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The Rudnik Pb-Zn de posit is hosted in skarns and hornfels formed in the late Oligocene by con tact meta mor phism of lime -
stones, sand stones and shales. Gar nets, to gether with epidote, rep re sent the main non-me tal lic min er als in the Rudnik
skarn. In the dis tal skarn zone, the gar nets are rare and their oc cur rence is re lated to the flow path of hy dro ther mal flu ids. To
con strain the hy dro ther mal and physicochemical con di tions, in situ el e men tal SEM-WDS and LA-ICP-MS anal y ses, and fluid 
in clu sion microthermometric mea sure ments, were made. The Rudnik gar nets from the dis tal skarn zone are pre dom i nantly
of an dra dite-grossular com po si tion (Adr39.3–88.9Grs2.9–53.9Alm0.5–10.0), with a small amount of spessartine. Gen er ally, the
Fe-rich gar nets show a pos i tive Eu anom aly with LREE en rich ment and a HREE flat pat tern, with ho mog e ni za tion tem per a -
tures and sa lini ties of fluid in clu sions rang ing from 373 to 392°C and from 14.25 to 15.27% NaCl equiv a lent, re spec tively.
The trace el e ments and microthermometric prop er ties in di cate that the gar nets formed at mod er ately high tem per a tures,
mildly acidic pH lev els and in creased ox y gen fugacity.
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INTRODUCTION

Gar nets are com mon in meta mor phic and skarn de pos its,
and can be a help ful tool in pros pect ing (Yardley et al., 1991).
De spite their highly vari able com po si tion re flect ing a num ber of
el e men tal sub sti tu tions in the crys tal struc ture, the com po si tion
of gar net can re flect the al ter ation his tory dur ing wa ter/rock
(W/R) in ter change re ac tions (Somarin, 2004). One of the main
char ac ter is tics of gar net is frac tion ation of rare earth el e ments
(REEs) (Gaspar et al., 2008). The ap pli ca tion of REEs to study
the ef fects of hy dro ther mal flu ids in skarn sys tems, and mod ern 
meth ods such as LA-ICPMS anal y ses, have been re cently in -
tro duced to better un der stand the trace el e ment chem is try of
gar net. As REEs have com monly been re garded as in sen si tive
to all ex cept hy dro ther mal pro cesses, grossular and an dra dite
(grandite) solid-so lu tion gar nets have been widely used to in fer
the hy dro ther mal fluid evo lu tion of skarn de pos its, in which they

are com mon (Somarin, 2004 and ref er ences therein); many
stud ies of REEs in gar nets have been made (e.g., Jamtveit and
Hervig, 1994; Nicolescu et al., 1998; Smith et al., 2004; Gaspar
et al., 2008; Zhai et al., 2014; Park et al., 2017; Xiao et al., 2018; 
Kostiæ et al., 2021).

Changes in hy dro ther mal sys tems can re sult in chem i cal
zonation pat terns dur ing gar net growth, as widely dis cussed
(e.g., Jamtveit et al., 1993, 1995; Pollok et al., 2001; Tanèiæ et
al., 2012; Kostiæ et al., 2021). Os cil la tory zon ing in skarn min er -
als, par tic u larly in grandite gar nets, is com mon in shal low con -
tact meta mor phic au re oles (Smith et al., 2004).

In Ser bia, three lo ca tions with op ti cally anisotropic and os -
cil la tory zoned grandite gar nets in skarns have been char ac ter -
ized: Tanèiæ et al. (2012, 2020) at Kopaonik Mt.; Sreækoviæ -
-Batoæanin et al. (2014) at Rogozna Mt.; and Kostiæ et al. (2021)
at Rudnik Mt.

