudnik garnets obtained from
borehole samples, and determined by in situ analyses of major
and trace elements, using SEM-WDS, LA-ICP-MS, and micro-
thermometric measurements of garnet fluid inclusions in order
to investigate their geochemical characteristics and reveal the
physicochemical conditions of the hydrothermal fluids. As previ-
ously shown (Kosti¢ et al., 2021), the REE trends observed also
help understand the mechanisms by which trace elements and
REEs become incorporated into garnets.


https://doi.org/10.1016/j.lithos.2013.12.017
https://doi.org/10.1180/MINMAG.1991.055.380.06
https://doi.org/10.1016/j.lithos.2018.01.023
https://doi.org/10.1017/S0885715619000897
https://doi.org/10.1111/j.1755-6724.2012.00668.x
https://doi.org/10.1111/j.1755-6724.2012.00668.x
https://doi.org/10.1111/j.1755-6724.2012.00668.x
https://doi.org/10.1016/S0375-6742(03)00212-7
https://doi.org/10.1016/S0375-6742(03)00212-7
https://doi.org/10.1093/petrology/egg087
https://doi.org/10.1093/petrology/egg087
https://doi.org/10.1007/s004100100248
https://doi.org/10.1016/j.chemgeo.2017.01.011
https://doi.org/10.1127/ejm/10/2/0251
https://doi.org/10.31577/GeolCarp.72.1.2
https://doi.org/10.31577/GeolCarp.72.1.2
https://doi.org/10.31577/GeolCarp.72.1.2
https://doi.org/10.31577/GeolCarp.72.1.2
https://doi.org/10.1127/ejm/7/6/1399
https://doi.org/10.1130/0091-7613(1993)021<0113:ZPOSGR>2.3.CO;2
https://doi.org/10.1126/science.263.5146.505
https://doi.org/10.1126/science.263.5146.505
https://doi.org/10.1016/j.gca.2007.09.033
https://doi.org/10.1016/j.gca.2007.09.033
https://doi.org/10.1016/j.gca.2007.09.033

2 Bojan Kosti¢ et al. / Geological Quarterly, 2024, 68: 24

GEOLOGICAL SETTING

The Rudnik skarn deposit is located on the central axis of
the Sava Zone, interpreted as a suture zone of the northern
section of the Neotethys Ocean (Schmid et al., 2008). Gener-
ally, the geology of the central Balkan Peninsula reflects the
whole evolution of the Vardar Ocean, as a part of the Neo-
tethys. This evolution includes Permian-Triassic opening, Late
Jurassic ophiolite obduction, Cretaceous subduction and Ce-
nozoic post-collisional orogenic development (see Schmid et
al., 2008; Cvetkovic et al., 2016; Prelevi¢ et al., 2017). The
Sava Suture Zone separates the Carpatho-Balkan orogen from
southerly and westerly Adria derived thrust sheets of the
Dinarides (Pami¢ and Sparica, 1983; Haas and Péro, 2004).
Trending NNE from Belgrade, the Sava Zone is mostly repre-
sented by Upper Cretaceous flysch.

In the vicinity of Rudnik Mt., the Cretaceous flysch deposits
(Fig. 1) have been described as clastic ,paraflysch (Andel-
kovi¢, 1973; Dimitrijevi¢ and Dimitrijevi¢, 2009), i.e., a typical
flysch, but lacking the characteristic internal organization. Lo-
wer Cretaceous strata are represented by sandstones, siltsto-
nes and limestones, which commonly look like immature turbi-
dites (Dimitrijevi¢ and Dimitrijevi¢, 1987, 2009; Sladi¢-Trifuno-
vic et al., 1989). The Upper Cretaceous succession is repre-
sented by Albian-Cenomanian conglomerates, microconglo-
merates, sandstones, carbonates and continental shales
(Brkovi¢, 1980). These Cretaceous carbonate-sandstone-
shale sequences are cut by numerous quartz-latitic stocks and
dykes dated to the Oligocene-Miocene boundary at 23 Ma
(Cvetkovic¢ et al., 2016; Kostic et al., 2021). There is no evi-
dence of any plutonic intrusive body as a source of these dykes.
Contact metamorphic aureoles were formed at some places
along the contact between the quartz-latite dykes and Creta-
ceous clastic flysch deposits. In the contact zone, metase-
dimentary rocks, hornfels and skarns host polymetallic Pb-Zn
mineralization which typically consists of pyrrhotite, galenite,
sphalerite, chalcopyrite and arsenopyrite with small amounts of
magnetite, cassiterite and scheelite. The ore bodies are highly
variable in size and shape (Stojanovic et al., 2018). Lateral zon-
ing is weakly dispayed in the contact aureole of the southern
part of Rudnik skarn deposit, and the skarn mineralogy shows
close correlation with that of the protolith. Petrographic obser-
vations indicate that the most common minerals in the skarns
are quartz, epidote, zoisite, chlorite, calcite, and also the miner-
als of the actinolite-tremolite group. More skarnized zones in-
clude garnets and pyroxenes. Miocene strata (conglomerates
and sandstones) cover only a small area to the NW and SE of
Rudnik, with a small metamorphic aureole which can be ob-
served along the contact zone with quartzlatitic dykes.

