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Correlation of metabasic rocks from metamorphic soles of the
Dinaridic and the Western Vardar zone ophiolites (Serbia):
three contrasting pressure-temperature-time paths
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Abstract. The field, petrological-mineralogical, geochemical and geochronological data of the metamor-
phic sole rocks recorded beneath the Fruska Gora, Povlen (Teji¢i), Stolovi and Banjska ophiolites in the
Western Vardar Zone (WVZ) and beneath the Zlatibor, Bistrica, Sjenicki Ozren and Brezovica ophiolites in
the Dinaridic ophiolite belt (DOB) in Serbia are compared. The focus has been made on metabasic rocks
formed in contact with the oceanic crust members: cumulate gabbro and basalts of SSZ-type with E-MORB
and OIB-signature and more evolved tholeiitic basalts of MOR-affinity.

Amphibole, the major phase formed from the mafic sole components, depending on pressure-temperature
conditions exhibits compositional variations. According to mineral assemblages, estimated P-T conditions
and ages, the potential P-T paths are given: high pressure — low temperature blueschist facies assemblage
(7-9 kbar and ~400°C and <300-350°C and 4-8 kbar), recorded only in the metamorphic sole at the Fruska
Gora (WV2Z); high pressure — high temperature amphibolite to granulite facies (8—10 kbar and >700-850°C),
recorded in both domains, the WVZ (Banjska) and the DOB (Bistrica, Sjenicki Ozren, Brezovica) and medi-
um pressure — medium temperature amphibolite facies assemblages (~3.5-7 kbar and >350-650°C) recog-
nized in the WZV (Tejiéi, Devoviéi) and the DOB (Zlatibor). The peak metamorphic conditions point to
depths of the oceanic lithosphere detachment and its initial cooling at 10-30 km, but the ages and tectonic set-
ting of ophiolites remain poorly constrained. The summarized data may be used as an important key in geo-
dynamic evolution of the Mesozoic Tethyan ophiolites.

Key words: Serbia, Western Vardar Zone, Dinarides, ophiolites, metamorphic sole, metabasic rocks,
amphibole, PT conditions, correlation.

Amncrpakr. [locrojehn TepeHCKH, TETPOIONIKO-MHHEPAIONIKH, TEOXEMHJCKH M T€OXPOHOJIOIIKH ITOAAIHN O
MeTaMOp(HUM CTeHaMa pa3BHjeHUM Y MOIMHA OPHOIUTCKOT 1ojaca 3amagae Bapmapcke 3one (Ppymika ro-
pa, IloBnen, CronoBu u bamcka) n Junapuna (3narudop, bucrpuna, Cjennuku O3pen u bpesosuua) y
Cpbuju KopenmcaHu Cy ¥ JOITyEeHH HOBIM MUHEPAIIOIIKKAM IoarMa o amdudonntrnma bucrpume. Pa3ma-
TpaHU Cy caMO MeTaba3uTH (GOpPMHUpPAHH METaMOP(PHU3MOM CTEHA OKEaHCKE KOpe Tj. KyMyJaTHUX rabpoBa u
Gazasita M3 cynpa-cyOXyKIIMOHUX 30Ha ca reoxeMujckum aduauteroM oboraheHor MORB-a 1 OIB-a mmn
BUILE TU(EPEHIIMPAHNX TOIEUTCKUX 0a3aiTa CpeAhOOKeaHCKHX rpedeHa.

Pasmke y cacraBy ampuOona, rmaBHe MEUHEpaHe da3za MeTabaznuTa, HOCIeIuIla Cy yCIIoBa MeTaMophu3Ma
u KapakTtepa nporosmta. Ha ocHOBy MuHepanHor cacraBa, P-T ycnoa u crapocti Mmeramopdusma, U3aBo-
jeHa cy Tpu norennrjanaa P-T—t meramopdHa rpanmjenTa:

— BUCOKUX NPUMUCAKA—HUCKUX memnepamypa: acoyujayuja onywucm ¢gayuje (7-9 kbar, T ~400°C u
<300-350°C, P 4-8 kbar; 123 + 5 Ma); 3abenexeHa je jequHo y MeTamopdHOM opeorry @pymike [ope (3a-
nagHa Bapnapcka 30Ha);

— BUCOKUX NPUMUCAKA U meMnepamypa.: epanyiumcka oo amgpuoorumcka gpayuja (8—10 kbar u >700-850°C;
146 + 4.9 Ma — 174 + 14 Ma); aconmjanumja 3abenexxeHa y meramoppHoMm opeony bamcke (3amagna Bap-
nmapcka 30Ha), bucrpue, Cjennukor O3pena u bpeszosurie (AnHapuacku ohHUOIATCKA 1ojac).
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— cpedre BUCOKUX Hpumucaxa u cpeorux memnepamypa: amduoomutcka danuja (~3.5-7 kbar u
>350-650°C; 160—-178.3 + 6.7 Ma), 3ab6enexena y Tejuhuma n JleBoBuhnma (3ananna Bapnapcka 3oHa) u Ha

3narubopy (Jurapuncku oproOTUTCKH 1M0jac).

P-T ycnoBu MeramopdusmMa yka3syjy Ha ,,0[[Bajame’ OKeaHCKe JuTocdepe U moveTak xnahema Ha TyOHMHI
on 10-30 km, aim Cy TEKTOHCKE CpeIWHE M CTapocT MeTamopdu3Ma 3a IMOojerHE JOKATHOCTH W aJhe
HEJIOBOJBHO TpoydeHe. [IpuKkazaHu mopjaly Cy BaKHH 3a TyMademe TeOJIOIIKE EBOJyIHje Me3030jcKux

oduonuta Teruca.

Kspyune peun: CpOuja, 3amagna Bapnapcka 3ona, JuHapuaun, odpuonntu, metamopdHe cTeHe, MeTada-

3utH, ampudonu, P-T ycrosu, kopenamuja.

Introduction

Numerous ultramafic sequences worldwide com-
prise high to medium and low grade metamorphic sole
rocks formed during the overthrusting of hot lithos-
pheric fragments in intra-oceanic settings or within
orogenic belts. Their presence is the clue in clarifying
the nature of emplacement processes during intra-
oceanic subduction and post-obduction tectonic
events. The creation of metamorphic sole is among
the earliest event at the end of magmatic construction
when tectonic processes take part in ophiolite evolu-
tion instead of igneous (JAMIESON 1986; GARFUNKEL
2006). The size of metamorphic sole, its age, thermal
evolution and peak metamorphic condition can enable
a better insight into the age and thermal properties of
the ophiolite sequences during their emplacement.
Moreover, it is of key importance in proceedings
related to the ocean-realm evolution.

Well to slightly evolved metamorphic sole rocks
occur beneath most of the Jurassic Tethyan-type ophi-
olites in the Western Vardar Zone (WVZ) and in the
Dinaridic belt (DOB) in Serbia. The best preserved
metamorphic sole rocks crop out within the DOB in
association with the Zlatibor, Bistrica, Sjenicki Ozren
and the Brezovica ophiolites, and in the WVZ in asso-
ciation with the Fruska Gora (FG), Maljen, Povlen
(Tejic¢i), Stolovi and the Banjska ophiolites (Fig. 1).
The majority of them comprise approximately
100-250 m thick assemblage of metasediments asso-
ciated with high to medium grade metabasites.

The goal of this contribution is to make correlation
sole amphibolites evolved beneath two ophiolite belts
1.e. the DOB and the WVZ, on the basis of available
geological, geochemical and geochronological data
contributed with some new data related to the garnet
amphibolites of Bistrica.

Geological setting

The closure of the Tethyan oceanic realm in the
Central Balkan Peninsula since Early Jurassic time
was followed by subduction of the oceanic lithosphere
along convergent continental margins or within supra-
subduction oceanic environments (KARAMATA 2006;
ROBERTSON ef al. 2009, and references there in).
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Fig. 1. The ultramafic massifs of Serbia in the geotectonic
framework of KArRaMATA (2006) with K—Ar radiometric
ages of their metamorphic sole rocks and depths realized
according to P-T condition of metamorphism. Abbrevia-
tion: EBDU, East Bosnian Durmitor Unit; DOB, Dinaride
Ophiolite Belt; DIU, Drina Ivanjica Unit; WVZ, Western
Vardar Zone ophiolite belt; JU, Jadar Unit; KU, Kopaonik
Unit; EVZ, Eastern Vardar Zone ophiolite belt; SMM,
Serbo-Macedonian Massif.

The NNW-SSE trending WVZ represents a large
“suture zone” exposed between the Drina—Ivanjica,
Kopaonik and the Jadar Units, which continues fur-
ther northwest (close to Zagreb, Sava Zone of PAaMIC
2002) and crops out in isolated mountains (Fruska
Gora, PozeSka Gora and Prosara) northwest of
Belgrade. To the south it extends between the Pela-
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gonian and the Paikon Unit. The WVZ is made of var-
ious dismembered ultramafic masses generally
harzburgitic ( spinel) in composition with 160 to 123
Ma aged metamorphic sole at their base — mainly
amphibolites and subordinated blueschists, gneisses,
mica schists and greenschists (KARAMATA et al. 2000;
MILOVANOVIC et al. 1995; SRECKOVIC-BATOCANIN et
al. 2006; BAZYLEV et al. 2009; KORIKOVSKY et al.
2000a).

The NW-SE trending DOB is bordered by the
Drina—Ivanjica Unit to the east and the WVZ to the
northeast and extends to the Dinaridic Carbonate plat-
form to the west and related units to the southwest
(Fig. 1). Southwards it enters Metohija Depression
and continues to Albania and Greece. The dismem-
bered ultramafic bodies are interpreted as fragments
of subcontinental mantle or as supra-subduction (back
arc) type. The former is mostly lherzolitic (+ garnet)
and the latter is lherzolitic (£ spinel)-harzburgitic in
composition (BAZYLEV et al. 2006a, 2009). The meta-
morphic sole at their base comprises high to medium
grade amphibolites (rarely granulite) of 168 = 1 Ma
age (LANPHERE et al. 1975).

Material and Methods

Samples of amphibolites (with = garnet) from Bistri-
ca were investigated under the microscope and after-
wards the freshest samples were selected for further
study. Morphologies and chemical composition of min-
eral phases were identified using a JEOL JSM-6610LV
Scanning Electron Microscope that was connected to
an X-Max large Area Analytical Silicon drift in the
Faculty of Mining and Geology in Belgrade. Quanti-
tative mineral analyses were performed under high
vacuum conditions, acceleration voltages 20 kV, step
sequence 10 mm and external set of standards charac-
teristic for each element. Mineral abbreviation used in
text is done after KRETZ (1983).

Metamorphic soles of the WZV and DOB:
an overview

In the Vardar Zone Ophiolite Belt the metamorphic
sole rocks were noted at its northernmost (Mt. Fruska
Gora, MILOVANOVIC et al. 1995), western (Massif Po-
vlen, the village Teji¢i; SRECKOVIC-BATOCANIN et al.
2002), central (Massif Stolovi, the village Devovici;
PoreviC 1973) and southern parts (Massif Banjska,
KORIKOVSKY ef al. 2000a; Rogozna Massif, PALINKAS
et al. 2008).