This study de scribes the Rudnik gar nets ob tained from
bore hole sam ples, and de ter mined by in situ anal y ses of ma jor
and trace el e ments, us ing SEM-WDS, LA-ICP-MS, and micro -
thermometric mea sure ments of gar net fluid in clu sions in or der
to in ves ti gate their geo chem i cal char ac ter is tics and re veal the
physicochemical con di tions of the hy dro ther mal flu ids. As pre vi -
ously shown (Kostiæ et al., 2021), the REE trends ob served also 
help un der stand the mech a nisms by which trace el e ments and
REEs be come in cor po rated into gar nets. 
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GEOLOGICAL SETTING

The Rudnik skarn de posit is lo cated on the cen tral axis of
the Sava Zone, in ter preted as a su ture zone of the north ern
sec tion of the Neotethys Ocean (Schmid et al., 2008). Gen er -
ally, the ge ol ogy of the cen tral Bal kan Pen in sula re flects the
whole evo lu tion of the Vardar Ocean, as a part of the Neo -
tethys. This evo lu tion in cludes Perm ian-Tri as sic open ing, Late
Ju ras sic ophiolite obduction, Cre ta ceous subduction and Ce -
no zoic post-collisional orogenic de vel op ment (see Schmid et
al., 2008; Cvetkoviæ et al., 2016; Preleviæ et al., 2017). The
Sava Su ture Zone sep a rates the Carpatho-Bal kan orogen from 
south e rly and west erly Adria de rived thrust sheets of the
Dinarides (Pamiæ and Šparica, 1983; Haas and Péró, 2004).
Trending NNE from Bel grade, the Sava Zone is mostly rep re -
sented by Upper Cre ta ceous flysch.

In the vi cin ity of Rudnik Mt., the Cre ta ceous flysch de pos its
(Fig. 1) have been de scribed as clastic „paraflysch“ (Anðel -
koviæ, 1973; Dimitrijeviæ and Dimitrijeviæ, 2009), i.e., a typ i cal
flysch, but lack ing the char ac ter is tic in ter nal or ga ni za tion. Lo -
wer Cre ta ceous strata are rep re sented by sand stones, siltsto -
nes and lime stones, which com monly look like im ma ture turbi -
dites (Dimitrijeviæ and Dimitrijeviæ, 1987, 2009; Sladiæ- Trifuno -
viæ et al., 1989). The Up per Cre ta ceous suc ces sion is rep re -
sented by Albian-Cenomanian con glom er ates, micro con glo -
merates, sand stones, car bon ates and con ti nen tal shales
(Brko viæ, 1980). These Cre ta ceous car bon ate-sand stone-
 shale se quences are cut by nu mer ous quartz-latitic stocks and
dykes dated to the Oligocene-Mio cene bound ary at 23 Ma
(Cvetkoviæ et al., 2016; Kostiæ et al., 2021). There is no ev i -
dence of any plutonic in tru sive body as a source of these dykes. 
Con tact meta mor phic au re oles were formed at some places
along the con tact be tween the quartz-latite dykes and Cre ta -
ceous clastic flysch de pos its. In the con tact zone, metase -
dimentary rocks, hornfels and skarns host polymetallic Pb-Zn
min er al iza tion which typ i cally con sists of pyrrhotite, galenite,
sphalerite, chal co py rite and ar seno py rite with small amounts of
mag ne tite, cas sit er ite and schee lite. The ore bod ies are highly
vari able in size and shape (Stojanoviæ et al., 2018). Lat eral zon -
ing is weakly dispayed in the con tact au re ole of the south ern
part of Rudnik skarn de posit, and the skarn min er al ogy shows
close cor re la tion with that of the protolith. Petrographic ob ser -
va tions in di cate that the most com mon min er als in the skarns
are quartz, epidote, zoisite, chlorite, cal cite, and also the min er -
als of the actinolite-tremolite group. More skarnized zones in -
clude gar nets and py rox enes. Mio cene strata (con glom er ates
and sand stones) cover only a small area to the NW and SE of
Rudnik, with a small meta mor phic au re ole which can be ob -
served along the con tact zone with quartzlatitic dykes.