ANALYTICAL METHODS

In situ major element analysis was carried out using a JEOL
6610 LV scanning electron microscope equipped with a wave-
length-dispersive spectrometer (Oxford Instruments Wave
700) at the Faculty of Mining and Geology, University of Bel-
grade. Analytical parameters were as follows: spot size 2 um,
an accelerating voltage of 30 kV and a probe current of 1.0 x
1078 A, with 0.01% detection limit. Natural and synthetic mineral
standards were used including albite (Al, Si), wollastonite (Ca),
titanium monoxide (Ti), chromium oxide (Cr), and manganese
(Mn) and iron (Fe) metals. Back-scattered (BSE) observations

were conducted to reveal zoning and possible inclusions of
other mineral phases within the garnet. Analyses were per-
formed according to the observed zoning and avoiding the ef-
fects of inclusions.

Trace element analysis on garnets was performed by
SEM-WDS using a LA-ICP-MS at the Geological Institute in So-
fia (Bulgaria), using a New Wave UP193FX LA coupled to a
Perkin Elmer ICP-MS. Laser ablation was executed using an
ablation repetition rate of 8 Hz, with laser power of 8.5 Jicm?;
the size of ablation crater was 50 um in diameter. The full abla-
tion time was 90 s, which consisted of 20 s for pre-ablation, 50 s
for ablation, and 20 s for the post-ablation signal. As external
standard for fractionation correction, NIST610 glass was ana-
lysed after every 10 analyses to correct systematic error. Data
reduction was processed through lolite software v2.5 (Paton et
al., 2011), applying down-hole fractionation correction to all the
analyses. The laser ablation produced a list of trace elements
and rare earth elements (REEs).

Preparing garnet samples for microthermometric measure-
ments of fluid inclusions involved a double-polished 130 mi-
cron-thin sample. Microthermometric data were obtained on a
LINKAM THMSG600 heating-freezing stage with a tempera-
ture range from —196 to +600°C, mounted on an OLIMPUS
BX51 microscope in the Fluid Inclusion Laboratory at the Fac-
ulty of Mining and Geology, University of Belgrade. Data reduc-
tion of microthermometric measurements was done with equa-
tions provided by Bodnar (1993). Measured inclusions are ori-
ented in the direction of crystal growth and interpreted as pri-
mary in origin.

