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metamorphic conditions
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Abstract

Kyanite eclogites from the Pohorje Mountains, Slovenia, are providing the first evidence of ultrahigh-pressure
Eo-Alpine metamorphism in the Eastern Alps. Polycrystalline quartz inclusions in garnet, omphacite and kyanite
are surrounded by radial fractures and exhibit microtextures diagnostic for the recovery after coesite breakdown.
The non-stoichiometric supersilicic omphacites found in Pohorje eclogites contain up to 5 mol % of Ca-Eskola mo-
lecule. Such clinopyroxenes are known to be stable exclusively at high-pressure conditions exceeding 3 GPa. Their
breakdown during decompression resulted in exolution of quartz rods and needles that are oriented parallel to
omphacite c-axis. The absence of coesite is a consequence of near-isothermal decompression during the first stages
of exhumation.

Pressure and temperature conditions for the formation of the peak metamorphic mineral assemblages have been
assessed through a consideration of a) Fe?*-Mg partitioning between garnet and omphacite pairs, based on different
calibrations; b) the equilibrium between garnet + clinopyroxene + phengite + kyanite + quartz/coesite assemblage.
Estimated peak pressure and temperature conditions of 3.0-3.1 GPa and 750-783 °C are well within the coesite, i.e.
the ultrahigh-pressure stability field.

Izvleéek

Pohorski kianitovi eklogiti predstavljajo prvi dokaz za obstoj eo-alpinske ultravisokotla¢ne metamorfoze v
Vzhodnih Alpah. Radialne razpoke okoli polikristalnih kremenovih vklju¢kov v granatu, omfacitu in kianitu ter
njihove specificne mikrostrukture pri¢ajo o obstoju coesita, ki je med ekshumacijo zaradi dekompresije presel v
kremen. Popolna odsotnost coesita je posledica izotermne dekompresije v zacetni stopnji ekshumacije pohorskih
eklogitov. Nestehiometri¢ni omfaciti z visoko vsebnostjo SiO,, ki vsebujejo do 5 mol % Ca-Eskola molekule in so
obstojni izklju¢no pri tlakih veéjih od 3 GPa, potrjujejo izpostavljenost pohorskih eklogitov ultravisokotla¢nim
metamorfnim pogojem. Zaradi dekompresije so se v njih izlo¢ile kremenove iglice in pali¢ice, ki so orientirane
vzporedno z omfacitovo c-osjo.

Tlaéni in temperaturni pogoji nastanka pohorskih eklogitov so bili dolo¢eni s pomo¢jo razli¢nih geotermometrov,
ki temeljijo na izmenjavi Fe? in Mg ionov med granatom in omfacitom, kot tudi na osnovi ravnotezja med miner-
alnimi fazami: granat + monoklinski piroksen + fengit + kianit + kremen/coesit. Izra¢unane tla¢ne in temperaturne
vrednosti se gibljejo v razponu od 3.0-3.1 GPa in 750-783 °C ter odgovarjajo ultravisokotlaénemu (coesitovemu)
stabilnostnemu obmocju.

Introduction

Ultrahigh-pressure (UHP) metamorphism is an
important type of orogenic metamorphism that
has been recognized in many Phanerozoic colli-
sion belts (e.g. Liou et al., 1998; Crorin, 2003, and
references therein). Well investigated intracrato-
nic collisional orogens that exhibit scattered ef-
fects of subsolidus UHP recrystallization include
the Quinling-Dabie-Sulu belt of east-central Chi-
na, the Kokchetav Complex of northern Kazah-

stan, the Dora Maira massif of the Western Alps,
and the Western Gneiss Region (WGR) of Norway
(Liou et al., 1994; CoLEMAN & WANG, 1995; ERNST
et al., 1995). This four classic and several other
UHP terranes (Figure 1) share common structural
and lithological characteristics (Liou, 2000). Su-
pracrustal rocks of these UHP regions experi-
enced subduction-zone metamorphism at mantle
depths, followed by a retrograde amphibolite-
granulite facies overprint during exhumation,
and finally thermal recrystallization and defor-
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Figure 1. Distribution of recognized UHP metamorphic terranes in the world through time and space. So far, evidence of UHP
metamorphism was not found only in Australia and North America (modified from Liou et al., 1998; CrorIN, 2003).

mation during postcollisional granitic intrusions
and orogeny.

With the discovery of UHP metamorphism geo-
logists realized that, contrary to general belief,
continental crust in convergent settings may be
subducted to enormous depths, and that the most
formidable geodynamic problems concerning
UHP metamorphic rocks are not the mechanisms
of their deep burial, but the mechanisms which
facilitated their subsequent exhumation to the
Earth’s surface without a complete breakdown of
the UHP mineral assemblages. From the recur-
rent occurrences both in time and space, since late
Proterozoic, it is clear that UHP metamorphism
is a common process, inherent to continental col-
lision.

Ultrahigh-pressure metamorphism is synony-
mous with eclogite-facies metamorphism that has
occured within the stability field of coesite (Fi-
gure 2). Unequivocal identification of UHP con-
ditions depends on the presence of relict coesite
or diamond, high-pressure polymorphs of silica
and carbon, as direct indicators of metamorphic
pressures of at least 3 GPa (coesite) or 4 GPa (dia-
mond). But since the metastable preservation of
relict UHP phases during exhumation and decom-
pression is now known to be very rare, a simple
microscopic identification of UHP metamorphic
rocks is normally not possible, and the evidence
for UHP conditions must be deduced from indi-
rect petrographic and microtextural observations.
In absence of an actual coesite relict, polycrystal-
line quartz aggregates are strongly indicative tex-
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Figure 2. Simplified P-T facies diagram. UHP eclogites are
defined as metabasic rocks with a dominant plagioclase-free,
eclogite-facies mineral paragenesis of garnet and omphacitic
clinopyroxene, but with additional petrographic or mineral-
chemistry features that indicate equilibration at pressures
within the coesite P-T stability field. Subdivision of the eclogi-
te facies field is based on Okamoro & Maruvama (1999). Also
shown are the stability fields for diamond and coesite accor-
ding to HoLLaND & PoweLL (1998).
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tural feature of former coesite existence (SmiTH,
1984; GiLrET et al., 1984) but tend to disappear due
to recrystallization during prolonged thermal an-
nealing. A further distinctive petrographic feature
of partly or completely replaced coesite inclusions
is the developement of radial expansion cracks,
extending from the inclusion boundary into
the enclosing mineral. This reflects the roughly
10 % volume increase on transition from coesite
to a-quartz. Several other uncommon petrological
features and assemblages that have been reported
from various UHP metamorphic rocks provide ad-
ditional evidence for UHP metamorphism. Quartz
rods have been observed in omphacite from eclog-
ites of several UHP terranes. In all cases, SiO, need-
les and rods in omphacite have been interpreted
as exsolution products from a preexisting super-
silicic clinopyroxene that contained excess silica
at peak metamorphic conditions (e.g. SmrrH, 1984;
Liou et al., 1998; Karavama et al., 2000; SCHMADICKE
AND MULLER, 2000; Zranc & Liou, 2000; DoBrzHI-
NETSKAYA et al., 2002). Potassium-bearing clinopy-
roxene with extremely high potassium content
(up to 1.5 wt% K,0) is stable at pressures of 4-
10 GPa. During decompression, potassic clinopy-
roxene develops characteristic textures with ori-
ented precipitates of K-feldspar (SoBoLEV & SHAT-
sky, 1990). Orthopyroxene exsolutions in garnet
require formation pressures in excess of 6 GPa
and hence over 200 km of depth. Exsolutions
suggest the existence of a super-silicic precursor
garnet with several mol % of majorite component
(van RoermunD et al., 2001). o-PbO,-type TiO, in-
clusions in garnet indicate achieved pressures in
the range from 4.5 to 6.5 GPa at a temperature of
1000 °C (Huanc et al., 2000). Although the indirect
indicators of UHP metamorphism are very useful
since the preservation of metastable coesite and
diamond is very rare, they cannot be used alone
as a proof that UHP metamorphism was achieved.