The metamorphic soles within the Serbian part of
the DOB are evolved in contact with ultramafics at the
Mt Zlatibor (CIRIC, 1968; KORIKOVSKY ef al. 2000b;
BAzYLEV et al. 2009), Bistrica (MAJER, 1972; POPEVIC
& PAaMIC 1973; PoPEVIC & KARAMATA 1993; MILO-

VANOVIC, 1988; MILOVANOVIC et al. 2008; BAZYLEV et
al. 2006a) and Brezovica (KARAMATA 1968; KARAMA-
TA & MILOVANOVIC 1990; KARAMATA et al. 2000).

The metamorphic sole rocks beneath
the WVZ ultramafics

Mt. Fruska Gora. The metamorphic sole rocks
crop out on the southern slope of the mountain inside
the mélange composed of large blocks and fragments
of sedimentary, igneous and volcaniclastic rocks set in
a very low to low grade metamorphosed clayey-sandy
matrix. Their age ranges from Triassic to Jurassic—
—Cretaceous (pre-Maastrichtian). Elongated dismem-
bered ultramafic bodies, spinel harzburgitic (rarely
lherzolitic) in composition, form the southern slopes
of the mountain in the area BeSenovo—Jazak—Grgure-
vac. The smaller bodies of serpentinized harzburgite
and dunite crop out at the northern slopes in the area
between Beocin and Sremski Karlovci, also. Blocks
and fragments of terrigenous and volcaniclastic rocks
as well as basalts and rarely carbonate rocks from
mélange were exposed to various metamorphic grade
and transformed into phyllites, sericite-chlorite
schists, green schists, metabasalts, metadolerite, calc-
schists, rarely marbles and blueschists (ALEKSIC &
CuCULIE-TRIFUNOVIC 1972; MILOVANOVIC et al. 1995;
KORIKOVSKY & KARAMATA 2011). The actual size of
these blocks cannot be estimated due to insufficient
exposure of ultramafics and mélange.

Subduction related high pressure-low temperature
metamorphic sole rocks were determined as crossite-
schists by MILOVANOVIC et al. (1995) and later as
glaucophane-riebeckite-pumpellyite-actinolite-epi-
dote schists by KorikOvsky & Karamara (2011).
They occur as large blocks on the northeastern slope
of Mt. (stream SeliSte, ~2 km northern of the town
Sremski Karlovci,) and on the western slope within
the Upper Jurassic—-Lower Cretaceous olistostrome
mélange (KORIKOVSKY & KARAMATA 2011) as well as
pebbles within the Maastrichtian basal conglomerates
(e.g. Citluk stream). The amphibole in the first occur-
rence is classified as crossite according to the classifi-
cation of LEAKE et al. (1978). MILOVANOVIC et al.
(1995) considered the mineral assemblage epidote +
sodic amphibole + quartz to be formed under the epi-
dote-blueschist subfacies or high-T epidote bearing
segment of blueschist facies (see Evans 1990) i.e. at
the temperature of approximately 400°C and pressure
7-9 kbar. This pressure corresponds to metamorphism
at a depth of about 30 km.

This study reveals the subduction of the oceanic crust
of the Vardar Ocean during the Early Cretaceous time
(Barremian—Aptian; 123 + 5 Ma), probably beneath the
continental crust situated northeast, which argues the
existence of an eastward dipping subduction zone.
The second occurrence contains zonal Na-amphibole



64 DANICA SRECKOVIC-BATOCANIN, NADA VASKOVIC, VESNA MATOVIC & VIOLETA GAJIC

of the glaucophane-riebeckite series, actinolite, pum-
pellyite, epidote, chlorite, and rarely quartz. KORIKOV-
SKY & KARAMATA (2011) suggested that the mélange
rocks along with the high-Ti subalkaline basalts and
associated K-rich quartz—mica arkoses were buried to
depths of 14-29 km by cold subduction. The same
authors assumed that at pressure of 4-8 kbar and tem-
perature below 340-350°C the mentioned rocks were
transformed into glaucophane (riebeckite)-pumpel-
lyite—actinolite—epidote—chlorite metasandstones and
phyllites with high-pressure Mg—Si phengite.

Mt. Povlen (Teji¢i). The metamorphic sole rocks
occur within an olistostrome mélange as fragments or
large blocks beneath the ophiolite slab, which is expos-
ed as a narrow, approximately 200 m wide and 800 m
long zone. The ophiolite sequence, mainly composed
of harzburgite (minor lherzolite) with typical tectonite
fabric, gabbro, diabase and pillow-basalt associated
with volcanic breccias and tuffaceous rocks, is tecton-
ically emplaced to its present position during the late
Upper Jurassic.

The metamorphic sole comprises greenschist to
amphibolite facies mineral assemblages created by
metamorphism of basic igneous rocks and their vol-
caniclastics along with sandy-silty (argillaceous) sed-
iments. The low-grade metamorphic rocks are various
greenschists, while higher-grade metamorphic rocks
(garnet bearing amphibolite, amphibolite sensu stricto
and epidote-bearing amphibolite) are exposed at the
base of the ultramafic sequence (mostly harzburgite).
Amphiboles within higher-grade metamorphic rocks
are tschermakite, rarely magnesio-hornblende; pri-
mary plagioclase is almost completely replaced by
epidote and prehnite whereas garnet porphyroblasts
are almandine-rich. Biotite, chlorite, and actinolite are
formed at the expense of amphibole due to retrograde
metamorphic conditions. Amphibolitic rocks are fol-
lowed by large blocks or fragments of augen gneisses
and garnet mica schists metamorphosed under P-T
condition of 435-550°C and 4.5 + 0.5 kbar (SRECKO-
VIC-BATOCANIN & VAskovi¢ 2000). The P-T condi-
tions of amphibolites estimated for a Grt-Hbl pair
using the method of GRAHAM & POWELL (1984), Po-
WELL & HOLLAND (1985) and PERCHUK & LLAVRENTE-
VA (1985) reveal a temperature range of 630 to 680°C
and pressure of 6 £ 1.5 kbar (SRECKOVIC-BATOCANIN
et al. 2002). The K—Ar age of sole rocks of 160—150
Ma (Tithonian/Callovian) reveals the time when pro-
toliths were overthrusted by the hot ultramafic slab,
and the beginning of the closure of the ocean basin
(SRECKOVIC-BATOCANIN et al. 2002, 2010). The pres-
ence of metaclastic rocks assembled with metabasic
rocks reveals the site of emplacement close to a major
landmass. The presence of amygdales in pillow
basalts and lack of deep water sediments additionally
confirm this statement.

Devovié¢i (Usée). On the southwestern slope of the
large Ibar ultramafic mass (Massif Radocelo), 5 km

distant from Us¢e, the metamorphic sole appears in a
narrow tectonic zone (0.3-0.4 km wide and ~1 km
long) within the serpentinized spinel harzburgite. A
dense alternation of various low and medium to high
grade metamorphic rocks derived from rocks of the
diabase-chert formation were identified (POPEVIC
1973). Based on mineral assemblages in amphibolites
next to ultramafics a temperature of about 600°C is
suggested. The whole sequence subsequently under-
went retrograde metamorphism. Data related to whole
rock- and mineral chemistry are lacking.

Banjska. The Banjska Massif (20 x 8 km) is a rel-
atively large body composed of clinopyroxene-poor
spinel lherzolite (BAZYLEV et al. 2009). The metamor-
phic sole is developed as a zone of almost 20 m wide
and 2 km long. It comprises high grade metamorphic
rocks: clinopyroxene and/or hornblende (£ clinozoisi-
te) amphibolites with thin bands of garnet-cordierite-
sillimanite gneiss (MAJER ef al. 1979; KORIKOVSKY ef
al. 2000a). Most of them underwent retrograde meta-
morphism and Fe-Mg—Ca metasomatic processes
(KORIKOVSKY et al. 2000a). The high-temperature am-
phibole from amphibolites with up to 1.9% TiO, is
classified as pargasite-tschermakite-hastingsite. Due
to retrograde greenschist facies overprint it is mostly
replaced by actinolite + epidote. Replacements by
chlorite * sericite in garnet and cordierite, and plagio-
clase by saussurite or prehnite and pumpellyite have
been noted. According to the garnet-biotite and gar-
net-cordierite thermometer of PERCHUCK (1989) and
garnet-cordierite-sillimanite-quartz barometer of ARA-
NOVICH & PoODLESSKII (1989) gneisses formed within
the temperature range of 650°C to 760-780°C at pres-
sure of 6.7-6.9 kbar (KORIKOVSKY et al. 2000a). Pres-
sure estimates are compatible with the arrangement of
jadeite isopleths in clinopyroxene in the clinopyrox-
ene-plagioclase-quartz assemblage after HOLLAND
(1980) indicating the depth of the initial cooling and
the onset of tectonic stabilization of the ultramafic
mass at 24-25 km.

Troglav. The Troglav Massif mainly consists of
spinel harzburgite. Dunite and spinel lherzolite are
subordinated. POPEVIC (1978) assumed that the Stolo-
vi (east of the Troglav) and the Troglav represent parts
of one large massif separated by the Ibar River valley.
The metamorphic sole at its base has not yet been
studied.

Rogozna. Metamorphic sole at the Rogozna Massif
formed from basic igneous and sedimentary rocks
mostly comprises schistose amphibolites and green-
schists. Rare occurrences of mica schists and marbles
are also noted. Rocks are highly hydrothermally alter-
ed during the Oligocene Pb—Zn—Ag mineralization
processes. Amphibolite samples collected near the Cr-
nac Pb—Zn—Ag mine and along the road section Josa-
nicka creek — Leposavi¢ consist of hornblende (re-
placed by secondary chlorite and fibrous actinolite)
and plagioclase, partly replaced by epidote and preh-
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nite (PALINKAS et al. 2008). The Ar—Ar ages deter-
mined on amphibole and actinolite vary from 168.8 +
3.9 Ma to 178.3 + 6.7 Ma; the age of the hydrother-
mally altered amphibolite is 150.4 = 10.2 Ma. This
age implies the onset of intra-oceanic subduction-ob-
duction processes (Lower to Middle Jurrasic i.e. Toar-
cian to Bajocian time) synchronous with the forma-
tion of Dinaridic and Albanian metamorphic soles
(PALINKAS et al., loc.cit.).

The metamorphic sole rocks beneath the DOB

Mt. Zlatibor. Metamorphic sole rocks related to
the Zlatibor ultramafic mass (20 x 30 km) are found
in a few localities: Branesko Polje, Cajetina—Rudine
and Rozanstvo. The weakly to moderately serpenti-
nized lherzolitic body of the Zlatibor massif compris-
es cumulate gabbros at the top of the section (Rzav
River), mantle tectonite and subordinated dunite,
while the southern and southwestern parts are harz-
burgitic in composition (POPEVIC ef al. 1996a; PAMIC
& DESMONS, 1989; BAZYLEV et al. 2006a, 2009).