ANALYTICAL METHODS

In situ ma jor el e ment anal y sis was car ried out us ing a JEOL 
6610 LV scan ning elec tron mi cro scope equipped with a wave -
length-dispersive spec trom e ter (Ox ford In stru ments Wave
700) at the Fac ulty of Min ing and Ge ol ogy, Uni ver sity of Bel -
grade. An a lyt i cal pa ram e ters were as fol lows: spot size 2 µm,
an ac cel er at ing volt age of 30 kV and a probe cur rent of 1.0 x
10–8 A, with 0.01% de tec tion limit. Nat u ral and syn thetic min eral 
stan dards were used in clud ing al bite (Al, Si), wollastonite (Ca),
ti ta nium mon ox ide (Ti), chro mium ox ide (Cr), and man ga nese
(Mn) and iron (Fe) met als. Back-scat tered (BSE) ob ser va tions

were con ducted to re veal zon ing and pos si ble in clu sions of
other min eral phases within the gar net. Anal y ses were per -
formed ac cord ing to the ob served zon ing and avoid ing the ef -
fects of in clu sions.

Trace el e ment anal y sis on gar nets was per formed by
SEM-WDS us ing a LA-ICP-MS at the Geo log i cal In sti tute in So -
fia (Bul garia), us ing a New Wave UP193FX LA cou pled to a
Perkin Elmer ICP-MS. La ser ab la tion was ex e cuted us ing an
ab la tion rep e ti tion rate of 8 Hz, with la ser power of 8.5 J/cm2;
the size of ab la tion crater was 50 µm in di am e ter. The full ab la -
tion time was 90 s, which con sisted of 20 s for pre-ab la tion, 50 s
for ab la tion, and 20 s for the post-ab la tion sig nal. As ex ter nal
stan dard for frac tion ation cor rec tion, NIST610 glass was ana -
lysed af ter ev ery 10 anal y ses to cor rect sys tem atic er ror. Data
re duc tion was pro cessed through Iolite soft ware v2.5 (Paton et
al., 2011), ap ply ing down-hole frac tion ation cor rec tion to all the
anal y ses. The la ser ab la tion pro duced a list of trace el e ments
and rare earth el e ments (REEs).

Pre par ing gar net sam ples for microthermometric mea sure -
ments of fluid in clu sions in volved a dou ble-pol ished 130 mi -
cron-thin sam ple. Microthermometric data were ob tained on a
LINKAM THMSG600 heat ing-freez ing stage with a tem per a -
ture range from –196 to +600oC, mounted on an OLIMPUS
BX51 mi cro scope in the Fluid In clu sion Lab o ra tory at the Fac -
ulty of Min ing and Ge ol ogy, Uni ver sity of Bel grade. Data re duc -
tion of microthermometric mea sure ments was done with equa -
tions pro vided by Bodnar (1993). Mea sured in clu sions are ori -
ented in the di rec tion of crys tal growth and in ter preted as pri -
mary in or i gin.