When direct mineral indicators are absent, con-
verging indirect pieces of evidence, together with
reliable geothermobarometrical calculations, are
needed to verify the existence of UHP metamor-
phism.

Pohorje in north-eastern Slovenia (Figure 3) is
the south-easternmost prolongation of the East-
ern Alps. It is a part of the extensive Alpine oro-
gen where UHP metamorphism was documented
in the Western Alps (e.g. CropiN, 1984) and was
shown to be related to the Tertiary orogeny (e.g.
Tron et al., 1991). Metamorphic processes re-
lated to the older, Cretaceous Alpine orogeny are
mainly recognized in the Austroalpine units of the
Eastern Alps (e.g. THONT & JacouTz, 1992). So far,
up to high-pressure (HP) eclogite facies metamor-
phic conditions were recognized in the Koralpe
and Saualpe areas situated just north of Pohorje
(MiLLER, 1990). The Pohorje Mountains consist of
a stack of Cretaceous Austroalpine nappes, pre-
dominately composed of micashists, gneisses and
amphibolites, but also include several lenses of
eclogitic rocks that are of special interest since
they have high preservation potential for ultra-
high-pressure metamorphic indicators. Eclogites
from Pohorje were previously investigated by Hin-
TERLECHNER-RAVNIK (1982), HINTERLECHNER-RAVNIK
et al. (1991) and Kocu (1999). Geothermobarome-
tric estimations from the first two works are rather
broad, with estimated pressure ranging from 1.2—
1.8 GPa at temperature from 460-900 °C. Pressure
and temperature estimates by Kocu (1999) fall
into the same (high-pressure) range, but are more
narrowly constrained to 1.5 GPa at 760 °C.

First two samples of eclogites from Pohorje in-
dicating possible UHP conditions were investi-
gated by Janik et al. (2004). This work presents
new samples from several new localities bringing
undisputed mineralogical, petrological, micro-
textural and microchemical evidence for ultra-
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high-pressure metamorphism of eclogites in the
Austroalpine units of the Eastern Alps, exposed in
the Pohorje Mountains of Slovenia. The evidence
for ultrahigh-pressure conditions is strongly sup-
ported by extensive and precise geothermoba-
rometric calculations based on different widely
accepted calibrations.

Methods
Electron Probe Micro-Analysis

Representative microchemical analyses of the
main constituent minerals were determined by
EPMA technique using a CAMECA SX-100 elec-
tron microprobe at Dionyz Stur Institute of Geo-
logy in Bratislava. Bombarding of micro-volumes
of sample with a focused electron beam (5-30 keV)
induced emission of X-ray photons. The wave-
lengths of collected X-rays were identified by re-
cording their WDS spectra (Wavelength Disper-
sive Spectroscopy). Analytical conditions were
15 keV accelerating voltage and 20 nA beam
current, with a peak counting time of 20 s and
a beam diameter of 2-10 um. Raw counts were
corrected using a PAP routine.

Garnet-clinopyroxene Fe*-Mg exchange
geothermometery

Temperature conditions of metamorphism were
obtained using the partitioning of Fe?** and Mg
between co-existing garnet and clinopyroxene
(omphacite). Due to the common appearance of
clinopyroxene and garnet in a mineral assemblage
of high-grade metamorphic rocks of basic and ul-
trabasic composition this is one of the most widely
used methods in geothermometry of such rocks.
When these two minerals are contiguous phases,
they effectively exchange the two elements and the
exchange balance is a function of temperature.

The exchange of iron and magnesium between
clinopyroxene and garnet is represented by ex-
change reaction:

pyrope + 3 hedenbergite — almandine + 3 diopside

The equilibrium constant for the considered equi-
librium is expressed by the following function:

3
grt cpx
K _ a Fe . aMg
eq gt cpx

aMg AdFre

where g/ is the activity of component i in phase j.
If the minerals are ideal solid solutions, activities
are equivalent to concentrations and

x xR mg) ™ x
_Xre X _ K,
X XE(FetMg) "

where K, is the distribution coefficient, X‘E? is the
mole fraction of Fe? in the three quivalent di-
valent sites in garnet structure, X is the mole

fraction of Fe? in the clinopyroxene, etc. If the
minerals are not ideal (i.e. their compositions dif-
fer from those of pure ideal end-members used in
experiments) compositional differences are cor-
rected by the introduction of activities, which ex-
press the thermodynamically effective concentra-
tions of components. Then

a=X-y
where y is defined as the activity coefficient and
thus
_XE X ¥R Y
YN XE v v

=K, K,

Temperatures have been estimated using six
different quantitative calibrations of the garnet-
clinopyroxene system revealing garnet-clinopy-
roxene Fe?*-Mg exchange geothermometers of
ErLris & GreeN (1979), PoweL (1985), KrocH (1988),
ParTison & Newton (1989), Ar (1994) and KrocH
Ravna (2000).

Evrris & GreEN (1979) determined the distribu-
tion coefficient as a function of P, T and Ca-con-
tent in garnet (X§;) and derived the empirical rela-
tion:

3104 - X% +3030+10.86 - P(kb
Trg-7(C) = ca (*5)

InK , +1.9034

-273

where X! is defined as
ot _ Ca
“ " Ca+ Mg+ Fe*

They have shown that K, is apparently indepen-
dent of the Mg/(Mg + Fe?') content in clinopyro-
xene and garnet, but that there is a marked de-
pendence of K, upon the Ca-content of garnet.
This Ca-effect is believed to be caused by a com-
bination of non-ideal Ca-Mg substitutions in gar-
net and clinopyroxene. Consequently, a rectilinear
correction for X§, in garnet was proposed.

Powrrn (1985) made an upgrade to Ernis &
GreEN (1979) geothermometer defining:

2790+10- P(kb) +3140-X ¢ o
InK, +1.735

which gives slightly lower temperatures than cali-
bration of Erris & GREEN (1979).