An inverted metamorphic sole (150-200 m thick),
mostly composed of metabasic rocks with subordinat-
ed gneisses and phyllites is exposed beneath the cen-
tral part of the Zlatibor massif along the road section
Cajetina—Rudine. Three temperature zones are recog-
nized within it: I. hornblende—clinopyroxene—plagio-
clase, II. hornblende—chlorite—albite and III. actino-
lite—prehnite—pumpellyite (KORIKOVSKY et al. 2000b).
Amphibole from metabasic rocks is tschermakite.
According to the Grt-Pl thermometer of BLUNDY &
HoLLAND (1990) the temperature range of 550-650°C
is calculated for the first zone. In the second zone the
temperature is estimated at 400-500°C based on the
Grt-Phn thermometer of GREEN & HELLMAN (1982).
For the third zone a temperature range of 300-350°C
is assumed according to the petrogenetic grid for
metabasic rocks within an accepted pressure of 3 to
3.5 kbar (after Liou et al. 1987). The roughly estimat-
ed pressure according to Jd- concentration in clinopy-
roxene (after HoLLAND, 1980) is 3-3.5 kbar, too. It
seems that this massif was tectonically stabilized and
started to cool at much shallower depths (12—13 km)
than the other Serbian ultramafic massifs (KORr-
KOVSKY et al. 2000b).

Bistrica. A small isometric tectonic block exposed
to the south of Zlatibor Mt. is mainly composed of
massive coarse-grained spinel lherzolite (northern
part), and lherzolites with layers and veins of porphy-
roblastic harzburgite (southern part). Veins of garnet
clinopyroxenite and spinel hornblendite are also com-
mon. Ultramafic and underlying metamorphic sole
rocks are predominant lithologies. This massif is as-
sumed to be of subcontinental mantle origin (POPEVIC
& KARAMATA 1993; BAZYLEV et al. 2003, 2009). Var-
ious high to medium grade metamorphic rocks crop

out along the road section Priboj—Prijepolje: garnet
bearing mafic granulites, garnet * clinopyroxene am-
phibolite, corundum-plagioclase-pargasite amphibo-
lite, and massive to schistose amphibolites sensu stric-
to (Fig. 2). A number of studies were carried out on
these rocks: MARIC (1933), PAMIC & KAPELER (1970),
PopeviC (1970), MAJER (1972), PoPEVIC & PamiIC
(1973), LANPHERE at al. (1975), MARKOVIC & TAKAC
(1985), MiLovaNoVIC (1988). Recently, CHIARI et al.
(2011) reported some new data related to the fabric of
amphibolite varieties and the chemistry of amphibole,
garnet, and clinopyroxene. Garnet-pyroxene amphi-
bolites underwent metamorphism within a temperature
range of 828-879°C and pressure of about 10 kbar
(MiLovaNoviC 1988), while FED’KIN et al. (1996) cal-
culated temperatures of 740 to 830°C and pressure of 8
to 10 kbar using the Cpx-Grt equilibrium. MILOVA-
NOVIC et al. (2008) reported edenitic hornblende from
the corundum- bearing amphibolite and cumulate gab-
bro protoliths (P-T conditions are estimated at >0.8 GPa
and >800°C), while CHIARI ef al. (2011) classified
amphibole in the same rocks as pargasite/edenite.
BAZYLEV et al. (2006b) reported an age of 146.8 +£4.9
(Nd-Sm isochron age) for a garnet-plagioclase clino-
pyroxenite (Jurassic—Cretaceous boundary). The K—Ar
age of 178 + 14 Ma is obtained for garnet pyroxene
amphibolites and corundum pargasite amphibolites
(LANPHERE et al. 1975; MAJER & KARAMATA 1979).

Sjeni€ki Ozren. This ultramafic massif (10 x 15 km)
consists of spinel and plagioclase lherzolites in a near-
ly equal amount. The former comprises dunite, deplet-
ed spinel lherzolite and harzburgite; while within the
latter a small gabbro bodies and thin veins occur (Po-
PEVIC 1985; POPEVIC et al. 1996b; BAZYLEV et al.
2006b). The metamorphic sole up to 200 m thick is
exposed in a few localities at the mountain’s NNE and
SE margin: Krajinovi¢i, Brdo, Zmajevac, Gonje and
Marina Ravan. Its contact with the ultramafics is tec-
tonic and often followed by blastomylonitization,
which led to the formation of low temperature miner-
als at the expense of primary minerals. In the contact
aureole four zones were distinguished (POPEVIC,
1985; POPEVIC et al. 1996b; KORIKOVSKY ef al. 1996).
The fourth zone, next to the contact, is made up of gar-
net-clinopyroxene amphibolites, while further amphi-
bolites sensu stricto, gabbro-amphibolites and green-
schists occur. According to Grt—Cpx geothermometer of
Al (1994) amphibolites of the fourth zone formed in the
temperature range of 750-830°C at pressure of about
5-6 kbar, corresponding to depths from 18 to 22 km
(KORIKOVSKY et al. 1996). The peak metamorphic
conditions imply the emplacement of the Sjenicki
Ozren ultramafic mass in a solid-subsolid state (over
1000°C).

Brezovica. The Brezovica massif represents an ac-
cretionary complex interpreted as a sub-ophiolitic
block-in-matrix type sedimentary mélange or an ophi-
olitic rock-bearing olistostrome with a peridotite tec-
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— Sheet Prijepolje (CIRIC ef al. 1980) and CHIARI et al. (2011).

tonic sheet set up over it (KARAMATA 1968, 1985; KA-
RAMATA et al. 1991, 2000; BAzYLEV et al. 2003).
Blocks and fragments of sediments and basic igneous
rocks placed in silty-shaly matrix compose the mé-
lange, up to 1000 m thick. Ultramafics are generally
spinel harzburgites, while dunites (+ spinel) and lay-
ered cumulate rocks are subordinated. A well evolved
metamorphic sole (200-500 m wide) occurs beneath.
The local study of some of these rocks and minerals
dates back to the works of many authors (e.g. MAJER
1956, 1978; KARAMATA 1974, 1979, 1985; SCHREYER
& ABRAHAM 1977; ABRAHAM & SCHREYER 1976;
MAIJER & KARAMATA 1979; KARAMATA & MILOVA-
NOVIC 1990; CRIC & ERrIi¢, 1996).

Within the metamorphic sole KARAMATA et al.
(2000c) distinguished three zones. The first zone
(30-50 m wide), next to peridotite, consists of garnet
(x clinopyroxene) amphibolites and garnet-kyanite
gneisses. Amphiboles in garnet amphibolites are clas-
sified as pargasite, hornblende, hastingsite and tscher-
makite following the classification of LEAKE et al.
(1997). Using the Grt—Cpx, Grt—Pl and Grt-Bt ther-
mometers (see Table 3 for references) temperatures of
700-750°C and 600—670°C and pressure of 89 kbar
(employing maximum concentration of jadeite com-
ponent in clinopyroxene) were estimated. The second
zone (50-200 m) includes various schistose metamor-
phic rocks: metabasite with pargasite, tschermakite
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and edenite; Na-rich pargasite or barroisite garben-
schiefer with almandine-rich garnet and phengite (max-
imum Si content of 3.5 apfu at Mg + Fe = 0.9) which
points to pressure of 89 kbar; magnetite-bearing
metacherts with riebeckite (acmite) needles, chlorite
and paragonite; gneisses; talc + phengite metapelites
(white schists of ABRAHAM & SCHREYER 1976) an indi-
cator of high pressure (7-9 kbar). Based on the Grt-
Hbl, Grt-Phn and Grt-Bt thermometers a temperature of
500-600 °C is estimated (see Table 3 for references).
The rocks of this zone underwent retrograde metamor-
phic imprint reflected in replacement of Bt — Ms +
Chl, Grt — Chl, St —» Ser, Ky — Ser and by rims of
secondary riebeckite around amphibole grains. The
third zone mostly consists of low temperature metab-
asites having actinolite (edenite), hornblende or parg-
asite (winchite)-barroisite amphiboles; metagrey-
wackes and garbenschiefers with Si-rich phengite
assembled with barroisite + pargasite and metacherts
with Na-clinopyroxene (acmite-augite-jadeite). Tem-
peratures of 350-500°C were estimated according to
Grt—Chl, Grt—Phn, and Grt—Hbl thermometers, while
pressure of 7-9 kbar was predicted based on the pres-
ence of high-Si phengite (see Table 3 for references).
The country rock outside the aureole underwent a
very low temperature- high pressure (300-350°C and
7-10 kbar) regional metamorphism before the empla-
cement of the hot ultramafic slab.

Discussion

The formation of metamorphic soles is directly
related to the emplacement of ultramafics implying
the overthrusting of hot oceanic lithosphere within
intra-oceanic setting or orogenic belts. According to
tectonic setting, relationships with adjacent geological
units and main tectonic structures, a few models of
sole formation have been recently proposed. Some of
them for example are low-angle shearing and over-
thrusting of oceanic lithosphere in an intra-oceanic
environment, overlapping mid-ocean ridge crest, ob-
duction caused by roll-back subduction, transform-
activated obduction and shearing superimpose onto an
older contact aureole (e.g. KARAMATA 1968, 1988,
2006; KARAMATA & LovRriC 1978; Woobcock & Ro-
BERTSON 1977; ROBERTSON & KARAMATA 1994; SPRAY
1984; ROBERTSON & DixoN 1985; JONES et al. 1991;
PARLAK & DELALOYE 1999; ROBERTSON & SHALLO
2000; WAKABAYASHI & DILEK, 2000; ROBERTSON et al.
2009). The field, petrological-mineralogical, geoche-
mical and geochronological (K—-Ar, Ar—Ar, U-Pb,
Sm—Nd) studies of the evolved metamorphic sole
rocks reveal valuable data on thermal conditions dur-
ing intra-oceanic thrusting or during obduction onto
passive continental margin.

Comparison of metamorphic sole rocks recorded in
the WVZ and the DOB in Serbia offer data on the

nature and emplacement of Mesozoic Tethyan ophio-
lites. However, each metamorphic sole as noted above
relies on its own tectonic, structural and metamorphic
characteristics. The focus of our comparison has been
made only on mafic precursors from which various
types of high to medium grade metamorphic rocks
were formed.

Comparison of petrography
and mineral composition

It can be recognized from the previous section that
different species of amphibole are the major phase
formed at the expense of the mafic sole components
(Fig. 3). Depending on the conditions attained during
the ophiolite emplacement a variety of metamorphic
rocks were formed close to the contact (e.g. garnet and
amphibole bearing granulite, clinopyroxene + garnet
amphibolite, corundum-bearing amphibolite, amphi-
bolite sensu stricto and blueschist). Further from the
contact a number of medium to low grade metabasic
rocks have formed. Foliation within the last is defined
by an arrangement of idiomorphic to sub-idiomorphic
amphiboles. At the contact with ultramafics some am-
phibolite outcrops exhibit an alternation of amphibole-
and plagioclase-rich bands (e.g. Teji¢i, Zlatibor, Bi-
strica, Brezovica). Generally, grain size ranges from
1-3 mm, although it can be below 0.5 mm. According
to the available data the amphibole chemistry shows
compositional variations with increasing temperature
and pressure, ranging from actinolite to magnesio-
hornblende, tschermakite to edenite and magnesio-
hastingsite (Fig. 3), following the classification of
LEAKE et al. (1997). Exceptions are blueschists from
Mt. Fruska Gora - there amphibole corresponds to fer-
roglaucophane and magnesioriebeckite or to zonal
Na-amphibole (glaucophane-riebeckite formed at the
expense of older riebeckite) and corundum amphibo-
lites from Bistrica where amphibole is edenite to mag-
nesio-hastingsite and pargasite in (Fig. 3). The indi-
vidual amphibole grains are commonly composition-
ally homogeneous.