RESULTS

PETROGRAPHY

Garnet skarns are widely distributed in the Rudnik con-
tact-metamorphic aureole near the contact with igneous rocks.
The atypical occurrence of Rudnik skarns is reflected by the
fact that there is no traceable mineralogical zonation at the
surface. Clearer zonation can be observed in the borehole co-
ordinates (44.120084°N, 20.520747°E). The sample 145 ana-
lysed was collected from a borehole at a depth of 195 m from
the surface, the total length of the borehole being 559.8 m and
ending in peridotite. The Cretaceous units penetrated by the
borehole start from the top with coarse-grained conglomerate
containing fragments/clasts of altered peridotite, chert and
quartzite. These rocks are locally followed by alternating
microconglomerates and sandstones. Below, sandstones
continue on limestones with a greater or lesser terrigenous
component through the borehole. Within the carbonate unit,
depending on the siliciclastic content, marlstones, almost pure
limestones and transitional varieties were recognized (Kostic¢
et al., 2021). These carbonate rocks alternate with fine-
grained rocks considered as hornfels that are composed of
quartz, plagioclase, epidote, chlorite and diopside; depending
on the contact distance certain minerals are absent from some
parts of the rock. Conglomerate, sandstone and limestone dis-
play contact metamorphic alteration from metasedimentary
rocks to skarns, where the skarns are more mineralogically in-
teresting. Garnet-bearing skarns occur as small-scale bodies
up to a few metres thick. Their texture is granoblastic and the
structure is massive, rarely banded. The skarn samples se-
lected for detailed analyses contain calcite + garnet + epidote
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Fig. 1A — simplified geological map of South-Eastern Europe (after Schmid et al., 2008),
with the location of the study area within Serbia; B — simplified geological map of the
Rudnik area modified according to the Basic Geological Map 1:100,000, Sheets Kragu-
jevac (Brkovic et al., 1980) and Gornji Milanovac (Filipovic et al., 1978)

The location of sampling (no 145) is marked with a black dot

+ chlorite + quartz (Fig. 2). The garnet crystals show primarily
anhedral granular texture under the microscope. The crystal
size is mainly <1 mm, with rare small epidote inclusions. Com-
mon opaque minerals such as pyrrhotite, chalcopyrite and
sphalerite (Stojanovic¢ et al., 2018) fill cavity spaces between

euhedral anisotropic and oscillatory zoned garnet grains,
which are rarely cross-cut by thin calcite veins. The SEM-WDS
analyses show that an alternation of Al- and Fe-rich zones
forms the oscillatory zoning. The epidote grains are anhedral
and locally replaced by chlorite.
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Fig. 2. Photomicrograph showing anhedral granular texture of anisotropic oscillatory
zoned garnets in skarn sample no. 145 taken from the borehole

Characteristic occurrences of calcite and epidote are also presented, XPL;
scale bar 1 mm

200 um

Fig. 3. Back-scattered scanning electron microscope image of garnet grains with
chlorite (left) and calcite (right)

Black dots represent exact positions of the SEM-WDS and LA-ICP-MS analyses

MAJOR ELEMENT GEOCHEMISTRY

The results from 10 representative SEM-WDS spot analy-
ses on garnet grains (Fig. 3), indicate that the main compo-
nents of the Rudnik garnets are SiO, (37.63-39.61 wt.%),
AlL,O; (0-11.33 wt.%), CaO (33.04-35.03 wt.%) and FeO
(13.72-27.26 wt.%). Compositionally, andradite and grossular
predominate with minor almandine and spessartine compo-
nents (Fig. 4). The FeO content obtained by SEM-WDS was
converted to the (FeO + Fe,O3) sum, by assuming that the de-
ficiency of total (Ti + Al + Cr) for the octahedral [Y] site is made
up only of Fe**. Under BSE, garnets have visible compo-
sitional zoning where the zones with darker intensity are richer
in Al, whereas lighter zones have a higher Fe content. The Mn
content is <1 wt.%, while the Ti content is below the detection
limit (Table 1). According to the results obtained, the garnets
studied from the Rudnik orefield predominantly represent an-
dradite-grossular  solid  solutions, being roughly of
Adrig 3 g5 9Grs, 953 6AlMgs_100 COMposition, and with minor
amounts of spessartine (up to 1.8 mol%). SEM-WDS analyses
indicate constant Ca contents in the core and the rim, albeit
with small inclusions of epidote, quartz and rarely sphalerite in
the grain cores.