RESULTS

PETROGRAPHY

Gar net skarns are widely dis trib uted in the Rudnik con -
tact-meta mor phic au re ole near the con tact with ig ne ous rocks. 
The atyp i cal oc cur rence of Rudnik skarns is re flected by the
fact that there is no trace able min er al og i cal zonation at the
sur face. Clearer zonation can be ob served in the bore hole co -
or di nates (44.120084°N, 20.520747°E). The sam ple 145 ana -
lysed was col lected from a bore hole at a depth of 195 m from
the sur face, the to tal length of the bore hole be ing 559.8 m and
end ing in peridotite. The Cre ta ceous units pen e trated by the
bore hole start from the top with coarse-grained con glom er ate
con tain ing frag ments/clasts of al tered peridotite, chert and
quartz ite. These rocks are lo cally fol lowed by al ter nat ing
micro conglo merates and sand stones. Be low, sand stones
con tinue on lime stones with a greater or lesser terrigenous
com po nent through the bore hole. Within the car bon ate unit,
de pend ing on the siliciclastic con tent, marlstones, al most pure 
lime stones and tran si tional va ri et ies were rec og nized (Kostiæ
et al., 2021). These car bon ate rocks al ter nate with fine-
 grained rocks con sid ered as hornfels that are com posed of
quartz, plagioclase, epidote, chlorite and di op side; de pend ing
on the con tact dis tance cer tain min er als are ab sent from some 
parts of the rock. Con glom er ate, sand stone and lime stone dis -
play con tact meta mor phic al ter ation from metasedimentary
rocks to skarns, where the skarns are more min er al og i cally in -
ter est ing. Gar net-bear ing skarns oc cur as small-scale bod ies
up to a few metres thick. Their tex ture is granoblastic and the
struc ture is mas sive, rarely banded. The skarn sam ples se -
lected for de tailed anal y ses con tain cal cite + gar net + epidote
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+ chlorite + quartz (Fig. 2). The gar net crys tals show pri mar ily
anhedral gran u lar tex ture un der the mi cro scope. The crys tal
size is mainly <1 mm, with rare small epidote in clu sions. Com -
mon opaque min er als such as pyrrhotite, chal co py rite and
sphalerite (Stojanoviæ et al., 2018) fill cav ity spaces be tween

euhedral anisotropic and os cil la tory zoned gar net grains,
which are rarely cross-cut by thin cal cite veins. The SEM-WDS 
anal y ses show that an al ter na tion of Al- and Fe-rich zones
forms the os cil la tory zon ing. The epidote grains are anhedral
and lo cally re placed by chlorite.

Bojan Kostiæ et al. / Geological Quarterly, 2024, 68: 24 3

Europe-derived units in Alps.
East Carpathians, Balkan 
Peninsula & Pontides

Tisza Mega - unit: mixed 
Eurepean & Adriatic affinities

thrust sheets derived from
the Adria-Antolides-Taurides
microcontinent

Quartz-latite

K  -Conglomerates,1  

sandstones, silicified
aleurolites, limestones

K  - Microconglomerates,2

sandstones, aleurolites,
carbonates

Fig. 1A – sim pli fied geo log i cal map of South-East ern Eu rope (af ter Schmid et al., 2008),
with the lo ca tion of the study area within Ser bia; B – sim pli fied geo log i cal map of the
Rudnik area mod i fied ac cord ing to the Ba sic Geo log i cal Map 1:100,000, Sheets Kragu -
jevac (Brkoviæ et al., 1980) and Gornji Milanovac (Filipoviæ et al., 1978)

The lo ca tion of sam pling (no 145) is marked with a black dot
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MAJOR ELEMENT GEOCHEMISTRY

The re sults from 10 rep re sen ta tive SEM-WDS spot anal y -
ses on gar net grains (Fig. 3), in di cate that the main com po -
nents of the Rudnik gar nets are SiO2 (37.63–39.61 wt.%),
Al2O3 (0–11.33 wt.%), CaO (33.04–35.03 wt.%) and FeO
(13.72–27.26 wt.%). Compositionally, an dra dite and grossular 
pre dom i nate with mi nor almandine and spessartine com po -
nents (Fig. 4). The FeO con tent ob tained by SEM-WDS was
con verted to the (FeO + Fe2O3) sum, by as sum ing that the de -
fi ciency of to tal (Ti + Al + Cr) for the oc ta he dral [Y] site is made
up only of Fe3+. Un der BSE, gar nets have vis i ble compo -
sitional zon ing where the zones with darker in ten sity are richer 
in Al, whereas lighter zones have a higher Fe con tent. The Mn
con tent is <1 wt.%, while the Ti con tent is be low the de tec tion
limit (Ta ble 1). Ac cord ing to the re sults ob tained, the gar nets
stud ied from the Rudnik orefield pre dom i nantly rep re sent an -
dra dite-grossular solid so lu tions, be ing roughly of
Adr39.3–88.9Grs2.9–53.9Alm0.5–10.0 com po si tion, and with mi nor
amounts of spessartine (up to 1.8 mol%). SEM-WDS anal y ses 
in di cate con stant Ca con tents in the core and the rim, al beit
with small in clu sions of epidote, quartz and rarely sphalerite in
the grain cores. 