The insignificant prograde core-rim variations are
observed in amphiboles from Fruska Gora, Teji¢i, Zla-
tibor, Sjenicki Ozren and Brezovica (KORIKOVSKY &
KARAMATA 2011; SRECKOVIC-BATOCANIN et al. 2002;
KORIKOVSKY et al. 1996, 2000b; CHIARI ef al. 2011).

In the Fruska Gora area the replacement of riebeck-
ite by glaucophane is characterized by an increase in
Al, Mg, and Mg/(Mg + Fe2") ratio due to partial reduc-
tion of FeZ" through the prograde reaction Rbk + Chl
+ Ab— Gin + O,. According to their composition the
Na-amphiboles from those blueschists belong to a sin-
gle genetic group (KORIKOVSKY & KARAMATA 2011).

The increase of Fe3*™ values and decrease in Al in
some zoned amphiboles from the Teji¢i, Mt. Zlatibor,
and Brezovica amphibolites could be related to
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Fig. 3. Classification of amphiboles from the metabasic
sole rocks of WVZ and DOB after LEAKE et al. (1997).

changes in fO, (see SPEAR 1981) during metamor-
phism. However, the Fe3™ content should be taken
with caution due to limitation of EPMA to measure
Fe3* (see DrROOP 1987). The appearance of amphibole
within the peripheral parts of the symplectite coronas
(cpx + pl) evolved around garnets is noted for the first
time in the Bistrica garnet amphibolites (Fig. 4). It is
probably related to increase of total Fe content along
with decrease of silica as can be seen from the data
obtained from the spectrum 3 (Fig. 5). The chemistry
of analyzed amphiboles (Table 1) coincides with the
data of CHIARI ef al. (2011): the Si content ranges be-
tween 6.52 and 6.72 apfu and Mg/(Mg+Fe2") ratio
ranges from 0.782 to 0.793. It must be stressed out
that the analyzed amphiboles are compositionally ho-
mogenous. The chemistry of amphiboles from the Bi-
strica garnet amphibolite, presented by MILOVANOVIC

Fig. 4. Outcrop of granulitic amphibolite and garnet am-
phibolite on the right side of the road, just behind the tunnel
(43°28°10.2” N; 19°39°11.4” E) (a); photomicrographs of
altered amphibolite having highly saussiritized (b) and
fresh plagioclase (c).
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Fig. 5. Microphotograph of the amphibole (Am) with
simplectite coronas, clinopyroxene (Px) and garnet (Grt) in
granulitic amphibolite from Bistrica (a); Back-scattered
image with chemical composition and measured spectrums
(1, 2 and 3) within simplectite (b).

(1988), deviates from new obtained data. Only one am-
phibole has homogenous tschermakitic composition,
while the others correspond to magnesio-hastingsite
and are characterized by lower Si content per formula
unit (6.05-6.14) and higher AIV! (1.88-1.95 apfu), Ti
(0.24-0.27 apfu), and Na, (0.33—0.80 apfu) relative to
the previously mentioned ones (Fig. 3). The amphi-
bole grains from the garnet granulitic amphibolites of
CHIARI et al. (2011) show identical Ti per formula unit
(0.22-0.27). The garnet bearing amphibolites have lo-
wer Ti concentrations (0.10-0.13 apfu) that corre-
spond to upper amphibolite to lower granulite facies
conditions. Amphiboles from the studied amphibolite
sensu stricto lack Ti as well as some from garnet clino-
pyroxene amphibolites of MILOVANOVIC (1988). Due to
lack of available published data it is not possible to
get a real insight into the Bistrica amphibole chem-
istry. However, an overall impression is that the com-

positional changes in amphibole are controlled by
temperature while the relatively high AI'V/AIV! ratio
implies on moderate increase of pressure during meta-
morphism.

The occurrence of garnet in amphibolites is con-
fined to the upper sections of the metamorphic soles
in both ophiolite belts, with the exceptions of garnet-
free amphibolites from the metamorphic soles of Ro-
gozna, Devoviéi, Zlatibor, and Fruska Gora Mt.

The composition of garnet, its distribution and ap-
pearance in amphibolites is generally controlled by pro-
tolith bulk composition (i.e. Ca content) and by meta-
morphic conditions. The syn-kinematic and mostly
cracked garnet porphyroblasts (<0.5 cm to 1-2 cm
across) are commonly assembled with amphibole and
often next to plagioclase accumulations or bands (Fig. 4).
The appearance of the thin symplectite reaction rim
(kelyphitic) in the Bistrica amphibolite taken on the right
side of the road section, just behind the tunnel is report-
ed for the first time (Figs. 2, 4, 5). The garnets from Teji¢i
and Bistrica show variable composition ranging between
Almsg s s43Pyr1g1 233Gr89 5 155PSi04 121 I Tejici to
Almy; 5 50PY1y; 5 507GrS154 24SPsg 9 5 In Bistrica (Table
1). The data for garnet chemistry in sole rocks of
Sjenicki, Ozren and Brezovica are lacking. According
to KORIKOVSKY et al. (1996) and KARAMATA et al.
(2000) it is almandine, rich in pyrope component (up
to >40 %). All analyzed garnet grains from Teji¢i are
weakly zoned (rims are slightly poorer in pyrope com-
ponent, 2—4 %) and occasionally occur as inclusions
in amphibole. In the Bistrica amphibolites two types
of garnet can be recognized: homogenous i.e. unzoned
(MiLovaNovIC 1988; CHIARI et al. 2011), reflecting
the compositional equilibration, and zonal with no-
table increase of pyrope and decrease of almandine
and grossularite components from core to rim
(FED’KIN et al. 1996). The amphibole, clinopyroxene,
and plagioclase are found as inclusions in the Bistrica
garnets. The observed symplectite coronas around the
Bistrica garnets consist of very tiny clinopyroxene,
albite and amphibole grains (Fig. 5). The mineral rela-
tionships suggest that the garnet mostly grew at the
expense of these minerals (higher contents of grossu-
larite).

The clinopyroxene found in the upper part of the
metamorphic sole of the Bistrica is diopside, salite and
augite following the classification of MORIMOTO et al.
(1988). It occurs in relic unzoned sub-idiomorphic to xe-
nomorphic grains up to 2-3 mm in size (Fig. 5). Its com-
position ranges from Ens; s 309Fs1s5 153W044647.1 t0
Eny 4 42FS71 79W0y74 496 a0d Engy 7 566F5156193W02758 290
(Fig. 6a; Table 1). The Al,O5 content is highly vari-
able, ranging from 3.12 to 6.23 wt.% if we take into
consideration the data of MiLovAaNovIC (1988) and
CHIARI et al. (2011). The clinopyroxene from ana-
lyzed garnet-bearing granulitic amphibolite samples
is richer in alumina (7.84 wt.%), but the average of
4.21 wt.% Al,O5 (MILOVANOVIC 1988) is similar to the
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value we have obtained in the same rock type (4.83
wt.%).
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Fig. 6. Composition of clinopyroxenes from garnet bearing
granulitic amphibolite and clinopyroxene amphibolite. (a)
En-Fs-Wo classification diagram (MORIMOTO et al. 1988)
and (b) AV vs AIVI diagram (MUKHOPADHYAY, 1991).

These differences are probably in close relation with
the protolith composition and proximity of the contact
zone as can be confirmed by the ratio AIIV/AIVL This
ratio reflects moderate recrystallization of primary
clinopyroxene grains within the granulite facies and
resulted in AIV! enrichment, i.e. Tschermak compo-
nent (Fig. 6b). The Jadeite component varies between
9.57 and 8.88 % in average in clinopyroxenes from
garnet amphibolites studied by MILOVANOVIC (1988).
Similar values are found in clinopyroxenes from gar-
net bearing granulitic amphibolite (9.96 %) while a
lower value (6.43 %) is reported by CHIARI et al.
(2011). MiLovaNoVvIC (1988) has reported also matrix
metamorphic clinopyroxene with much lower Al,O4
(0.11 wt.%). It should be emphasized that differences
in clinopyroxene composition within the Bistrica me-
tamorphic sole could be the result of nonsystematic

sampling and use of different analytical techniques.
The chemistry of clinopyroxene (associated with gar-
net) from the Sjenicki Ozren amphibolites is similar to
the above mentioned — rich in the Tschermak compo-
nent (i.e. alumina). However, the Al,O; content is
higher ranging from 5.8-6.0 wt.% and contain up to
1.3 wt.% Na,O (KORIKOVSKY et al. 1996). The clino-
pyroxene in the Banjska amphibolite is poorer in
Al,O5 (1.7-2.1 wt.%) and richer in Jadeite component
(67 %). The clinopyroxenes in the Brezovica amphi-
bolites are compositionally homogeneous and corre-
spond to high temperature augite with < 8-10 % of
Jadeite component (KARAMATA et al. 2000). The data
of clinopyroxene chemistry for Sjeni¢ki Ozren,
Banjska, Zlatibor, and Brezovica are not published.

The clinopyroxene is generally associated with pla-
gioclase, amphibole and garnet at the immediate con-
tact with ultramafics and are absent from amphibolite
sensu stricto. Therefore, its presence and distribution
is a function of bulk rock chemistry and particularly
of metamorphic grade. The presence of clinopyroxene
in garnet-free assemblages of Zlatibor and Bistrica is
probably controlled by protolith Ca abundance. Pla-
gioclase from amphibolites is mostly altered and re-
placed by prehnite or saussurite (Fig. 4). Albite (0-2
mol.% An), a common constituent of the Teji¢i garnet
amphibolites, is probably formed as a low temperature
retrograde phase. Rare unaltered plagioclase found in
the Bistrica garnet amphibolite and amphibolite sensu
stricto ranges in composition from 58.5-60.2 mol.% An
(Fig. 4). MiLovaNovIC (1998) reported almost pure
anorthite in garnet pyroxene amphibolites, which has
been recently classified as garnet bearing mafic gran-
ulites (MILOVANOVIC et al. 2004). FED’KIN et al
(1996) found that plagioclase enclosed in garnet has a
composition of 30-33 mol.% An while matrix plagio-
clase is anorthite poor (An 3—4 mol.%) in the garnet
clinopyroxene amphibolites. The composition of the
plagioclase from the Zlatibor garnet-free amphibolite
is 45-50 mol.% An in the contact zone, and 12-15
mol.% An in the mid zone. The plagioclase of the
Sjenicki Ozren clinopyroxene amphibolite ranges in
composition from 50-80 mol.% An (KORIKOVSKY et
al. 1996). Further from the contact plagioclase is
strongly zoned and poorer in An (15-25 mol.%).
Generally, in the majority of metabasic rocks occurred
further from the contact, the plagioclase have <10-30
mol.% An what enables the determination of P—T con-
ditions.