Krocu (1988) suggested a curvilinear relation-
ship between InK,, and X§, in garnet:

Ty 5(C) =
B 1879+6731-X§Z —6173-()(%2’)2 +100- P(GPa)
InK, +1.393

at least for the compositional range Xg; = 0.10—
0.50. The Ca-content in garnet was calculated as:

Ca
Ca+ Mn+ Fe* + Mg

Calculated temperatures do not vary with the
Mg/(Mg + Fe?*) content in garnet and Na-content
in the clinopyroxene. Temperatures below 900°C
are a bit lower than those obtained by the method

Tp ss(CC)=

=273

grt _
Ca —
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of PoweLL (1985), and the difference is larger for

lower temperatures and lower values of Xg,

Partison & Newton (1989) performed multiple
regression of a large set of data on the Fe*-Mg
equilibrium between garnet and clinopyroxene
resulting in the following relationship:

Tpy (€)=
_561+3395 X5 - 2388-(XE))" + 9781 X -31026-(Xi)"
InK, +0.512
26217+ (X§,)’ +103.7- P(GPa)
+
InK,+0512
art

which includes the curvilinear corrections for Xg,
and also for Mg-number (Mg,) in garnet:

_ Mg
Mg + Fe**

This thermometer works well with experimental
data of PartisoNn & Newton (1989) but commonly
yields unrealistically low temperatures for natural
rocks. An important feature discovered by Parti-
soN & NewTon (1989) and later supported by other
researchers (e.g. A1, 1994; BermaN et al., 1995) is
that K, decreases with decreasing Xf, at all tem-
peratures.

A1(1994) investigated about 300 garnet-clinopy-
roxene pairs and by multiple regression arrived to
the expression:

=273

Mg, =100- X&' =100

Ty 0,CC) =
_ 1987 +3648.55- X & —1629- (ng)2 —659-X§;; N
InK, +1.076
N 176.6- P(GPa)
InK, +1.076

with curvilinear correction for X§, and rectilinear
correction for Xy, in garnet. Ai’s thermometer is
suitable especially for the systems with low-Ca

and high-Mg garnets.
In addition to significant dependence between

the distribution coefficient K;, and X¢& and Xii,
Kroga Ravna (2000) incorporated the effect of Mn-

content in garnet Xiy,:

Mn
Ca+ Mn+ Fe*" + Mg

273

grt _
Mn —

and proposed the following P-T-compositional re-
lationship:

T (O)=
_ 1939+3270- Xg) ~1396- (X&)’ +3319- X&' -3535- (X)) .
InK, +1.223
. 1105+ X =3561- (X§7)” +2324- (X )’ +169.4- P(GPa) 3
Ink, +1.223

which confirmed his conclusion from 1988 that
the Fe*-Mg equilibrium between co-existing gar-
net and clinopyroxene is independent of the vari-
ations in the Na-content of the clinopyroxene, at
least in the Xy range from 0 to 0.51. This means

that the jadeite content in clinopyroxene has a
certain influence on calculated temperatures only
at higher X3, values. Since the natural jadeite
content of eclogites is commonly lower than the
recommended value, Na is not a problematic ad-
ditional component in the garnet-clinopyroxene
exchange thermometer for eclogites. Application
of this thermometer gives reasonable results for
most compositional ranges covered by garnet-
clinopyroxene pairs from natural rocks.

The uncertainty of the garnet-clinopyroxene
geothermometer is usually estimated to +30 to
50 °C and in most cases almost all of the above-
mentioned geothermometers, give temperatures
within this interval. However, there is one impor-
tant drawback that should always be considered
when using Fe*-Mg exchange geothermometers.
The problem is that generally the data is only
available for total iron content (Fe'®!), therefore it
is not known how much garnet and clinopyrox-
ene iron is present in the exchanging ferrous (Fe?*)
and non-exchanging ferric (Fe?®") states. There are
several methods to calculate the Fe’/Fe?* ratio
in garnet and clinopyroxene (charge balance cri-
teria, equalizing the amount of Fe®* with the Na
excess over (Al*+Cr), standard titration method,
etc.) but they are unfortunately very sensitive to
analytical errors and not always reliable.

Garnets are less of a problem than clinopy-
roxenes because of their customary higher Fe'®
contents and much lower Fe3*/Fe?* ratios (Car-
sweLL et al., 1997). In Fe-rich garnets all iron can
be treated as ferrous without affecting the calcu-
lated temperatures significantly. But in Fe-poor
garnets the underestimation of Fe® will result in
higher K;, value, and consequently, in underesti-
mated temperatures (Krogu Ravna, 2000). In com-
mon eclogites the Fe*/Fe™! ratio is reported to be
low, in the range of 0.0-0.06 (CarswELL et al., 2000;
ScumiD et al., 2003) and can be therefore calcula-
ted by using stoichiometric charge balance.

Clinopyroxenes are more problematic, espe-
cially because they tend to be non-stoichiometric
under HP/UHP conditions due to the presence of
the Ca-Eskola molecule. The most problematic are
Fe-poor clinopyroxenes which show a large spread
in calculated Fe3*/Fe™t ratios. The charge balance
calculations are unsuitable in this case. The pub-
lished Fe?t/Fe't ratios from omphacites vary be-
tween 0.0 and 0.5 (CarsweLL et al., 1997) and were
proven by Mossbauer studies (CarsweLL et al.,
2000) and micro-XANES (Scumm et al., 2003).

For eclogitic rocks from Pohorje, the Fe3*/
/Fett ratio directly determined by Mossbauer
spectroscopy is reported to vary between 0.15 to
0.41 in omphacite, with a mean of 0.30, and tends
to be low and constant in garnets, with the value
of 0.02-0.03 (KocH, 1999).

Geobarometry based on garnet-clinopyroxene-
phengite-kyanite-quartz/coesite assemblage

Reliable geobarometers applicable to HP and
UHP metamorphic rocks are rather scarce. In
eclogites containing an assemblage of garnet +
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clinopyroxene + phengite + kyanite + quartz/coe-
site, an equilibrium between these phases may
be used for thermobarometric estimations. Such
geobarometer is based on net-transfer reactions
representing a balanced reactions among pha-
ses (or components of phases) in which progress
of the reactions result in a change in the modal
amounts of the phases. This means that net-trans-
fer reactions cause the production and consump-
tion of phases and therefore result in large volume
changes making the equilibrium constants pres-
sure sensitive.