TRACE ELEMENT GEOCHEMISTRY

Data for the REEs and trace el e ments of the skarn gar nets
stud ied are shown in Ta ble 2. In gen eral, the Rudnik gar nets
are de pleted in HREE el e ments and Sr rel a tive to the prim i tive
man tle (Ta ble 2 and Fig. 5). In con trast, the U and Pb in the
Rudnik gar nets are en riched com pared to the av er age prim i tive
man tle (McDonough et al., 1995). Ad di tion ally, the pat tern and
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Fig. 3. Back-scat tered scan ning elec tron mi cro scope im age of gar net grains with
chlorite (left) and cal cite (right)

Black dots rep re sent ex act po si tions of the SEM-WDS and LA-ICP-MS anal y ses
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Fig. 2. Pho to mi cro graph show ing anhedral gran u lar tex ture of anisotropic os cil la tory
zoned gar nets in skarn sam ple no. 145 taken from the bore hole

Char ac ter is tic oc cur rences of cal cite and epidote are also pre sented, XPL; 
scale bar 1 mm
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Fig. 4. The ter nary clas si fi ca tion di a gram for gar nets
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 in the oc ta he dral [Y] sites)

Grs – grossular, Adr – an dra dite, Uvr – uvarovite, Prp – pyrope, Sps 
– spessartine, Alm – almandine (based on Whit ney et al., 2010)
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ob vi ous pos i tive Eu anom aly is dif fers from pre vi ous re sults
(Kostiæ et al., 2021) with no spa tial re la tion ship, as sam ple 145
is lo cated in the hang ing wall of the ore body. The trace el e ment 
con tent of gar net in sam ple 145 is more vari able then from gar -
nets from the prox i mal zone of the min er al iza tion by Kostiæ et al. 
(2021), and the gar nets have more vari able trace el e ment 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

Ob served and mea sured fluid in clu sions in the Rudnik gar -
nets oc cur as gen er ally elon gated and el lip ti cal forms with less
ir reg u larly shaped in clu sions. In gen eral, the fluid in clu sion pop -
u la tions are aque ous liq uid-vapour in clu sions (L-V) with max i -
mum size of 5 µm. Rep re sen ta tive heat ing and freez ing data
(Ta ble 3 and Fig. 6) show the range of ho mog e ni za tion tem per -
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T a  b l e  1

Rep re sen ta tive SEM-WDS anal y ses of ma jor el e ments in gar net sam ple 145 from the skarns stud ied
 (in wt.% ox ides, rounded to the sec ond dec i mal place), struc tural for mula on the ba sis of 12 ox y gen at oms 

per for mula unit (apfu), and cal cu lated end mem bers (in mol%)

Sam ple 145

Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6 Spot 7 Spot 8 Spot 9 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 25.68 19.77 27.26 16.13 26.21

Al2O3 n.d.   7.36   0.66 11.33   1.58 1.98   6.64   0.37 10.11   1.35

SiO2 38.86 39.21 39.32 39.61 38.69 37.63 39.28 39.01 38.13 37.86

To tal 99.20 100.87 99.93 99.96 99.91 99.58 100.85 100.14 99.87 99.42

Gar net for mula cal cu lated on the ba sis of 12 ox y gen at oms per for mula 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

Fe3+ 1.600 1.126 1.517 0.744 1.549 1.672 1.173 1.604 1.048 1.671

Fe2+ 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 2.936 2.901 2.890 2.894 2.909 2.963 2.946 2.926 2.959 2.951