Correlation of P-T conditions and
age of metamorphism

The P-T conditions during metamorphic events are
closely related to the thermal properties of the ophio-
lite sequences and to the rigidity of protoliths. The
pressure is directly proportional to the depth. There-
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fore various pressures can indicate various depths of
detachment of the oceanic lithosphere as well as the
depth of initial cooling. A gradual increase of P-T
conditions with advancing movement of the ophiolite
slab was recorded in some minerals through changes
in their chemistry (e.g. Teji¢i, Bistrica, Fruska Gora).
WaxkABAYASHI & DILEK (2000) assumed considerable
thinning of ophiolites after the sole formation, in
cases when the estimated depths greatly exceed the
thickness of ophiolites.

Based on P-T estimates for mineral assemblages in
metabasic rocks of the WVZ and the DOB three types
of metabasic soles can be distinguished (Fig. 7a, Table
2, 3):

a) high pressure — low temperature blueschist facies
assemblage, only recorded in the metamorphic sole at
the Fruska Gora (WVZ). A temperature of approxima-
tely < 300-350°C and ~400°C and pressure of 48 kbar
and 7-9 kbar respectively, corresponding to depths of
about 14-29 km and 30 km, are estimated. These esti-
mations are based on the petrogenetic grid for low-tem-
perature metabasic rocks of moderate and high pres-
sures of LIOU ef al. (1987) for the glaucophane-riebeck-
ite + pumpellyite assemblage. This assemblage is con-
trolled by the reactions: Pmp + Chl + Qtz = Czo + Act
+ H,0 and Pmp + Gin +Qtz = Czo + Act + Ab+H,0
(see NAKAJIMA et al. 1977) and by the stability field of
natural glaucophane (MARESH 1977), which is in the
upper limit range of 6-9 kbar and 400-450°C. The
stability field for Na-amphibole is well constrained at
pressure range of 5-9 kbar for the temperature range
of 300-600°C (e. g. HoLLAND & POWELL 1988; HOL-
LAND 1988; HOFFMAN 1972; MARUYAMA et al. 1986;
BrowN 1974, 1977; BROWN & FORBES, 1986). Gener-
ally, in this stability field the composition of Na-am-
phibole is pressure dependent. Accordingly, the estima-
tion of MILOVANOVIC et al. (1995) for the assemblage
ferroglaucophane (former crossite) + phengite + epidote
can be considered realistic. Crossite is pressure depend-
ent and very useful as it divides low-P riebeckite from
high-P ferroglaucophane. Although the term crossite is
not used anymore for the amphibole nomenclature of
LEAKE et al. (1997) it was used due to its above de-
scribed nature.

The K—Ar age of 123 + 5 Ma for the blueschist im-
plies the Early Cretaceous subduction of the oceanic
crust beneath the northeastern continental crust (Mi-
LOVANOVIC et al. 1995).

b) high pressure — high temperature granulite to
amphibolite facies characterize the metamorphic soles
in both, the WVZ (Banjska) and the DOB (Bistrica,
Sjenicki Ozren and Brezovica) domains.

At the Banjska domain the chemistry of amphiboles
from the metabasic members, (belong to the pargasite-
tschermakite-hastingsite series, with up to 1.9 wt.%
TiO,) imply temperature conditions which coincide
with the maximum temperature of 760—780°C calcu-
lated for the garnet-cordierite-sillimanite gneisses,
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Fig. 7. a) P-T ranges of the metabasic rocks from the WVZ
and DOB metamorphic sole. Reaction curves: Am-in, Am-
out and Grt-in (ERNEST & Liou 1998); Prp-in, Jd+Qtz and
An-out (GREEN & RINGWOOD 1967); Cpx-in, Opx-in (MuU-
KHOPADHYAY & BOSE 1994); titanite-ilmenite and rutile
(Liou et al. 1996); Prh (FREY et al. 1991); b) Assumed P-T-t
paths for the DOB and WVZ metamorphic sole rocks oper-
ated during the intra-oceanic subduction and cold subduction
within the northern part of the WVZ or Sava Zone (SZ) —
Fruska Gora. Inlet in the upper left corner shows the depth of
metamorphism (a) and (b) begining of subduction related to
scrutinized domains with different rock types. The P-T—t
path of slow-subduction of young oceanic lithosphere is after
PEACOCK et al. (1994).

which occur as thin layers within the immediate con-
tact with ultramafics (KORIKOVSKY et al. 2000a). The
pressure of 6—7 kbar, estimated according to the
jadeite isopleths in clinopyroxene from the clinopy-
roxene + plagioclase + quartz assemblages is also in
accordance with the pressure calculated for the gneis-
ses using the Grt-Crd-Sil-Qtz geobarometer of ARA-
NOVICH & PoDLEsskIl (1989). This pressure corre-
sponds to a depth of 24-25 km.
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Table 2. Overview of P-T conditions for the metabasic rocks of the WVZ metamorphic soles in Serbia

sati - Tyne P T Geothermometar Depth i . i
Location | Rock Type idbias oC T —— kin K-Ar Age (Ma) Reference
Fruska Blueschist 7-9 400 PT stability of Na-Am and ~30 123+5 MILOVANOVIC ef al. (1985)
Gora 4-9 | <300-350 | pumpelyite* 14-29 - KORIKOVSKY & KARAMATA (2011)
o . o . T: Grt-PI (HB) 160 £ 6.2 P
Tejici Grt Amphibolite [ 5.5+ 1| 620670 | p. A1_in Hbl (HZ) 18-25 157.6 £ 10 SRECKOVIC-BATOCANIN ef al. (2002)
' ) 160.3+8
Devovi¢i | Amphibolite no data 600 no data no data POPEVIC (1973)
Cpx amphibolite,| 6-7 650-780 FI’ '&IIJE }E II?I\I;SI }I.)
Banjska 18-25 no data KORIKOVSKY ef al. (2000a)
Gri-Crd gneiss | 6.7-6.9 | 760-780 | p: (rt-Crd-Sil-Ots (AD)
Troglav no data
i Amphibolite s.5. 168 £3.9 DATINK AL @ )
Rogozna Gisenshict no data 178 £ 6.7 PALINKAS ef al. (2008)

Abbreviations: HB — HOLLAND & BLUNDY (1994); A — A1(1994); HZ — HAMARSTROM & ZEN (1986); J — JAQUES (1982); KS

— KoHN & SpPEAR (1990); P — PERCHUK (1989);

1990; AP — ArRANOVICH & PobDLESskII (1989); H — HoLLAND (1980).

* —Liou et al. (1987); MARESH (1977); NAKAJIMA et al. (1977).

The amphibolites from the Bistrica domain (DOB)
were the subject of a few researches. The P-T esti-
mates for garnet-clinopyroxene granulitic amphibo-
lite, garnet amphibolites and corundum-bearing am-
phibolites are almost consistent and range from 740 to
830°C and 8-10 kbar. The amphibolites sensu stricto
are metamorphosed under T-P of 600-650°C and 3.5
to 7 kbar. FED’KIN et al. (1996) pointed out that the
retrograde stage of the thermal evolution of the
Am+Cpx+Pl amphibolite was probably periodically
interrupted by tectonic movements caused by the
rapid ascent of the Bistrica complex. According to the
Am—-Cpx—PI geothermobarometry and estimated P-T
changes four phases or depth levels are distinguished.
The peak metamorphic condition for the Bistrica gar-
net-bearing granulitic amphibolite, garnet clinopyrox-
ene amphibolite, and amphibolite sensu stricto is esti-
mated according to the amphibole — plagioclase geot-
hermometer of HOLLAND & BLUNDY (1994). The tem-
perature was calculated for the assumed pressures of
6 to 12 kbar and the pressure estimates were based on
the Grt—-Am-PIl-Qtz geobarometer of KOHN & SPEAR
(1990) for the temperature range of 600 to 900°C. The
average P-T value resulted from the intersection of
lines for calculated temperatures and pressures (taking
into consideration the average error of the applied
method). The obtained temperature of 808°C + 40°C
and pressure of 9.5 + 0.9 kbar corresponds to the lower
part of the granulite facies (Fig. 7a). These results are in
accordance with the data of MiLovaNovIC (1988) and
FED’KIN et al. (1996).

The K—Ar age of the Bistrica amphibolite ranges
from 168 to 174 = 14 Ma (Table 3). The high PT con-
ditions of the Bistrica garnet pyroxenite and its age of
146 £ 4.9 Ma (Nd—Sm) imply the subduction of ocea-
nic crust ensued by exhumation and cooling in a sub-
duction channel (BAZYLEV et al. 2006a): the exhuma-
tion can arise during SSZ-spreading and rollback of

the subducting oceanic slabs and culminate in tectonic
emplacement over a continental margin prior to the
Tithonian—Berriasian time (see ROBERTSON et al. 2009).

The P-T conditions of the amphibolites comprising
Cpx+Am+PI (up to 80 % An) assemblage from the
Sjenicki Ozren (DOB) were calculated following the
Hbl-PI thermometer of JAQUES et al. (1982). The esti-
mated peak metamorphic conditions of 750-830°C
and 5-6 kbar (according to Al-in Hbl geobarometer
and high pyrope content in garnet) imply a depth of
18-22 km (Table 3). The age of those amphibolites
and of the Banjska metamorphic sole remains un-
known.

The inverted zonal metamorphic sole at the subduc-
tion-accretion complex of Brezovica (DOB) is charac-
terized by metamorphic imprint of igneous basic rocks
to amphibole schists and amphibolite varieties in the
temperature range from 350-500°C in the third zone
to 500—600°C in the second zone. The maximum me-
tamorphic peak of 600-670°C is attained in the first A
zone to 700—750°C in the first B zone at almost iso-
baric condition (7-9 kbar). On the basis of P-T calcu-
lations two subdomains are recognized: the south-
western part with upper amphibolite facies (Borov
Vrh, Malo Borce and Jezerina) and the northeastern
part with greenschist to medium amphibolite facies
conditions (locality Krst). Both show evidence of lo-
calized retrogressive reactions related to the subse-
quent uplift, cooling and thrusting of ultramafics: cli-
nopyroxene and hornblende — actinolite and epidote;
garnet — chlorite and epidote; plagioclase — saus-
surite.

The difference in the temperature imprint of these
two subdomains, originally metamorphosed at almost
the same depth, suggests that the ultramafic part of a
single harzburgite mass had a different temperature. It
should be stressed out that garnet, the usual source of
information about prograde metamorphism, shows
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evidence of prograde zoning growth. It is reflected in
an increase of Mg and decrease in Ca component from
core to rim. It is almandine rich with up to 24 % of
pyrope component in the outer shells in the second to
nearly 40 % in the first distinguished zone. Textural
and chemical evidence suggest that garnet grew at
medium to high temperature and continuously re-
equilibrated up to peak conditions.