Possible net-transfer reactions defining this
equilibrium are given as follows (KrocH Ravna &
TERRY, 2001; KrogH Ravna & Paquin, 2003):

[phe]: 3 diopside + 2 kyanite —
1 grossular + 1 pyrope + 2 coesite/quartz

[di,grs]: 1 pyrope + 3 muscovite + 4 coesite/quartz —
3 Al-celadonite + 4 kyanite
[prp]: 3 muscovite + 3 diopside + 2 coesite/quartz —

3 Al-celadonite + 1 grossular + 2 kyanite
[SiO,, ky]: 6 diopside + 3 muscovite —
2 grossular + 1 pyrope + 3 celadonite

These reactions define an invariant point in both
the coesite and quartz stability field, depending on
which SiO, polymorph is stable. Phases in square
brackets are absent in the reactions.

For pressure calculations the calibrations of
WatErs & MarTIN (1996), KrocH RavNA & TERRY
(2001) and Kroca Ravna & TERRY (2004) have been
applied.

Warers & MarTIN (1996) calibrated geobaro-
meter aplicable to HP and UHP eclogites with the
garnet + clinopyroxene + phengite assemblage,
using the reaction [SiO,, ky] and thermodynamic
data set of HorLaAND & PowgLL (1990):

Py os(kbar) =285 +002044-T — 0003539 T -In K

where InK term is calculated as follows:

InK =6Ina, -Ina,,-2Ina, +3lna

invphe
The phengite activity may be calculated from:

_ Qideal ms _ XAIMI 'XAITI

invphe — a

a

ideal cel XMg M, 'XSiTl

with X, =4-Si, Xsiy=Si—2 and M, the octahe
dral cation sites. Activity model for diopside was

taken from Horranp (1990) and for garnet from
NewToN & HaserTon (1981).

Krocu RavNa & Terry (2001, 2004) used all four
above reactions and constructed geobarometric
expressions for UHP (with coesite) and HP (with
quartz) assemblages. The corresponding equilib-

gt gt ( coe/qtz

rium constants are:
o] ] )
K[phe,cne/qtz] __pp g \Si0) K[di,grs,coe/qrz] _ cel ALSiOs

. " 2 3 J\4
epx || kv art ( phe ) ( coe/qt;)
(adi )3 (aAIZSiO_S) aprp s aSiOZ

. 3 , 2 2
gn.( phe) ( ky ) grt ( grt) ( phe)3
K[prp,coe/ql:]_ agrs Aeel aAl:SiOS [SiOg,k,V]_ aprp agrs (U
o B 3 2 - 6 3
x| phe) ( coc/qtz) ( Cpx) ( phe)
(adi ) (ams sio, g )\

For the above reactions they formulated linearized
barometric expressions, which are:

PUese)Gpg) =7.235-0.000659 - T +0.001162-7 -In K o]
Plteceel(Gpg) =11422-0.001676-T +0.002157 - T - In K o]
Pl (GPa) = 22624+ 0.005741- T +0.0004549 - T - In K L]
PltiencoelGPg) = 0899 +0.003929 - T +0.0002962 - In K K<)
PUwael(GPa) = 0355 +0.003695 T +0.0003059 - - In K 7]

KRT-04

Plwccl GPa) = 0.568 +0.003345- T +0.0002705 - T - In K 7o)

KRT-04

P00 GPg) =1.801+0.002781- T +0.0002425 - T - In K 502

KRT-04

The intersection of “quartz absent” lines defines
a single point within the coesite (UHP) stability
field, and analogously, the intersection of “coesite
absent” lines defines another single point within
the quartz (HP) stability field (Figure 4). Therefore
the intersection of any two of these sets of lines
uniquely defines P and T for a single sample.

5,0

Pressure (GPa)

1,0 T T r T
500 600 700 800 900 1000

Temperature (°C)

Figure 4. The intersection of reaction lines in the quartz and
coesite stability fields (after Kroca Ravna & TErRy, 2004). Pha-
ses in square brackets are absent in the reactions.

The content of ferric iron was calculated as:
Fe'* =2 —(Al+Cr +Ti)

The uncertainty limits for this thermobarome-
ter are +65°C and +0.32 GPa. These geothermoba-
rometric methods are supposedly less affected by
subsequent thermal re-equilibration than common
cation exchange thermometers, and the methods
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also diminish the problems related to estimation of
Fe* in omphacite (KrogH RavNna & Paquin, 2003).
Activity models for phengite, clinopyroxene and
garnet were taken from HorraND & PowEeLL (1998),
Horranp (1990) and Gancury et al. (1996), respec-
tively.

For calculating peak metamorphic conditions
for a specific eclogite sample, garnet with maxi-
mum afy -(aiﬁ)z, omphacite with minimum a$*
(and thus maximum jadeite content) and phengite

with maximum aP’ (maximum Si content) are re-

quired. Analyses of phases used for geothermo-
barometryare given in Table 1.

matrix often accompanied with elongated grains
of blue kyanite.

The eclogites consist of garnet, omphacite,
kyanite, and zoisite as major primary mineral
phases. In some samples crystals of phengitic
mica, quartz (after coesite?), rutile and rarely
zircon are also present. Among the secondary
mineral phases are mainly amphibole, diopside,
plagioclase, biotite, sapphirine, corundum and
spinel. They occur in the coronas, symplectites
and fractures of the primary minerals. Seconda-
ry minerals developed after peak metamorphic
conditions and are related to the exhumation of
these rocks.

Table 1. Representative microprobe analyses of mineral compositions used for thermobarometry.

Sample JV103a NO1/04A  PO6h  SP1/08 JVI103a NOI/04A  PO6h  SP1/08 JV103a NOI1/04A PO6h  SP1/08
Mineral Grt Grt Grt Grt Cpx Cpx Cpx Cpx Phe Phe Phe Phe
SiO, 40.99 40.80 40.83 40.35 55.02 5.5 55.28 54.92 53.36 51.53 51.00 52.66
TiO, 0.01 0.02 0.02 0.00 0.11 0.12 0.14 0.10 0.02 0.00 0.74 0.02
ALO; 23.16 22.99 23.06 22.58 8.34 8.03 8.04 7.95 26.87 26.84 27.59 27.05
Cr0; 0.00 0.14 0.04 0.27 0.02 0.19 0.18 0.06 0.30 0.37 0.08 0.05
FeO 15.77 13.92 13.91 14.88 2.55 2.45 2.48 228 1.48 1.71 1.03 1.20
MnO 0.38 0.26 0.28 0.34 0.02 0.02 0.00 0.06 0.00 0.01 0.00 0.00
MgO 13.37 15.02 14.22 12.91 12.30 12.43 12.71 12.08 3.62 4.00 422 3.90
CaO 7.81 7.42 7.76 7.60 18.19 18.83 18.80 18.22 0.11 0.08 0.00 0.16
Na,O 0.01 0.02 0.00 0.03 3.73 3.69 3.75 3.75 0.06 0.08 0.32 0.06
K,0O nd nd nd nd bd bd bd bd 9.11 10.06 10.46 9.50
Total 101.50 100.59 100.12  98.97 100.28 100.81 101.38  99.42 94.93 94.68 95.44 94.60
Si 2.978 2.960 2.984 3.005 1.958 1.954 1.949 1.970 3.510 3.431 3.377 3.482
Ti 0.001 0.001 0.001 0.000 0.003 0.003 0.004 0.003 0.001 0.000 0.037 0.001
Al 1.983 1.966 1.987 1.983 0.350 0.336 0.334 0.336 2.083 2.107 2.154 2.108
Cr 0.000 0.008 0.002 0.016 0.001 0.005 0.005 0.002 0.016 0.019 0.004 0.003
Fe** 0.061 0.106 0.039 0.000 0.000 0.000 0.011 0.000 0.000 0.035 0.000 0.000
Fe* 0.897 0.739 0.811 0.931 0.076 0.073 0.062 0.068 0.081 0.060 0.057 0.066
Mn 0.023 0.016 0.017 0.021 0.001 0.001 0.000 0.002 0.000 0.001 0.000 0.000
Mg 1.447 1.624 1.549 1.433 0.652 0.657 0.668 0.646 0.355 0.397 0.416 0.385
Ca 0.608 0.577 0.608 0.607 0.694 0.716 0.710 0.700 0.008 0.006 0.000 0.011
Na 0.001 0.003 0.000 0.005 0.258 0.254 0.257 0.261 0.008 0.010 0.041 0.008
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.765 0.855 0.884 0.801
Total 7.999 8.000 7.998 8.001 3.993 3.999 4.000 3.988 6.827 6.921 6.970 6.866