End mem bers

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

An dra dite 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

To tal 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0  

n.d. – not de tected

0.01
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La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Grossular-andradite from previous researchA
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Fig. 5A – chondrite-nor mal ized REE pat tern of Rudnik gar nets; the shaded field is from pre vi ous re search (Kostiæ et al., 2021);
B – trace el e ment spi der di a gram of the Rudnik gar nets; the val ues ob tained were nor mal ized on ba sis 

of prim i tive man tle val ues (McDonough et al., 1995)

https://doi.org/10.31577/GeolCarp.72.1.2
https://doi.org/10.31577/GeolCarp.72.1.2
https://doi.org/10.1016/0009-2541(94)00140-4


a ture (Th) from 373–392°C, while the sa lin ity of the trapped fluid 
in clu sion ranges from 14.25 to 15.27% NaCl equiv a lent. The
es ti mated fluid in clu sion den si ties are from 0.74 to 0.77 g/cm3,
cal cu lated ac cord ing to Bodnar (1993). 

DISCUSSION

The Rudnik gar nets gen er ally oc cur in prox i mal skarns
close to the con tact with ig ne ous bod ies such as sills and dykes
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T a  b l e  3

Rep re sen ta tive data of fluid in clu sion microthermometric mea sure ments
on the Rudnik gar nets

Spot no. Or i gin Type Size
[µm]

Tm-ice 
[°C]

Th
[°C]

Sa lin ity wt.% 
NaCl equiv a lent

Den sity 
[g/cm3]

1 P L-V 3.8 –11.0 373 14.97 0.77

2 P L-V 4.2 –10.6 376 14.57 0.76

3 P L-V 5.1 –10.3 379 14.25 0.75

4 P L-V 3.5 –11.2 392 15.17 0.74

5 P L-V 4.8 –11.3 385 15.27 0.75

P – pri mary, L – liq uid, V – vapour, Tm-ice – ice melt ing tem per a ture, Th – to tal
fluid ho mog e ni za tion tem per a ture

T a  b l e  2

Rep re sen ta tive LA-ICP-MS trace el e ment and REE data [ppm] on the Rudnik gar nets

Spot
no. Cs Rb Ba Th U Nb Ta Pb Sr Zr Hf Y Ti

1 n.d. 0.037 0.45 0.038 0.312 n.d. 0.061 0.161 0.363 n.d. 0.081 1.269 n.d.

2 n.d. 0.549 0.46 0.032 0.327 n.d. 0.073 0.056 0.178 n.d. 0.059 1.389 n.d.

3 n.d. 0.083 0.29 0.064 0.505 0.009 0.079 0.15  0.197 0.58 0.04  1.63  17.8

4 n.d. 0.035 1.6  0.071 0.157 n.d. 0.048 0.35  1.05  0.34 0.01  2.41  85  

5 n.d. 0.041 0.44 0.084 0.179 0.75  0.072 0.123 0.326 1.65  0.27  1.405 1780

6 n.d. 0.091 0.3  0.062 0.125 0.7   0.103 0.013 0.66  3.82  0.38  1.415 1580

7 n.d. n.d. n.d. 0.097 0.114 0.249 0.04  2.32  0.55  1.59  0.159 2.61    592

8 n.d. 0.035 0.57 0.069 0.12 0.051 0.049 0.1   0.39  n.d. 0.136 2.06  n.d.

9 n.d. 0.062 0.53 0.042 0.249 0.097 0.029 1.62  0.54  1.01  0.088 1.217 59.5

10 n.d. 0.049 0.3  0.041 0.484 n.d. 0.062 0.83 0.94  0.153 0.1    1.272   6.4

n.d. – not de tected

Tab. 2. cont.

Spot
no.

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu SREE
SLREE/
HREE

dEu dCe

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



(Kostiæ et al., 2021). Gar nets ap pear rarely in dis tal skarns, and
they are closely con trolled by hy dro ther mal fluid paths along
sed i men tary bed bound aries, and in lo cal frac tures and po ros ity 
zones (Kostiæ, 2021). One of the most im por tant con trol ling fac -
tors for gar net in the Rudnik lo cal ity is the amount of car bon ate
com po nent in the protolith (Kostiæ, 2021).