The K—Ar age measured on the Brezovica amphi-
bolites gave 159-168 Ma (KARAMATA & LOVRIC,
1978) and 162—-169 Ma (OKRUSH et al. 1978).

¢) medium pressure — medium temperature amphi-
bolite facies assemblages is found in WVZ (Tejiéi,
Devovi¢i) and DOB (Zlatibor).

At the Teji¢i domain (WVZ) the Am-Grt geother-
mometer (Table 2) gave an average temperature range
of 620—-670°C at an assumed pressure of 5.5 = 1 kbar.
This P-T range is similar to that obtained for the gar-
net-free clinopyroxene amphibolites in DOB (Table
3). The garnet mica schist displays lower P-T range
(500 £ 50°C at 3—5 kbar) and could be assigned to up-
lift of hot ultramafic body (SRECKOVIC-BATOCANIN &
Vaskovic¢ 2000).

The K—Ar age measured on amphibole and mica
ranges from 157.6 £ 10 to 160.1 + 7.1.

Based on mineral assemblages in amphibolites next
to the ultramafic body at the Devovi¢i domain a tem-
perature of about 600°C is reported by POPEVIC (1973).

An inverted contact metamorphic aureole under-
neath the large Zlatibor ultramafic mass comprises
three metamorphic zones. A temperature range of
300-350°C and pressure of 3-3.5 kbar for the third
marginal zone (actinolite + pumpellyte + prehnite) is
assumed using the petrogenetic grid for low tempera-
ture metabasites of Liou ef al. (1987). The remarkable
progressive change in mineral assemblages within
metabasites is realized in the transition to the second
zone. It is characterized by the break down of pumpel-
lyite and prehnite, replacement of actinolite rim by
tschermakite, appearance of phengite (Si up to
3.38-3.41 apfu, MgO up to 3.3 wt.%, FeO up to 2.9
wt.%), and an increase of anorthite component in pla-
gioclase (7-15 %). The presence of rare intercalations
of phyllites and paragneisses in metabasic members
with mica and garnet (4-16 % of pyrope component
from core to rim and decrease of grossular from
21-8 % and spessartine component from 15-7 %)
allowed the Grt — Phn thermometer of GREEN & HELL-
MAN (1982) to be used. A temperature range of
400-500°C was estimated (KORIKOVSKY et al. 2000b).
The first zone with almost homogenous magnesio-
hornblende and tschermakite having a slightly elevat-
ed Ti concentration, plagioclase (20-50 % An) and
rare augite with less than 2—-3 % of jadeite component
implies shallower depths when compared to the Bre-
zovica aureole. The Grt-Pl thermometer of BLUNDY &
HoLLAND (1990) gave temperatures of 550-650°C.
The low concentration of jadeite component in

clinopyroxene enabled rough estimation of pressure
of 3-3.5 kbar at a temperature of ~650°C (Table 3).
According to all these estimations KORIKOVSKY et al.
(2000b) summarized that the Zlatibor massif was tec-
tonically stabilized and started to cool isobarically at
depths of approximately 12—13 km.

The K—Ar age of the Zlatibor metabasites is 160 Ma
(KARAMATA & LOVRIC, personal communication) what
is consistent with the ages obtained for the Teji¢i and
the Brezovica metamorphic sole.

Based on mineral assemblages, estimated P-T con-
ditions, zoning in mineral phases and obtained ages,
the potential P-7—t paths are given for metabasic
rocks from the WVZ and the DOB metamorphic sole
(Fig. 7b). The retrograde assemblages indicating the
overprint of high- to medium grade metabasites are
low-temperature mineral phases of greenschist facies.

The tectonic settings that could be parental to the
Serbian southwestern part of DOB (e. g. Bistrica) are
assigned to the ocean thrusting and subsequent intra-
oceanic subduction. At the beginning the metamor-
phism operated at a depth 230 km (=10 kbar and ~800
1 50 °C). The appearance of corona texture and medi-
um-PT mineral phases imply a short-lived high-PT
event and subsequent fast exhumation of the ophio-
litic sequence; at another domain the intra-oceanic
subduction of SSZ-type, operating in various depths,
was responsible for the development of metamorphic
soles. Thus, the garnet clinopyroxene bearing metaba-
sites of the Bistrica represent the deepest subducted
slab (~30 km). Further northwest, the peak metamor-
phic condition of various types of amphibolites imply
the shallower burial of subducted slabs — ranging from
18-25 km (Sjenicki Ozren and Banjska) over 18—15 km
(Tejici) until 12—13 km (Zlatibor).

Composition and Correlation of protoliths
and tectonic implication

Generally, the ocean units of the Dinaridic and the
Western Vardar Zone belt comprise sub-ophiolite
mélange thrust by an ophiolite unit with a metamor-
phic sole at its base. Within them the different types of
basaltic rock and rarely gabbros were metamorphosed
under various metamorphic conditions.

The blueschists of the Fruska Gora are considered
to be a relic of the subducted oceanic unit (MILO-
VANOVIC et al. 1995). Recalculation of data reflects on
prevailing of basaltic trachyandesitic composition in-
stead of trachybasaltic (Fig. 8b). The ratios of incom-
patible elements (Ti, Zr, Y) suggest an MORB- and
CAB-affinity (Fig. 8a). The latter was reported by Mi-
LOVANOVIC ef al. (1995) as VAB-affinity (due to lack
of data for Nb it is not possible to discriminate be-
tween Nb—Zr—Y). The Zr/Y ratio ranges from 4.01 to
5.95. The REE patterns normalized to chondrite val-
ues after SUN & MCDONOUGH (1989) show medium
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LREE enrichment (Lay/Yby = 1.41-3.43), no marked
Eu-anomaly (Eu/Eu* = 0.84-1.13) and high SREE
content (187.7-253.3) with two exceptions (85.8 and
116.6). All analyzed rocks are high-TiO,, Zr and Y
type basaltic rocks enriched in alkalis (Fig. 8b, h). The
relations between compatible and incompatible ele-
ments presented on spider diagrams normalized to the
average N-MORB and average OIB (Fig. 8¢) indicate
a very strong negative Sr-anomaly relative to adjacent
elements. In respect to the average N-MORB they are
much more enriched in LILE and slightly in HFSE as
compared with the average OIB (Fig. 8d). Actually,
the reexamination of blueschist geochemistry has
shown characteristics very similar to OIB (Fig. 8d;
Fig. 8e). The strong negative Sr-anomaly as has been
many times encountered in MORB and OIB environ-
ments (see HOFMAN 1997) could be a result of seawa-
ter- basic magma interaction i.e. alteration prior to
subduction. During the high-P low-T metamorphism
the LILE elements behave as immobile (e.g. BEBOUT
1995, 2007; BeBOUT et al. 1999). Therefore, the
blueschists probably originate from rocks whose com-
position is similar to OIB.

The metabasic rocks from the Teji¢i show the tho-
leiitic trachybasaltic to basaltic trachyandesitic com-
position (Fig. 8b). According to the ratio of Ti, Zr and
Y they plot within MORB and CAB field (Fig. 8a).
The Zr/Nb ratios (5.59-1.91) are lower than in the
typical N-MORB (~32). The chondrite normalized
REE patterns for garnet amphibolite (GA) and amphi-
bolite sensu stricto (A) differ in LREE abundance
(Fig. 8f). The former is much more enriched in LREE
(70-100x chondrite values; Lay/Smy = 1.93) than the
latter (~10x chondrite values; Lay/Smy = 0.77) with
almost flat REE. The Eu-anomaly is absent (Eu/Eu* =
0.91-1). The Lay/Yby is 3.15 (GA) and 0.77 (A). The
slight to moderate enrichment in LREE could be
assigned to pre-metamorphic basalt-seawater interac-
tion. The N-MORB normalized trace element patterns
(Fig. 8g) are characterized by a negative slope from Rb
to Sr and nearly smooth pattern from Zr-Y: the more
mobile elements i.e. LILE are variably enriched;
whereas, the HFSE have an N-MORB abundance. The
(Nb/La)py, ratio (1.04—1.45) precludes sediment contri-
bution. The Nb/Y is 0.46 (GA) and 0.19 (A). The
Z1/Nb of 5.59 for the GA and 1.51 for the A and Ce/Y
of 1.38 (GA) and 0.36 (A) ratios and Ti/Y vs. Zr/Y
relation (see PEARCE & GALE 1977) indicate an E-
MORB affinity as summarized also by SRECKOVIC-
BATOCANIN ef al. (2002).

The texture, mineral chemistry and geochemical
composition (high Mg#, low SiO,/Al,O; values, REE
pattern, and positive Eu anomalies) of the Bistrica me-
tabasic sole rocks are consistent with a cumulate gab-
bro and evolved tholeiitic basalts originated in MOR-
type setting (BAZYLEV et al. 2003, 2009; MILOVANOVIC
et al. 2008). The geochemical data of the Bistrica and
the Zlatibor metabasic sole rocks are not published.

According to data of CHIARI ef al. (2011) three
types of basaltic rocks are recognized in the Zlatibor
aureole. The first two have N-MORB, E-MORB or
P-MORB affinities and their origin is assigned to par-
tial melts derived from depleted mantle that was vari-
ably influenced by an OIB-component erupted in
seamount or off-axis tectonic settings. The third one
of CAB affinity originates in an island or a continen-
tal arc orogenic setting — the enrichments in Th and
Yb are recognized as indicators of the SSZ-imprint.

The protoliths of the sole metabasic rocks of the Bre-
zovica are identified as moderate to high-Mg, low-Ti and
moderate to high-Ti low-K tholeiitic basalts (KARAMATA
et al. 2000). Among them three sub-types are distingu-
ished: strongly LREE depleted (Lay/Smy = 0.44 £+ 0.22),
moderately LREE depleted (Lay/Smy = 0.73 £ 0.13) and
LREE enriched (Lay/Smy = 1.51 £ 0.36). The first two
sub-types have geochemical feature similar or close to
N-MORB while the third is transitional between en-
riched MORB (T-type) and OIB. Following their age
(Table 3) the N-MORB basalts are recognized as pro-
ducts of an early oceanic stage or later paleo-oceanic
products, whereas the third (T-MORB-OIB), the old-
est one closely linked to the initiation of oceanic basin
and continental fragmentation, is SSZ-type. They show
similar features with those within the northwest and
southern continuation of DOB (Krivaja—Konjuh, Bor-
ja, Mirdita—Pindos) concerning their LREE abundance,
TiO,, P,Os as well as with metabasalts of E-MORB
affinity in WVZ (e.g. Teji¢i).