Analyses (in wt%) of garnet (Grt), clinopyroxene (Cpx) and phengite (Phe). Garnet is normalized to 12, clinopyroxene to 6 and phengite to 11

oxygens. Abbreviations are as follows: bd - below detection; nd - not determined.

Results
Petrography and mineral chemistry

Eclogites from four localities in the Pohorje
Mountains have been investigated (Figure 3). The
dominant rock type is weakly retrograded eclog-
ite, which occurrs in bands, lenses and boudins
within the surrounding continental crustal rocks
(orthogneisses, paragneisses and micaschists). In
macroscopic scale, eclogites contain big distinc-
tive grains of garnet surrounded by omphacite

Garnets form euhedral to subhedral crystals
with size ranging from large porphyroblasts up
to several mm in diameter, to very tiny inclusions
of few microns, which are found within kyanite
and omphacite crystals. Garnets are texturally
uniform, unzoned (Figure 5a), and nearly homo-
geneous in composition, as major element zon-
ing is absent in all observed grains. Garnets with
27-55 mol% of pyrope, 25-48 mol% of almandine
and spessartine, and 18-27 mol% of grossular and
andradite content belong to the almandine-py-
rope-grossular series with high pyrope content, as
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Figure 5. Primary and secondary mineral phases in eclogites.
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(a) Photomicrograph — backscattered electron image (BSE) of unzoned homogenous garnet grains lacking any inclusions. Symplec-
titic rims of amphibole + plagioclase are replacing garnet rims in contact with omphacite.

(b, c) Typical inclusions in garnet belong to phengite, kyanite, omphacite, quartz and rutile (BSE).

(d) Homogenous omphacites are replaced by symplectites of diopside + plagioclase + amphibole.

(e) Quartz rods and needles in matrix omphacite shown in plane-polarized light. Quartz rods are distinctly oriented and parallel

to omphacite c-axis.

(f) Omphacite with tiny quartz exolutions is hosting quartz inclusion surrounded by radial fractures (BSE). Abbreviations after

KgreTz (1983).

it is common for UHP metamorphic rocks (Cro-
pIN, 1984). Inclusions in garnet are relatively rare;
these are typically omphacite, rutile, kyanite,
quartz and phengite (Figure 5b, ¢). Garnet rims
are commonly resorbed by amphibole + plagiocla-
se symplectite (Figure 5a).

Omphacite occurs in large anhedral grains in
the matrix (Figure 5d) or as inclusions in garnet
(Figure 5c) and kyanite. Similarly to garnets, om-
phacites also show uniform grains and almost ho-
mogenous composition for all major oxides. The
jadeite component of omphacites, calculated from
Karavama et al. (2000):

Jd = Na-Fe** -2-Ti

varies between 18-37 mol%. The total cation defi-
ciency (omphacite cation totals are less than 4.00
per six oxygen atoms) and excess Al on the octa-
hedral site suggest the existence of non-stoichio-
metric pyroxenes or pyroxenes with octahedral
vacancies. Ca and Al combine and form the Ca-
Eskola molecule (CaEs - Ca,;0,;AlSi,Of; empty
rectangle O represents a vacancy on the M2 site).
The cation sum of natural clinopyroxenes, calcu-
lated on the basis of six oxygens, decreases pro-
gressively from the theoretical value of 4.00 as the
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VIAI content increases (CAwTHORNE & COLLERSON,
1974). The Ca-Eskola clinopyroxene, which is sta-
ble at peak metamorphic conditions, is highly un-
stable at lower pressure (SmytH, 1980). It rapidly
breaks down to Ca-Tschermak component (CaTs
- CaAl,SiOg) and quartz, following the retrograde
reaction:

2-Ca, s, 5A41Si,0y — CaAl,SiOg + 3-SiO,
which can be simplified to:
2-CaEs — Cals + 3-0Qtz

The Ca-Tschermak component is assigned to be
equivalent to the WAl content (Karavama et al.,
2000), and may be calculated from:

CaTls = 2-Si ="41

The decompressional breakdown of Ca-Eskola
molecule results in the exsolution of tiny needles
and rods of quartz that are the most striking fea-
ture of matrix omphacites from Pohorje eclogites
(Figure 5e, f). They display an orientation parallel
to the c-axis of omphacite. Microprobe analysis
of quartz needles show essentially pure SiO,. The
amount of the Ca-Eskola component in omphaci-

tes from Pohorje samples, calculated from Kara-
vama et al. (2000):

CaEs=""41-2-"41-K - (Na - Fe** - 2-Ti)

isreaching 5 mol%. Integral analysis of omphacite,
together with SiO, precipitates, under defocused
electron beam (25-30 um) yields even higher va-
lues, up to 9 mol%. Omphacite is very sensitive
to retrogression. During decompression, omphaci-
tic clinopyroxene must reduce its jadeite content,
which results in the production of plagioclase. The
typical product of omphacite retrogression is the
formation of symplectites of fine-grained diopside
+ plagioclase + amphibole (Figure 5d).

Phengite occurs sporadically in the matrix (Fi-
gure 6a) and as minor inclusions in garnet (Figu-
re 5b) and omphacite. Measured phengite grains
were nearly homogenous in composition since
the content of major cations is close to constant.
Phengite belongs to white micas which result from
solid solution between muscovite and celadonite
and is formed by an inverse Tschermak substitu-
tion starting from muscovite. The amount of cela-
donite component present is evident from the Si
content of phengite, which rapidly increases with

Figure 6. Primary and secondary mineral phases in eclogites (photomicrographs — backscattered electron images).
(a) Preserved remnant of phengite with clearly visible cleavage is surrounded by symplectitic intergrowth of biotite and plagio-

clase.