TRACE ELEMENT GEOCHEMISTRY

Data for the REEs and trace elements of the skarn garnets
studied are shown in Table 2. In general, the Rudnik garnets
are depleted in HREE elements and Sr relative to the primitive
mantle (Table 2 and Fig. 5). In contrast, the U and Pb in the
Rudnik garnets are enriched compared to the average primitive
mantle (McDonough et al., 1995). Additionally, the pattern and

7 30
Uvr+Prp+Sps+Alm 20

9 10
o o 8%
70 80

Q@
Grs 10 20 30 40 50 60 90 Adr

Fig. 4. The ternary classification diagram for garnets
(uvarovite, pyrope, spessartine and almandine
in the octahedral [Y] sites)

Grs — grossular, Adr — andradite, Uvr — uvarovite, Prp — pyrope, Sps
— spessartine, Alm — almandine (based on Whitney et al., 2010)
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obvious positive Eu anomaly is differs from previous results
(Kostic et al., 2021) with no spatial relationship, as sample 145
is located in the hanging wall of the ore body. The trace element
content of garnet in sample 145 is more variable then from gar-
nets from the proximal zone of the mineralization by Kostic¢ et al.
(2021), and the garnets have more variable trace element con-
tents, such as: Nb (0.009-0.249), Pb (0.013-2.32), Zr
(0.153-3.82) and Hf (0.01-0.38).

MICROTHERMOMETRIC RESULTS FROM THE FLUID
INCLUSIONS

Observed and measured fluid inclusions in the Rudnik gar-
nets occur as generally elongated and elliptical forms with less
irregularly shaped inclusions. In general, the fluid inclusion pop-
ulations are aqueous liquid-vapour inclusions (L-V) with maxi-
mum size of 5 ym. Representative heating and freezing data
(Table 3 and Fig. 6) show the range of homogenization temper-

Table 1

Representative SEM-WDS analyses of major elements in garnet sample 145 from the skarns studied
(in wt.% oxides, rounded to the second decimal place), structural formula on the basis of 12 oxygen atoms
per formula unit (apfu), and calculated end members (in mol%)

Sample 145
Spot1 | Spot2 | Spot3 | Spot4 | Spot5 | Spot6 | Spot7 | Spot8 | Spot9 | Spot 10
BSE light dark light dark light light dark light dark light
CaO 33.28 | 34.31 33.04 | 34.46 | 33.35 | 33.91 | 34.79 33.5 35.03 33.64
MnO n.d. n.d. n.d. 0.84 0.32 0.38 0.37 n.d. 0.47 0.36
FeO 27.06 | 19.99 | 26.91 13.72 | 25,97 | 2568 | 19.77 | 27.26 16.13 26.21
Al,O3 n.d. 7.36 0.66 | 11.33 1.58 1.98 6.64 0.37 10.11 1.35
SiO, 38.86 | 39.21 39.32 | 39.61 | 38.69 | 37.63 | 39.28 | 39.01 38.13 37.86
Total 99.20 | 100.87 | 99.93 | 99.96 | 99.91 | 99.58 | 100.85 | 100.14 | 99.87 99.42
Garnet formula calculated on the basis of 12 oxygen atoms per formula unit (apfu)
Si 3.200 | 3.095 | 3.210 | 3.105 | 3.150 | 3.069 | 3.104 | 3.180 | 3.006 3.100
Al 0.200 | 0.779 | 0.273 | 1.151 | 0.301 | 0.259 | 0.723 | 0.216 | 0.946 0.230
Fe* 1.600 | 1.126 | 1.517 | 0.744 | 1549 | 1.672 | 1.173 | 1.604 1.048 1.671
Fe? 0.264 | 0.193 | 0.320 | 0.155 | 0.219 | 0.080 | 0.134 | 0.254 | 0.016 0.124
Mn 0.000 | 0.000 | 0.000 | 0.056 | 0.022 | 0.026 | 0.025 | 0.000 | 0.031 0.025
Ca 2936 | 2.901 | 2.890 | 2.894 | 2.909 | 2.963 | 2.946 | 2.926 | 2.959 2.951
End members
Pyrope 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Almandine 8.2 6.2 10.0 5.0 6.9 2.6 4.3 8.0 0.5 4.0
Spessartine 0.0 0.0 0.0 1.8 0.7 0.9 0.8 0.0 1.0 0.8
Grossular 2.9 34.7 5.3 53.9 8.6 10.0 33.0 3.9 45.9 7.3
Andradite 88.9 59.1 84.7 39.3 83.7 86.6 61.9 88.2 52.6 87.9
Uvarovite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 100.0 100.0

n.d. — not detected

100 1000

Grossular-andradite from previous research

100

0.1

0.01

Tm Yb Lu

Ho Er

Nd Sm Eu Gd Tb
Garnet/chondrite

La Ce Pr Dy

Nb Ta Pb Sr zr Hf Y T
Garnet/primitive mantle

Fig. 5A — chondrite-normalized REE pattern of Rudnik garnets; the shaded field is from previous research (Kostic et al., 2021);
B - trace element spider diagram of the Rudnik garnets; the values obtained were normalized on basis
of primitive mantle values (McDonough et al., 1995)
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Table 2