Conclusions

The correlation of data collected from the available
literature related to the metabasic sole rocks devel-
oped at the base of the ophiolites of DOB and WVZ
with contribution of new data for the Bistrica metaba-
sic rocks allow to summarize and conclude that:

1. Spatial relation and comparison of mineralogi-
cal, petrological and geochemical data as well as P-T
conditions of metabasic sole rocks between the WVZ
and the DOB ophiolites, with the exception of Fruska
Gora, confirmed their common origin;

2. The different types of metabasic sole rocks occur
at the base of obducted ophiolites as thrust or collided
sheets, large blocks and fragments within the sub-
ophiolitic mélange;

3. Metamorphic structures (i.e. foliation) of the ma-
jority of metabasites are parallel to basal thrust faults
beneath the overlying peridotites; the same feature is
confirmed in the metasediment interlayers occurring
within;

4. The zonal composition of amphiboles and gar-
nets from some metamorphic soles (e.g. Tejici, Zlati-
bor, Sjenic¢ki Ozren and Brezovica) are controlled by
temperature; the relatively high AI'V/AIV! ratios in
amphiboles imply mostly the moderate increase of
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pressure during metamorphism; due to pressure drop
and a subsequent short thermal increase the garnet
from the Bistrica granulitic amphibolite show corona
textures;

5. The metamorphic peak conditions recognized
based on mineral assemblages and chemistry of miner-
als, determined: a) a high-P — low-T epidote-blueschist
facies at 4-8 kbar and <300-350°C to 7-9 kbar and
~400°C (Fruska Gora); b) a high-PT amphibolite-
granulite to amphibolite facies at 810 kbar and
>700-850°C (Banjska, Bistrica, Sjenicki Ozren and
Brezovica); c) a greenschist to medium-PT amphibo-
lite facies at ~3.5-7 kbar and >350-650°C (Tejiéi,
Devoviéi and Zlatibor).

6. Major, trace and rare earth element distribution
and elemental ratios within metabasic rocks bear geo-
chemical affinities of cumulate gabbro and basalts of
SSZ-type (E-MORB and OIB signature) or more
evolved tholeiitic basalts of MOR-affinity (e.g.
Bistrica); the E-MORB — OIB affinity can be linked to
the rifting in an oceanic spreading center, partially
affected by a plume-mantle component in both
domains (WVZ and DOB); the east-dipping intra-
oceanic subduction (SCHMID et al. 2008; CHIARI et al.
2011) was responsible for the evolution of the metaba-
sic sole rocks at different metamorphic grades; ac-
cording to available data it probably started at the end
of Early Jurassic (178 Ma) leading to development of
back-arc SSZ oceanic basins in the Middle-Late Ju-
rassic;

7. The depth of metamorphism, i.e. the depth of de-
tachment varies from 10 to 30 km.

8. The still hot overlying ultramafics were respon-
sible for the creation of an inverted metamorphic sole
during intra-oceanic obduction (KARAMATA et al.
2000; ROBERTSON et al. 2009 and reference therein);

9. At the Fruska Gora domain the different rock-
types from the olistostrome mélange including subal-
kaline basalts were buried to the depths of 14-30 km
by cold subduction. The generated blueschists are rep-
resented by two different mineral assemblages: glau-
cophane(riebeckite) + pumpellyite + actinolite + epi-
dote at its west slope and ferro-glaucophane (earlier
crossite) + riebeckite + albite + epidote + phengite at
its eastern slope;

10. The reported K—Ar age range is between 174
and 146 Ma and spans almost 30 Ma.

11. The estimated P-T conditions and mineral as-
semblages depicted in metabasic sole rocks in the
Serbian Dinaridic and the Western Vardar ophiolites
are mostly in accordance with the majority of meta-
morphic sole metabasites developed in their north-
western and western continuation in Bosnia (e.g.
Krivaja—Konjuh, Borja, Ozren, Kozara) and Croatia
(“Sava Zone” or WVZ) where blueschist facies meta-
basic rock occur as remnant of cold subduction with-
in the sub-ophiolitic mélange (Medvednica & Mota-
jica, see BELAK & TIBUAS 1998 ) along with its east-

ern occurrence at Mt. Fruska Gora. Additionally, the
metabasic sole rocks are spatially related with those
exposed further south in Albania (Mirdita zone) and in
Greece (Pindos zone).

This correlation reveals the need to further clarify
various aspects of metamorphic sole formation, par-
ticularly for those which have not yet been studied
and whose age remains uncertain.
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Pe3nme

Kopenanuja meradazura u3 meramop@uux
cepuja y noguHu opuosura J[uHapuaa u
3anagne Bapnapcke 3one (Cpouja): Tpu
pazauuura P-T—t rpagujenra

MetamopdHe CTeHe y MOIWHU OPHOIHTA YKa3yjy
Ha BpeMe MeTamopdu3Ma KOjH je M3a3BaH jOII 3arpe-
jaHOM ynTpamMauTCKOM MacoM Ha CaMOM ITOYETKY
3aTBapama okeaHCcKor mpoctopa. Y CpOuju cy oTKpH-
BeHe Ha Opymikoj ['opu, Masseny, [losneny (Tejuhn),
CronoBuma u bamckoj y 3amagnoj Bapnapckoj 30H1
(WVZ), ogaocHo Ha 3nmatubopy, buctpumu, Cjern-
ykoM O3peny u bpesosunm, y [duHapuackom oduro-
mutckoM Tnojacy (DOB). Ha ocHoBy MuHepamHOT
cactaBa, P-T ycnoBa m crapoctn Meramopdusma,
W37BOjeHa Cy Tpu pasnuuuta P-T— t rpanujenra.

ITocrojehn TepeHcKH, METPOIOLIKO-MUHEPATIOLIKH,
T€OXEMH)CKH U TEOXPOHOJIOLIKY ITOJanu 0 MeTaMopg-
HUM cTeHama y moawHu oduomuta WVZ u DOB-a
JOMYHEHU CYy HOBHM MHMHEPAJOIIKMM IOJAlMMa O
amdubonmutuma buctpuue. Y pany cy pasmarpase ca-
MO MeTa0a3uyHe CTEHE YHjU IPOTOJIUTU CY CTEHE
OKEaHCKE Kope: KyMyJIaTHU rabpoBH U 0a3aiTu U3 cy-
npa-cyonykimonnx 3oHa (SSZ) ca omnmmkama 000-
rahenor MORB-a, OIB-a wimn Bumre audepenmnupa-
HUX TOJIEUTCKUX 0a3aJiTa CPeJHOOKEAaHCKUX IpedeHa.
OBakBe cTeHE ce PEJOBHO Halla3e Ha CAMOM KOHTAKTy
ca yntpamaduruma. YnTpamMaduTCKd MacUBH, IIpeTe-
’KHO JIEP30JIUTCKOT (& rpaHar) cacTtasa Cy Ae(duHUCA-
HU Kao (parMeHTH CYOKOHTHMHEHTAJIHOI OMOTada
(buctpuna, Cjernuku O3peH) JOK Cy Nep30nuTd (+
cnuHen)-xaproyprutu 3natubopa u bpezosurie cBp-
CTaHW y OQUONHTE CYIpa-CyOmMyKIMOHUX 30Ha (0a-
CCHHM Hu3a JIyKa). Y HUXOBOj MOAWHH Cy, 3aBUCHO OX
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ycioBa Meramopdusma M KapakTepa NPOTOJINTA,
obOpa3zoBane MeTaMop(HE CTEHEe BeoMa Pa3IMIUTOT
cacTaBa: TpaHATCKU W aM(UOOICKN TPaHYIUTH, Tpa-
HaT-KJIMHONMPOKCEHCKH aM(pUOOIUTH, KIMHOIHPO-
KCeHCKH aM(puOonuTH, amMpUOOIUTH ca KOPYHIOM,
am¢pubonmutu u OmymucTu. Behuna je nperprena Ha-
KHaJHE peTporpajHe W3MEHE NpH 4YeMy cy oOpa-
30BaHE Pa3IMIUTE aCOLHjalllje HUCKOTEMIIepaTypHUX
MUHepaa.

MetaMopduTH BHCOKMX IIPUTHUCAKa M HUCKUX
TeMIeparypa, Be3aHH 3a CyOmyKiHjy, Haja3e ce Ha
Opymkoj [opu: aconmjamuja TimaykogpaH-pHOCKHT-
MYMIIEJIUT-aKTHHOINUT-EUA0T 00pa3oBaHa je y ycIo-
BAMa enuIoT-0mynvcT cyOdanmje TeMneparypama oj
~400°C n mputucunma 7-9 kbar 1j. Ha MyOmHaMa Of
oko 30 km. Cmarpa ce ma je Ty OKeaHCKa Kopa He-
Kagammer Bapmapckor okeana cyOmykoBaHa —IO[
KOHTUHEHTAIHy KOPY Ha CEBEPOUCTOKY IOYETKOM
kpene (6apem-ant; 123 + 5 Ma). JIpyru THI MeTa-
Mop¢ura Ha Ppymkoj ['opu, oqHOCHO Apyraduja Mu-
HepalHa IapareHes3a, oOpa3oBaHa je Ha TeMIepa-
Typama ucnop 340-350°C u nputucuuma on 4—8
kbar. BbuxoBu MpoOTONNTH Cy CTEHE U3 MENlaHXka, Koje
Cy HIpolecoM XJamHe CyOayKLuje HOTHUCHYTE Ha
nyouny 14-29 km rtme cy meramopducane y riay-
kopaH (pUOEKUT)-IIyMIIEIUT—aKTHHOIUT—EMUI0T—
XJIOPUTCKE MeTanenrdape u GuiIuTe ca GeHruToM.

Metamopduru Tejuha oOyxBarajy pa3nudure cte-
He o0pa3oBaHe y ycioBUMa aM(UOOIHTCKE W TPUH-
muct ¢amuje. [Ipotonmutn cy OazuyHe marmarcke
CTEHE U BbHXOBH BYJIKaHOKJIACTUTH, K0 M IECKOBUTO-
QIEBPUTCKU (NETUTCKH) cenuMeHTH. CTeHe BHIIEr
cTynma Meramopdusma (ampudonutu ca u 6e3 rpa-
Hara U eNUIOTCKH aM(pHUOONINUTH) Hallase ce y MOJUHU
yarpamaduTa (IPETeKHO XapUOyprUTH U3 OMOTada).
Uectu cy u pparMeHTH WM OJIOKOBH OKIACTUX THA]j-
ceBa M MUKALINCTA ca PaHaTOM KOjU Cy 00pa30BaHU Ha
Temneparypama ox 435-550°C no 630-680°C u npu-
TucuuMa ox 4.5 + 0.5 kbar no 6 + 1.5 kbar. Turon/Ke-
nmoBejcka crapoct Meramopdura Tejuha (160-150
MuI. ToA.) yrBpheHa je K-Ar meromom. [IpucyctBo
METaKJIACTUTA Y aCOLMjalljH ca MeTaba3uTHMa MOXKE
yKa3aTH Ha ONM3WHY KOITHA IITO je TOTBpheHo rmo-
jaBOM MaHOIIaCTe TEKCType Y ,,pillow*-0a3zanTuma u
OZICYyCTBOM AYOOKOBOAHHUX CEAMMEHATA.

AMpubonTH Ha KOHTakKTy ca ynTpaMadTuma y
ceny JleBoBuhu (jyrozamamuu oOponIim IMobapckor
yATpaMaUTCKOT MacuBa) cy (opMupaHH Ha TeMIle-
parypama oko 600°C on crteHa aujaba3-poxKHAUKE
(hopmariuje, OTHOCHO MEJTaHXka.