(b) Dark-gray kyanite grains in comparison with garnet and omphacite. All minerals shown are surrounded by symplectites of
secondary mineral phases. The most typical are amphibole + plagioclase after garnet, diopside + plagioclase + amphibole after
omphacite and sapphirine + corundum + spinel + anorthite after kyanite.

(c) Kyanite with omphacite inclusion is surrounded by coronas of secondary minerals. Two distinct symplectitic belts are present.
Inner corona, next to kyanite, consists of sapphirine + corundum + spinel + anorthite. Outer corona, next to omphacite, is made

of plagioclase + amphibole + diopside.

(d) Detail of kyanite corona in which separate symplectitic constituents are clearly visible. Abbreviations after Krerz (1983).
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Figure 7. Quartz (former coesite?) inclusions in eclogites.

(a) Radial fractures surrounding quartz inclusion in omphacite under plane-polarized light.
(b) Polycrystalline polygonal quartz inclusion (PPQ) surrounded by tiny radial fractures within garnet host under crossed polars.

Abbreviations after Krerz (1983).

increasing pressure (HeErmanN, 2002). The strong
variation of phengite composition as a function of
pressure makes phengite a crucial mineral com-
ponent for determination of UHP metamorphism
(MassoNE & Szpurzka, 1997). Investigated phen-
gite grains from Pohorje eclogites contain up to
3.5 Si per formula unit (pfu). The biotite + pla-
gioclase intergrowths are typical replacements of
phengite (Figure 6a).

Kyanite forms frequently twinned subhedral
grains (Figure 6b) and small rod-like inclusions
within garnet (Figure 5c) and omphacite minerals.
Rare inclusions found in kyanite belong to garnet,
omphacite (Figure 6c¢) and quartz. Microprobe
analysis of all measured kyanite grains revealed
almost pure AL,SiO;. Retrogression of kyanite is
expressed by development of complex coronas
consisting of sapphirine + corundum + spinel +
anorthite (Figure 6b, ¢, d). The width of the coro-
na is progressively increasing with the increasing
degree of retrogression. Spinel belongs to Fe-Mg

Table 2. Calculated temperatures and pressures.

spinels. Sapphirines contain up to 1.4 Si pfu and
are clearly peraluminous. Growth of corundum
and tiny lamellar grains of sapphirine is restricted
only to domains formerly occupied by kyanite.

Zoisite mainly forms individual elongated
grains but may also be found as minor inclusions
in garnet and omphacite. It contains rare inclu-
sions of rutile.

Quartz inclusions are present in garnet (Figure
5¢), omphacite (Figure 5f, 7a) and kyanite. They
are frequently surrounded by radial fractures
(Figure 7a) which may imply the possibility for
the existence of former coesite. Some of the quartz
inclusions surrounded by radial fractures, are
aggregates of several polycrystalline quartz grains
(Figure 7b). They strongly resemble the PPQ
(polycrystalline polygonal quartz) and MPQ
(multicrystalline polygonal quartz) textures de-
scribed by Wain et al. (2000). Those quartz inclu-
sions are interpreted as possible pseudomorphs
after coesite.

Temperature (°C)

Sample EG-79 P-85 K-88 PN-89
JV103a 843 822 802 573
NO1/04A 921 903 888 777
PO6h 824 803 781 588
SP1/08 801 779 755 516

Temperatures calculated at 3 GPa.

A-94 KR-00 Minimum  Maximum Average
741 748 741 843 791
817 820 817 921 870
710 717 710 824 767
694 702 694 801 746

Geothermometers: EG-79: ELLIS & GREEN (1979), P-85: POWEL (1985), K-88: KROGH (1988), PN-89: PATTISON & NEWTON (1989), A-94:
A1(1994), KR-00: KROGH RAVNA (2000). PN-89 calibration is excluded from minimum and average temperature calculations.

Pressure (GPa)
Sample KRT-04F a2 KRT-04ldbes a2 KRT-040PP 92 KRT-0415102 1] WM-96 Minimum  Maximum  Average
JV103a 29 32 3.1 3.1 3.0 2.9 32 3.1
NO1/04A 29 32 3.1 3.1 2.9 2.9 32 3.1
PO6h 29 32 3.1 3.1 2.8 2.8 32 3.0
SP1/08 29 32 3.1 3.1 3.0 2.9 32 3.1

Pressures calculated at 800 °C.

Geobarometers: WM-96: WATERS & MARTIN (1996), KRT-04: KROGH RAVNA & TERRY (2001, 2004).



Pohorje eclogites revisited: Evidence for ultrahigh-pressure metamorphic conditions

15

Geothermobarometry

Calculated temperatures from different calibra-
tions of the garnet-clinopyroxene system (ELLis &
GreEN, 1979; PowerLr, 1985; KroGgH, 1988; PaTTI-
soN & NEwToN, 1989; A1, 1994; KrocH Ravna, 2000)

Pressure (GPa)

Pressure (GPa)

50

sample JV103a
791°C (741 -843 °C)
3.1 GPa (2.9 - 3.2 GPa)

700 800 900 1000

Temperature (°C)

sample PO6h
767 °C (710 - 824 °C)
3.0 GPa (2.8 - 3.2 GPa)

700 800 900 1000

Temperature (°C)

differ substantially (Table 2, Figure 8). The unrea-
listically low temperatures were obtained by Par-
TiISON & NEwToN’s (1989) geothermometer, while
the highest temperatures were calculated from the
calibration of ErLis & GREEN (1979). PowsL (1985)
and Krocu (1988) calibrations give reasonable

50

sample NO1/04A
870 °C (817 - 921 °C)
3.1 GPa (29 - 3.2 GPa)

Pressure (GPa)

500 600 1000

Temperature (°C)

sample SP1/08
746 °C (694 - 801 °C)
3.1GPa (28 - 3.2 GPa)

Pressure (GPa)

700 800 900 1000

Temperature (°C)

Figure 8. Comparison of geothermobarometric results calculated with different geothermometers and geobarometers. Geother-
mometers: EG-79: Erris & GreenN (1979), P-85: PoweL (1985), K-88: KrocH (1988), A-94: A1 (1994), KR-00: KrogH Ravna (2000).
Geobarometers: WM-96: WATERS & MaRrTIN (1996), KRT-04: KrocH RavNa & TERRY (2001, 2004). Abbreviations after Krerz (1983).
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results but obtained temperatures are still very
high. The most reliable are temperatures obtained
by geothermometers of A1(1994) and Krocga Ravna
(2000). With the exception of ParTisoN & NEWTON’S
(1989) calibration which obviously underesti-
mates peak temperature conditions in mafic and
ultramafic lithologies, the temperature intervals
calculated at 3.0 GPa pressure range from 741 to
843 °C for JV103a sample, from 817 to 921 °C for
NO1/04A sample, from 710 to 824 °C for PO6h
sample, and from 694 to 801 °C for SP1/08 sample.
Average peak temperatures obtained are 791 °C
(JV103a sample), 870 °C (NO1/04A sample), 767
°C (PO6h sample), and 746 °C (SP1/08 sample).