Representative LA-ICP-MS trace element and REE data [ppm] on the Rudnik garnets

Spot | cs | Rb | Ba | Th | U | Nb | Ta | Po | S | zr | HE [ Y | Ti
1 | nd. |0037] 045 |0.038|0.312| nd. |0.061|0.161|0.363 | nd. |0.081|1.269 | nd.
2 | nd |0549| 046 |0.032|0.327 | nd. |0.073]0.056|0.178 | nd. |0.059|1.389 | nd.
3 | nd 0083|029 |0.064|0.505|0.009 |0.079|0.15 |0.197 | 0.58 |0.04 |163 | 17.8
4 | nd |0.035| 16 |0.071[0.157 | nd. [0.048]0.35 [1.05 | 0.34 [0.01 [241 | 85
5 | nd. [0041] 044 [0.084]0.179|0.75 |0.072|0.123|0.326 | 1.65 |0.27 |1.405 | 1780
6 | nd [0091|03 [0062]0.125|07 |0.103|0.013|0.66 |3.82 |0.38 |1.415] 1580
7 | nd | nd | nd [0097]0.114]0.249 |0.04 [232 |055 |1.59 |0.159 |2.61 | 592
8 | nd |0.035| 057 [0.069| 012 |0.051|0.049 |01 [039 | nd. |0.136|2.06 | nd.
9 | nd 0062|053 |0.042|0.249|0.097 |0.029 162 |054 |1.01 |0.088|1.217 | 595
10 | nd. [0.049] 0.3 [0.041/0.484 | nd. |0.062)0.83 094 |0.153 0.1 |1272]| 6.4

n.d. — not detected

Tab. 2. cont.
Spot SLREE/
o, La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu >REE HREE SEu | 8Ce
1 9.620 | 7.389 | 3.620 | 1.575 | 1.891 | 13.321 | 1.306 | 1.080 | 0.357 | 0.010 | 0.368 | 0.769 | 0.931 | 0.894 | 9.533 1.21 0.69 | 1.73
2 8.945 | 8.303 | 4.137 | 1.487 | 0.662 | 12.433 | 0.954 | 0.914 | 0.630 | 0.494 | 0.01 | 1.174 | 0.472 | 1.666 | 9.623 1.16 1.21 | 2.03
3 3.924 | 7.308 | 8.836 | 7.680 | 5.135 [ 19.182 | 2.110 | 1.689 | 1.178 | 0.439 | 0.387 | 2.064 | 0.440 | 1.463 | 12.595| 1.29 0.45 | 2.56
4 10.084 | 5.448 | 4.525 | 1.641 | 7.094 | 4.085 | 2.763 | 4.986 | 2.357 | 0.010 | 1.812 | 6.072 | 1.677 | 5.365 | 10.332| 1.49 0.07 | 1.18
5 5.907 | 3.849 | 2.640 | 1.356 | 1.959 | 7.104 | 2.010 | 0.997 | 1.016 | 0.010 | 1.375 | 1.457 | 2.111 | 1.951 | 6.645 1.43 0.28 | 1.43
6 1.898 | 1.876 | 2.079 | 1.137 | 3.648 | 6.074 | 1.457 | 1.246 | 0.772 | 0.256 | 0.768 | 1.538 | 1.118 | 1.666 | 4.116 1.77 0.20 | 1.78
7 8.902 | 4.143 | 2.553 | 1.487 | 2.635 | 6.216 | 1.005 | 0.609 | 0.975 | 0.531 | 1.125 | 1.052 | 2.049 | 2.073 | 7.385 1.32 0.29 | 1.08
8 7.594 | 3.278 | 1.174 | 0.175 | 0.878 | 5.150 | 0.271 | 0.360 | 0.772 | 0.010 | 0.312 | 1.781 | 0.993 | 1.747 | 4.973 1.24 0.78 | 1.05
9 5.907 | 4.502 | 2.693 | 0.875 | 1.216 | 8.880 | 0.452 | 0.470 | 0.975 | 0.010 | 0.137 | 1.133 | 2.111 | 0.406 | 6.237 1.29 0.92 | 1.67
10 | 8.185 | 9.363 | 8.221 | 4.857 | 2.432 | 17.051 | 2.462 | 1.357 | 0.691 | 0.036 | 0.487 | 1.700 | 1.801 | 0.191 | 13.108 | 1.22 0.56 | 2.12
Table 3
Representative data of fluid inclusion microthermometric measurements
on the Rudnik garnets
- Size | Tm-ice | Th Salinity wt.% Densi
Spot no. | Origin | Type | Bd | "RET® | 78y | Nadl equwalent | [giom']
1 P L-V 3.8 | -11.0 | 373 14.97 0.77
2 P L-V 42 | -10.6 | 376 14.57 0.76
3 P L-V 5.1 -10.3 | 379 14.25 0.75
4 P L-V 35 | -11.2 | 392 15.17 0.74
5 P L-V 48 | -11.3 | 385 15.27 0.75
P — primary, L — liquid, V — vapour, Tm-ice — ice melting temperature, Th — total
fluid homogenization temperature
ature (Th) from 373-392°C, while the salinity of the trapped fluid DISCUSSION