AMpubonuti u3 noamHe ynTpamaduTcKe Mace
Bamcke, MeTamopducanu y TeMmrepaTypHOM HHTEp-
Bany on 650°C mo 760-780°C u mputucuuma of
6.7-6.9 kbar, yka3yjy aa ce mouerax xyahema U TeK-
TOHCKE cTabuimu3aunyje ynrpamaduTcke mace Aemla-
Bao Ha nryOmHama ox 24-25 km.

Metamopdutu Porosne cy yrmaBHOM mnpexacra-
BJbE€HH aM(PUOOINTHMA U 3€JICHUM MIKpUJbIUMa (MU-

KaIIMCTH U MEPMEPH Cy Mame 3acTymjbeHn). CTapocT
MepeHa Ha 3pHMMa am(uOoia M3 CBEXKHX CTEHA je
n3mehy 168.8 +£3.9 u 178.3 £ 6.7 MunroHa roguHa, a
CTapoCT XUAPOTEPMATIHO aNTeprcaHuX aMpudonuTa
150.4 + 10.2 mumuona roguHa (Ar—Ar metona). [o-
OujeHe BpeIHOCTH BPEMEHA MOYETKAa MHTPAOKECAHCKE
cyonykiuje/oonykiuje (1oma 10 cpeama jypa; Toap-
Cku U OajecKkd KaT) cy y CKIamgy ca BpeAHOCTUMA
nobujeHuM 3a MeramopduTe M3 moguHe OQHUOIHUTA
Hunapuna u Anbanuje.

Meraba3utu pa3BHjeHH OKO 31aTHOOpPCKOT YITpa-
Magutckor Macusa (550-650°C u 3-3.5 kbar) moka-
3yjy Ja ce TEeKTOHCKa cTabmin3anuja U MoveTak XJja-
hema oBor MacKBa JemIaBao Ha 3HaTHO Mamb0j JyOUHHU
(12-13 km) y mopehewy ca npyrum macuuma Cp-
ouje. TekroHcku Omox buctpurile Ha jy>)kHOM 0007y
3naTuOOpCKOr MacHBa CacTOjH C€ YIIaBHOM O] CIIU-
HEJl JISP30JIMTa U JIEP30JIUTa ca XKHUlama U CJIojeBUMa
noppupoOIACTUIHUX XapUOypruTa, TPaHaTCKUX KIIU-
HOIMPOKCEHUTAa W CHHHEICKUX XOPHOJCHIHTa, Koje
yKa3yjy Ha IMOPEKIIO U3 CYOKOHTUHEHTAIHOT OMOTa4a.
MeramopdHe cTeHe y moAuHu yaTpamadura cy oopa-
30BaHE y YCIOBHUMa aM(pUOOIUT-TpaHyIuTCKe, aMmpu-
OonuTcke ¥ rpUHIIKCT Qanuje. [paHaT-muIpoKCEHCKU
am$uOOIUTH HACTAIIM Cy Ha TeMIleparypaMa u3mehy
828-879°C u 740-830°C mpu nputucuumMa ox 8—10
kbar. CrapocT rpaHaT-nmupoKCeHCKUX aM(puOoInTa 1
KOpyHI-TIapracutckux amguodonura og 178 + 14 mu-
nroHa ronuHa yTBpheHa je K—Ar metomgom.

Omcer ycioBa Meramoppu3Ma TpaHaT-IHUPOKCEH-
ckux am¢ubonuta Cjennukor O3peHa jecte
750-830°C npu nputucuuma 5—6 kbar mro je exkBu-
BaJIeHTHO nyOmHama ox 18 mo 22 km. Amdubonuty,
rabpo aMm(puOOIUTH U 3eJIeHH MIKPUIBLIY, KOjU CE Ha-
Ja3e Jajbe Of KOHTaKTa ca yiaTpamaduTuma, MeTa-
Mopducanu cy Ha Temneparypu usmehy 400—430°C.
Makcumaiie u3padyHaTe BpeIHOCTH MeTaMopdu3mMa
yka3yjy na je macuB CjeHmuxor O3peHa CMEIITEH y
JaHALIBU M0JI0Kaj Kao Beh ouBpcia nim JemuMUYHO
ouBpciaa maca (u3nag 1000°C).

VY KkoHTakTHOM opeonly bpesoBuiie u3nBojeHe cy
TpH 30HE. Y MpPBOj 30HU, HA CAMOM KOHTAKTy ca Tie-
PUIOTUTHMA, Halla3e ce TpaHar (+ KIMHOMHUPOKCEH)
amMpuOOINTH U TpaHaT —AUCTEHCKU T'HajceBH, 00pa-
30BaHM Ha Temneparypama usMmelhy 700-750°C u
600—670°C u npuruciuma ox 8-9 kbar.

VY CBUM HCHUTHBaHUM MeTaMOp(HUM cTeHama
am¢ubon je maBHa MuHEepanHa (aza. O0pasyje ce o
Ma(UTCKE KOMIIOHEHTE U3 MPOTOJIUTA, & BapHjaldje y
XeMHU3My cy nocnenuna npomene P-T ycnosa. V Be-
huHM Hampen NpHUKa3aHWX THUIIOBA CTEHAa OHHU TIO
cactaBy onronapajy Mg — XopHOJICH/IH, EACHUTY, Ma-
THE3MjCKOM XaCTUHTCUTY M aKTUHONIUTY. M3y3eTak cy
onymmctu @pymke ['ope y kojuma je To dhepo-rnay-
kodan 1 Mg—pubekuT wim 3oHapHu Na—amdubdon ra-
ykoaH pUOSKUTCKOr THIA, Kao W amdubonutu bu-
CTpHILIE Ca E€ICHUTOM M Mg—XacTHHICUTOM U map-
TacHTOM.
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['panaru cy 3anaxxern y aMmpuOOIUTAMA Pa3BUjeHUM
Ha CaMOM KOHTaKTy ca ynTpaMauTUMa U TO y 00a
oduonmrcka nojaca. AmMdudonutu Porosue, JleBouha,
3natubopa m Ppymxke [ope He caapxe TpaHaT.
CHUMIUIEKTUTCKH, PEaKIUOHH PyO, 3alakeH MpBU IMyT
OKO 3pHa IpaHara y rpaHarckuM amguodonutuma bu-
crpuue, m3rpalleH je of BpJO CHUTHUX 3pHA KIMHO-
MUPOCKEHa, anbonTa W amQuOoNa, IMTO TOBOPH a je
rpaHar yIJIaBHOM U PacTao Ha padyH 0Ba TPU MUHEpaa.

TemneparypHu ycaoBU MeTaMopQHu3Ma U KapakTep
HOBOCTBOpPEHHX (ha3za Cy TECHO B€3aHH 3a TOIUIOTHH
KamauuTeT o(huoanTa 1 Kapakrep nporonura. [Ipuru-
CaK je AMPEKTHO MPONOPLUUOHAIAH TyOWHH, Na He-
rOBE Pa3IMUUTE BPEIHOCTH yKa3yjy Ha pa3IuduTe Iy-
OmHE o/Bajarba OKeaHCKe JuTocdepe U TyOuHy UHH-
nujanaor xmnahema. MeTamoppuTn y moguHu 0huo-
muta Cpbuje cy 00pa3oBaHM Ha MPUTHCIIMA KOjIMa
onroBapajy myoune on 10 mo 30 km. I[Tocrenen mo-
pacT MpUTHUCKA ca HallpeOBambEM OKEaHCKE ILUIoUE je
y HEKMM Cly4ajeBUMa 3a0eJekeH Kpo3 IpOMEHe
xemmn3Ma MuHepana (Ha mp. Tejuhu, buctpuna, Opy-
mka [opa).

Ha ocHOBy MuHepajgHOI cacTaBa, H3pauyHaTHUX
P-T ycnosa meramopdus3ma, 30HapHOCTH MUHEpAJIa U
cTapocTtu MeTamop(u3Ma, U3IBOjeHa Cy TPHU IOTEH-
nujanaa P—T—t rpaaujenra:

— BuCOK-P — Hucka-T — 123 + 5 mun.romn. (7-9 kbar,
T ~400°C u <300-350°C, P 4-8 kbar). OBa acorm-
jarja MeTaMop(hHIX MHUHEpaJa je 3a0ernexeHa jeIHHO
y Mmetamopduom opeorry Opymike ['ope (WVZ);

— BUCOK-P — BucOok-T — 146 £ 4.9 u 174 £+ 14 mun.
roxa. (8—10 kbar, >700-850°C) yrBphena y bamckoj

(WVZ) u y buctpumu, Cjeanukom O3peny u bpeso-
Burm (DOB) u

— cpeawu- P — cpeawu-T — 160-178.3 £ 6.7 mun.
rox. (3.5-7 kbar u >350-650°C), yrBphena y oba
nojaca: Tejuhu u [esosuhm (WVZ) u 3narubop
(DOB).

TexToHCKa cpearHa Koja Ou oaroBapaina nerxy DOB
y CpOuju (1a np. buctpuna) onrosapa noapy4jy o0-
IOyKLMje OKEaHCKe IJI0UEe U KacHHje M3a3BaHEe YHyTap
OKeaHCKe cyonyknmje. MeramopuzaM ce y MOYEeTKY
0JIBHjao Ha BenukuM qyomHama >30 km (P>10 kbar u
T ~800 = 50°C). IlojaBa peakimoHUX pyOoBa W
MuHepanHux ¢(aza cpenwux P-T ykasyjy ma cy
OBaKBH YCIIOBH KPaTKO Tpajaji U Ja je Jo1uIo 10 Op3e
eKCXyMaluje o(pHOINTCKE CEKBEHIIC.

VY OpyruM JenoBrMa OKEaHCKOI MOApYdYja ce YHY-
Tap-OKeaHCKa cyOnyknuja SSZ-Tuna oBHjana Ha pa-
3MUYUTHM JyOMHAMa U Jajla pa3inuuTe MeTaMmopdHe
crere. [IponykT HajmyOIsbe CyOMyKOBAaHOT O(UOIUT-
ckor 6moka (~30-36 km) cy rpaHaT—KJIMHOIMPOKCEH-
cku Merabasutu buctpune. Onarie ka ceBepo3anany
[oCTeneHo onazaajy Bpeanoctu P-T, ogHocHO nyOuHe
cyonykmuje Ha 18-25 km (Cjennuxu O3peH u bam-
cka) u 18—15 km (Tejuhu). MuHuMaHA BPEIHOCT, O
12—13 km je 3a0enexxeHa Ha 3natuodopy.

[IpocTopHu pacnopen u nopeheme MUHEPATOIIKO-
METPOJIOMIKUX U TEOXEMHjCKHX Mojaraka, kao u P-T
yCJIOBa y KojuMa cy 00pa3oBaHe MeTa0a3HyHe CTEHE y
0asu oduonuta 3B3 u [OIIl ca usyserkom Me-
tamopdura Opymike [ope, ykasyjy Ha o0pazoBame y
CIIMYHOM TEKTOHCKOM PEXHMY, Ha LITa Cy yKa3ad U
ScHMID et al. (2008) n CHIARI et al. (2011).