Peak pressure estimations of Warers & Magr-
TIN (1996) and KrogH RavNa & TERRY (2001, 2004)
calibrations yielded consistent results (Table 2, Fi-
gure 8). The intersections between these two geo-
barometers and the geothermometers of A1 (1994)
and KrocH Ravna (2000) define average peak pres-
sures of 3.0 GPa for PO6h sample and 3.1 GPa for
JV103a, NO1/04A and SP1/08 samples, calculated
at 800 °C. Excellent fitting is obtained mostly be-
tween WaTERS & MAaRTIN (1996) geothermobaro-
meter, the pyrope absent reaction with coesite
and the SiO,-kyanite absent reaction from KrocH
Ravna & TeRRY (2001, 2004) calibration system.

The combination of garnet-clinopyroxene Fe? -
Mg exchange geothermometer (KrocH RavNa,
2000) with the geobarometric calibrations based
on the net-transfer reactions in the garnet-cli-
nopyroxene-phengite-kyanite-quartz/coesite sy-
stem (KrogH RavNa & TERRy, 2004), resulted in
similar but more precise estimations of peak me-
tamorphic conditions. The intersections between
the used geothermometer and geobarometers de-
fine optimized maximum pressure of 3.0 GPa for
samples JV103a, PO6h and SP1/08 at temperature
range from 750 to 782 °C; and pressure of 3.1 GPa
at temperature 783 °C for NO1/04A sample (Fi-
gure 9).

All estimated peak pressure and temperature
values consistently plot above the quartz-coesite
transformation curve and thus correspond well
to the ultrahigh-pressure stability field of coesite
(Figure 8, 9). The quartz-coesite and graphite-dia-
mond transformation boundaries were calculated
from thermodynamic data of HorLLaND & PoweLL
(1998).

Discussion

UHP metamorphism in eclogites from Pohorje
is evident both from microtextural observations
and from the results of geothermobarometric cal-
culations of peak metamorphic conditions, which
revealed very high pressures and temperatures of
3.0-3.1 GPa and 750-783 °C. These values corre-
spond well to the coesite, i.e. ultrahigh-pressure,
stability field. Pressures calculated in this work
are much higher than the former estimates of
1.8 GPa by HiNTERLECHNER-RAVNIK et al. (1991) or
1.5 GPa by KocH (1999).

Remnants of coesite, a direct mineral indica-
tor of UHP conditions, were not found but its exi-
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Figure 9. Results from geothermobarometry. Combination
of garnet + omphacite + phengite + kyanite + quartz/coesite
assemblage (KrogH Ravna & TERRY, 2004) with garnet-clinopy-
roxene Fe?*-Mg exchange thermometer (Krocu Ravna, 2000).
The quartz-coesite and graphite-diamond curves are calcu-
lated from thermodynamic data of HorLanD & PoweLw (1998).
Abbreviations after Krerz (1983).

stence is clearly revealed from: (1) radial fractures
around quartz inclusions within robust host mi-
nerals (garnet, kyanite and omphacite) that were
caused by expansion ensuing the transforma-
tion of high-pressure coesite to its low-pressure
polymorph; and (2) polycrystalline appearance of
these inclusions interpreted as a pseudomorphs
after former coesite due to their distinctive PPQ
and MPQ microtextures (WaIn et al., 2000).

Radial fractures around quartz inclusions may
imply the possibility for the existence of former
coesite and are therefore an indicator of possible
UHP conditions. The roughly 10% of volume in-
crease in coesite-quartz transformation process
produces considerable overpressure (more than
three times the lithostatic pressure), which buffers
the inclusion at the coesite-quartz transformation
boundary (GILLET et al., 1984).

The multistage transformation of coesite to
strain-free quartz was described from experi-
mental studies (MosSENFELDER & BoHLEN, 1997) and
also observed in UHP rocks from many well-es-
tablished UHP localities (e.g. WaIN et al., 2000).
Transformation begins with the growth of quartz
on the coesite-host contact, which is followed by
the development of shear cracks with no open vo-
lume (HirtH & TurLis, 1994), providing new sites
for quartz growth. With progressing transforma-
tion, quartz rim around coesite inclusion succes-
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sively changes from textureless to fibrous radial
texture and to more irregular, feather-like texture.
In the final stage of transformation, quartz inclu-
sions exhibit typical radial palisade texture; if any
relic coesite is present, palisades of quartz radiate
from it. When absolutely no coesite is preserved,
its former existence may be deduced from the
three different sequential textural types of quartz
inclusions: PRQ, PPQ and MPQ (WaIx et al., 2000).
Polycrystalline radial-texture quartz (PRQ) inclu-
sions develop prior to radial fracturing in the host
mineral and result from stress release. They consist
of individual strain-free palisades, which often
radiate from a core zone. The core zone is made of
quartz which has irregular mosaic texture, sutured
boundaries and undulatory extinction. Polycry-
stalline quartz inclusions with mosaic texture and
sutured contacts containing 30-100 grains also be-
long to the PRQ group. With proceeding recovery,
the number of grains per inclusion is continuously
reduced. Polycrystalline polygonal quartz (PPQ)
inclusions consist of 10-50 polygonal strain-free
quartz grains. Their formation post-dates radial
fracturing. The next step of recovery is represented
by multicrystalline polygonal quartz (MPQ) inclu-
sions with 2-10 monocrystalline quartz grains per
inclusion. Eventually, the recovery is completed
when the whole inclusion recrystallizes to a single
unstrained monocrystalline quartz surrounded by
radial fractures.

Additional evidence for UHP metamorphism
is coming from the presence of highly pressure-
sensitive non-stoichiometric supersilicic clinopy-
roxenes that directly indicate high pressure and
temperature conditions (GasPARIK & LINDSLEY,
1980; FOCKENBERG & SCHREYER, 1997). They were
reported as a typical constituent of eclogites from
various UHP terranes (summarized by Bruno et al.,
2002). Such clinopyroxenes containing Ca-Escola
molecule in solid solution favourably form at high
pressures exceeding 3 GPa (ScHMADICKE & MULLER,
2000). Due to the pressure decrease quartz needles
and rods form as an exsolution product from su-
persilicic clinopyroxene. They are oriented along
the c-axis of omphacite and are resulting from the
omphacitic clinopyroxene that contained excess
silica at peak metamorphic conditions (Zuanc &
Liou, 2000). The occurrence of oriented quartz
needles and rods in matrix omphacites is typical
feature of many UHP eclogites (e.g. Liou et al.,
1998). The eclogites from Pohorje show both, di-
rect and indirect, evidence for pyroxene contain-
ing the Ca-Eskola component: the presence of
clinopyroxene with Ca-Eskola molecule in solid
solution, and quartz rods and needles as an exolu-
tion product.