inclusion ranges from 14.25 to 15.27% NaCl equivalent. The
estimated fluid inclusion densities are from 0.74 to 0.77 g/cma,

calculated according to Bodnar (1993). The Rudnik garnets generally occur in proximal skarns

close to the contact with igneous bodies such as sills and dykes
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Fig. 6A, B — images of liquid-vapour (L-V) type fluid inclusions trapped
in the Rudnik garnets

(Kosti¢ et al., 2021). Garnets appear rarely in distal skarns, and
they are closely controlled by hydrothermal fluid paths along
sedimentary bed boundaries, and in local fractures and porosity
zones (Kosti¢, 2021). One of the most important controlling fac-
tors for garnet in the Rudnik locality is the amount of carbonate
component in the protolith (Kosti¢c, 2021).

As the general garnet formula is {X}3[Y]2(Z)30+2, yttrium, U
and REE incorporation in the garnet crystal structure is only
possible by coupled substitution of Ca®* in the dodecahedral {X}
position (Carlson et al., 2014). Generally, the Y/Ho ratio of gar-
net from hydrothermal systems is higher than the Y/Ho ratio
from magmatic processes, where values are much closer to the
chondrite value (Bau and Dulski, 1996). According to Gaspar et
al. (2008), in hydrothermal systems Y can usually easily fractio-
nate from Ho. Because Rudnik garnets have relatively high
Y/Ho ratios, i.e., ranging from 51.4 to 636 (average 133), this
suggests that processes responsible for their crystallization
originate from hydrothermal activity.

Therefore, the incorporation of REEs and trace elements
into garnet crystals can be controlled by fluid-rock interaction
(Liang et al., 2021), because the Y, U and REE®* in the Rudnik
garnets do not display an apparent linear relationship. Namely,
the total Al and Fe’* contents are not correlated with the
TREE*" contents, suggesting that the substitution mechanism
is not of the YAG-type (Fig. 7).

It is well-known that garnets which exhibit LREE depletion
with a negative or absent Eu anomaly originate from neutral hy-
drothermal fluids (Bau, 1991). The relaxation energy for Eu®*
which replaces Ca, i.e., which enters into the dodecahedral {X}
site in garnet, is lower than needed for the trivalent Eu. Also, in
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hydrothermal systems, the presence of CI” under mildly acidic
conditions can significantly control REE patterns and amplify
the stability of soluble Eu?*. Acidic conditions favour Eu?* trans-
portation in hydrothermal fluids and form positive Eu anomalies
(Gaspar et al., 2008). In a previous study (Kostic et al., 2021), it
was demonstrated that grossularite-rich garnets from the proxi-
mal zone close to contact with the igneous body:

— have LREE-depleted patterns;

— have HREE-enriched patterns;

— have no positive or negative Eu anomaly (Fig. 5A);

— were formed by prolonged interaction of pore fluids with the

host rock.