As the gen eral gar net for mula is {X}3[Y]2(Z)3O12, yt trium, U
and REE in cor po ra tion in the gar net crys tal struc ture is only
pos si ble by cou pled sub sti tu tion of Ca2+ in the dodecahedral {X} 
po si tion (Carlson et al., 2014). Gen er ally, the Y/Ho ra tio of gar -
net from hy dro ther mal sys tems is higher than the Y/Ho ra tio
from mag matic pro cesses, where val ues are much closer to the 
chondrite value (Bau and Dulski, 1996). Ac cord ing to Gaspar et
al. (2008), in hy dro ther mal sys tems Y can usu ally eas ily fractio -
nate from Ho. Be cause Rudnik gar nets have rel a tively high
Y/Ho ra tios, i.e., rang ing from 51.4 to 636 (av er age 133), this
sug gests that pro cesses re spon si ble for their crys tal li za tion
orig i nate from hy dro ther mal ac tiv ity.

There fore, the in cor po ra tion of REEs and trace el e ments
into gar net crys tals can be con trolled by fluid-rock in ter ac tion
(Liang et al., 2021), be cause the Y, U and REE3+ in the Rudnik
gar nets do not dis play an ap par ent lin ear re la tion ship. Namely,
the to tal Al and Fe3+ con tents are not cor re lated with the
SREE3+ con tents, sug gest ing that the sub sti tu tion mech a nism
is not of the YAG-type (Fig. 7).

It is well-known that gar nets which ex hibit LREE de ple tion
with a neg a tive or ab sent Eu anom aly orig i nate from neu tral hy -
dro ther mal flu ids (Bau, 1991). The re lax ation en ergy for Eu2+

which re places Ca, i.e., which en ters into the dodecahedral {X}
site in gar net, is lower than needed for the tri va lent Eu. Also, in

hy dro ther mal sys tems, the pres ence of Cl– un der mildly acidic
con di tions can sig nif i cantly con trol REE pat terns and am plify
the sta bil ity of sol u ble Eu2+. Acidic con di tions fa vour Eu2+ trans -
por ta tion in hy dro ther mal flu ids and form pos i tive Eu anom a lies
(Gaspar et al., 2008). In a pre vi ous study (Kostiæ et al., 2021), it
was dem on strated that grossularite-rich gar nets from the prox i -
mal zone close to con tact with the ig ne ous body: 

– have LREE-de pleted pat terns; 
– have HREE-en riched pat terns; 
– have no pos i tive or neg a tive Eu anom aly (Fig. 5A); 
– were formed by pro longed in ter ac tion of pore flu ids with the

host rock. 
Gaspar et al. (2008) sug gested that a dis tinct pos i tive Eu

anom aly oc curs un der acidic con di tions.
By con trast, the gar nets stud ied here from the Rudnik dis tal

skarn zone are more an dra dite-rich, and they dis play: 
– LREE-en riched pat terns; 
– HREE-de pleted pat terns; 
– a pos i tive Eu anom aly; 
– they orig i nate from magma-de rived hy dro ther mal flu ids of

acidic na ture.
In fluid sys tems, a re duc tion in U sol u bil ity may be caused

by a de crease in ¦O2, and this pro cess in creases U in cor po ra -
tion into gar net (Zhang et al., 2017). In the Rudnik gar nets, U
con cen tra tions are the range 0.114 to 0.505 ppm (Ta ble 2), and
the av er age value is 0.257 ppm, whereas lower U con cen tra -
tions re veal that gar nets have crys tal lized un der in creased ox y -
gen fugacity con di tions.

As gar nets are sta ble at higher tem per a tures, trapped fluid
in clu sions in the gar net can be con sid ered as pri mary in clu -

Bojan Kostiæ et al. / Geological Quarterly, 2024, 68: 24 7

A B

Fig. 6A, B – im ages of liq uid-vapour (L-V) type fluid in clu sions trapped
 in the Rudnik gar nets
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sions, as they re late to the gar net grow ing zones. Ho mog e ni za -
tion tem per a ture (Th) data were used to cal cu late the PT con di -
tions of flu ids at the mo ment of gar net crys tal li za tion. To re veal
the min i mum trap ping pres sure of the pri mary in clu sions in the
Rudnik gar nets, the re sults ob tained are plot ted on a di a gram of 
Driesner and Hein rich (2007). Ho mog e ni za tion tem per a tures
ver sus sa lin ity plot ted on the di a gram in Fig ure 8 show that the
trap ping pres sure is be tween 19 and 23 MPa. Com pared with
data from fluid in clu sions in quartz de scribed in Kostiæ (2021),
fluid in clu sions in the gar net have some what higher fluid trap -
ping pres sures.

In pre vi ous re search (Kostiæ et al., 2021), Al-rich gar nets
from the prox i mal exoskarn have a flat to mod er ate up ward-
 slop ing (LREE-de pleted and HREE-en riched) trend with lit tle or
no Eu anom aly (Fig. 5A). Gar nets from dis tal exoskarns have
ob vi ous LREE-en riched and flat HREE pat terns with a strong
pos i tive Eu anom aly. The pos i tive Eu anom a lies in the exo -
skarn gar nets in di cate that Eu mainly oc curred as Eu2+ in the
flu ids, and the com po si tion of the hy dro ther mal flu ids evolved
from the prox i mal to dis tal skarns.

Sverjensky (1984) ex per i men tally showed that in skarn sys -
tems di va lent Eu should pre dom i nate >250°C. Re sults from

fluid in clu sion microthermometry (Ta ble 3) on the Rudnik gar -
nets in di cate that ho mog e ni za tion tem per a tures of the fluid in -
clu sions are above 250°C and in di cate that the Rudnik gar nets
formed at higher tem per a tures (about ho mog e ni za tion tem per -
a ture or more). 

Fur ther more, pre vi ous re search (Cvetkoviæ et al., 2016;
Kostiæ et al., 2021) fol lowed an ear lier hy poth e sis con cern ing
the links be tween the or i gin of the Rudnik min er al iza tion, gar net
crys tal li za tion, and mag matic-hy dro ther mal ac tiv ity. Par tic u -
larly, the Rudnik gar net pri mar ily orig i nated from in fil tra tion
metasomatism in duced by hy dro ther mal flu ids along the con -
tact zone be tween dykes and sed i men tary lay ers, frac tures and
po ros ity zones.

CONCLUSIONS

The ma jor find ings of this study can be sum ma rized as fol -
lows:

1. Gar nets are rare in the dis tal skarns of Rudnik, and their
pres ence is strongly linked to the paths of hy dro ther mal flu ids
through the con tact zones be tween sed i men tary lay ers, frac -
tures, and po rous zones.

2. A high Y/Ho ra tio sug gests that pro cesses re spon si ble for 
gar net crys tal li za tion orig i nate from ac tiv ity re lated to hy dro ther -
mal flu ids.

3. In comparation to the prox i mal skarns, gar nets found in
the dis tal skarns of Rudnik are char ac ter ized by higher Fe con -
tents, pos i tive Eu anom a lies, and an en rich ment in light rare
earth el e ments (LREE) with a flat pat tern for heavy rare earth el -
e ments (HREE).

4. The low U con cen tra tions ob served in gar nets in di cate
that they crystalized un der con di tions of in creased ox y gen
fugacity.

5. The gar nets were formed from hy dro ther mal flu ids un der
physicochemical con di tions char ac ter ized by min i mum tem per -
a tures of 373–392°C, min i mum trap ping pres sures of 19–23
MPa, mildly acidic pH lev els, and in creased ox y gen fugacity.
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