Gaspar et al. (2008) suggested that a distinct positive Eu
anomaly occurs under acidic conditions.

By contrast, the garnets studied here from the Rudnik distal
skarn zone are more andradite-rich, and they display:

— LREE-enriched patterns;

— HREE-depleted patterns;

— a positive Eu anomaly;

— they originate from magma-derived hydrothermal fluids of
acidic nature.

In fluid systems, a reduction in U solubility may be caused
by a decrease in fO,, and this process increases U incorpora-
tion into garnet (Zhang et al., 2017). In the Rudnik garnets, U
concentrations are the range 0.114 to 0.505 ppm (Table 2), and
the average value is 0.257 ppm, whereas lower U concentra-
tions reveal that garnets have crystallized under increased oxy-
gen fugacity conditions.

As garnets are stable at higher temperatures, trapped fluid
inclusions in the garnet can be considered as primary inclu-
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Fig. 7. Diagrams of total Al and Fe®* contents versus SREE* contents
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Fig. 8. Homogenization temperature versus salinity
plots of fluid inclusion assemblages

Data for quartz fluid inclusions (green fields) are from
a previous study (Kosti¢c, 2021)

sions, as they relate to the garnet growing zones. Homogeniza-
tion temperature (Th) data were used to calculate the PT condi-
tions of fluids at the moment of garnet crystallization. To reveal
the minimum trapping pressure of the primary inclusions in the
Rudnik garnets, the results obtained are plotted on a diagram of
Driesner and Heinrich (2007). Homogenization temperatures
versus salinity plotted on the diagram in Figure 8 show that the
trapping pressure is between 19 and 23 MPa. Compared with
data from fluid inclusions in quartz described in Kosti¢ (2021),
fluid inclusions in the garnet have somewhat higher fluid trap-
ping pressures.

In previous research (Kosti¢ et al., 2021), Al-rich garnets
from the proximal exoskarn have a flat to moderate upward-
sloping (LREE-depleted and HREE-enriched) trend with little or
no Eu anomaly (Fig. 5A). Garnets from distal exoskarns have
obvious LREE-enriched and flat HREE patterns with a strong
positive Eu anomaly. The positive Eu anomalies in the exo-
skarn garnets indicate that Eu mainly occurred as Eu*" in the
fluids, and the composition of the hydrothermal fluids evolved
from the proximal to distal skarns.

Sverjensky (1984) experimentally showed that in skarn sys-
tems divalent Eu should predominate >250°C. Results from

fluid inclusion microthermometry (Table 3) on the Rudnik gar-
nets indicate that homogenization temperatures of the fluid in-
clusions are above 250°C and indicate that the Rudnik garnets
formed at higher temperatures (about homogenization temper-
ature or more).

Furthermore, previous research (Cvetkovi¢c et al., 2016;
Kostic et al., 2021) followed an earlier hypothesis concerning
the links between the origin of the Rudnik mineralization, garnet
crystallization, and magmatic-hydrothermal activity. Particu-
larly, the Rudnik garnet primarily originated from infiltration
metasomatism induced by hydrothermal fluids along the con-
tact zone between dykes and sedimentary layers, fractures and
porosity zones.

CONCLUSIONS

The major findings of this study can be summarized as fol-
lows:

1. Garnets are rare in the distal skarns of Rudnik, and their
presence is strongly linked to the paths of hydrothermal fluids
through the contact zones between sedimentary layers, frac-
tures, and porous zones.

2. A high Y/Ho ratio suggests that processes responsible for
garnet crystallization originate from activity related to hydrother-
mal fluids.

3. In comparation to the proximal skarns, garnets found in
the distal skarns of Rudnik are characterized by higher Fe con-
tents, positive Eu anomalies, and an enrichment in light rare
earth elements (LREE) with a flat pattern for heavy rare earth el-
ements (HREE).

4. The low U concentrations observed in garnets indicate
that they crystalized under conditions of increased oxygen
fugacity.

5. The garnets were formed from hydrothermal fluids under
physicochemical conditions characterized by minimum temper-
atures of 373-392°C, minimum trapping pressures of 19-23
MPa, mildly acidic pH levels, and increased oxygen fugacity.
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