The survival of coesite relics depends on many
factors, like the presence of sufficiently rigid host
mineral, the extent of metamorphic re-equilibra-
tion of a mineral assemblage during exhumation,
the trend of exhumation P-T path, the rate of exhu-
mation, the presence of fluid phase on the reactant
side of retrograde reactions (e.g. MOSENFELDER &
Bonren, 1997; HErmann, 2002). Continental crustal
rocks entering the UHP realm are not completely

dry, as one would expect. The majority of UHP as-
semblages contains hydrous minerals, like phen-
gitic mica and epidote, that are stable under UHP
conditions and may evolve small amounts of fluids
by dehydration reactions (Cropin, 2003). Therefore,
UHP parageneses may only be preserved if the en-
tire exhumation path is situated within the stabi-
lity field of phengite. This can happen either when
continuous cooling is accompanying exhumation
or when the entire exhumation process occurred
at T<700°C (Hermann, 2002). In contrast, in ter-
ranes that show isothermal decompression, break-
down of phengite and concomitant partial melting
may cause a complete recrystallization of the sub-
ducted crustal rocks during exhumation, and thus
destruction of all UHP mineral assemblages.

Granulite facies metamorphism is usually re-
quired for sapphirine formation (AckErmAND et al.,
1975). Composition of sapphirines from Pohorje
eclogites is clearly peraluminous and is signi-
ficantly different from the composition of sap-
phirines that are stable within granulite facies
conditions (Hiccins et al., 1979). Furthermore, the
formation of sapphirine is very dependent on H,O
activity, and for this reason is by itself not an in-
dication that typical granulite facies conditions
were reached (Smmon & Caorin, 2001). Therefore it
is proposed that sapphirine in Pohorje eclogites
formed during decompression at lower-tempera-
ture conditions than those common for granulite-
facies. Presence of sapphirine in coronas around
kyanite in eclogites from Pohorje clearly indi-
cates that during the early stages of decompres-
sion high temperature conditions persisted. Due
to this near-isothermal decompression, fracturing
and introduction of fluids was possible already at
high temperatures. Because the Pohorje eclogites
crossed the transformation border between coe-
site and quartz at such high temperatures, there
was no possibility for the survival of coesite.

The only known UHP metamorphism of Alpine
eclogites so far was documented in the Western
Alps, e.g. Dora Maira Massif (Croprin, 1984), Zer-
matt-Saas Zone (REINECKE, 1991), and is of Terti-
ary age (Tmron et al., 1991; Rusarro et al., 1998).
The determined P-T conditions of Eo-Alpine me-
tamorphism in Pohorje are the highest reported
within the Austroalpine units of the Eastern Alps.
Thus, the Pohorje eclogites are the first evidence of
UHP metamorphism in Eastern Alps, and also the
first evidence that UHP metamorphic conditions
were also reached during the Cretaceous orogeny.

Conclusions

Kyanite eclogites from Pohorje experienced
UHP metamorphic conditions of 3.0-3.1 GPa at
temperature range from 750 to 783 °C.

Radial fractures around polycrystalline quartz
inclusions with microtextures diagnostic for re-
covery after coesite, together with oriented quartz
exolutions in clinopyroxene, and omphacites with
Ca-Eskola molecule are the microtextural evi-
dence for UHP metamorphism.
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During the first stages of exhumation, eclogites
were exposed to near-isothermal decompression
that lead to complete breakdown of coesite.

Pohorje eclogites record the highest pressure
conditions of Eo-Alpine metamorphism in the
Alps and thus provide the first evidence that UHP
metamorphism in the Alps occurred already du-
ring the Cretaceous orogeny.

UHP eclogites from Pohorje represent the first
occurrence of UHP metamorphic rocks within the
Eastern Alps.
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Abstract

Ultrahigh-pressure (UHP) metamorphism has been recorded in Eo-Alpine garnet peridotites from the Pohorje
Mts., Slovenia, belonging to the Eastern Alps. The garnet peridotite bodies are found within serpentinized meta-
ultrabasites in the SE edge of Pohorje and are closely associated with UHP kyanite eclogites. These rocks belong
to the Lower Central Austroalpine basement unit of the Eastern Alps, exposed in the proximity of the Periadriatic
fault system.

Garnet peridotites show signs of a complex four-stage metamorphic history. The protolith stage is represented by
a low-P high-T assemblage of olivine + Al-rich orthopyroxene + Al-rich clinopyroxene + Cr-spinel. Due to metamor-
phism, primary clinopyroxene shows exsolutions of garnet, orthopyroxene, amphibole, Cr-spinel and ilmenite. The
UHP metamorphic stage is defined by the assemblage garnet + olivine + Al-poor orthopyroxene + clinopyroxene +
Cr-spinel. Subsequent decompression and final retrogression stage resulted in formation of kelyphitic rims around
garnet and crystallization of tremolite, chlorite, serpentine and talc.

Pressure and temperature estimates indicate that garnet peridotites reached the peak of metamorphism at 4 GPa
and 900 °C, that is well within the UHP stability field. Garnet peridotites in the Pohorje Mountains experienced
UHP metamorphism during the Cretaceous orogeny and thus record the highest-pressure conditions of all Eo-Al-
pine metamorphism in the Alps.

Izvleéek

Granatovi peridotiti na JV robu Pohorja kazejo znake metamorfoze pri ultravisokotla¢nih pogojih. Nastopajo v
obliki majhnih teles znotraj serpentiniziranih metaultrabazi¢nih kamnin in so v tesni povezavi z ultravisokotla¢nimi
kianitovimi eklogiti. Tako peridotiti kot eklogiti pripadajo kamninam Spodnjega srednjega avstroalpina Vzhodnih
Alp.

Metamorfni razvoj granatovih peridotitov je potekal v stirih fazah. Protolitna faza obsega nizkotla¢no in vi-
sokotemperaturno mineralno zdruzbo olivin + visoko-Al ortopiroksen + visoko-Al klinopiroksen + Cr-spinel. Med
metamorfozo so se v primarnih klinopiroksenih formirale eksolucijske lamele granata, ortopiroksena, amfibola,
Cr-spinela in ilmenita. Fazo ultravisokotla¢ne metamorfoze oznacujejo minerali granat + olivin + nizko-Al or-
topiroksen + klinopiroksen + Cr-spinel. Sledili sta dekompresijska in kot zadnja retrogradna faza, ki je nastopila pri

Geotermobarometri¢ni izrac¢uni kazejo, da so bili granatovi peridotiti na Pohorju med viskom metamorfoze v
¢asu kredne orogeneze izpostavljeni tlaku 4 GPa in temperaturi preko 900 °C, kar ustreza polju ultravisokotla¢ne
metamorfoze. Tako predstavljajo najvisje tlacne pogoje, dosezene med eo-alpinsko orogenezo na obmocju celotnega
Alpskega orogen.

Introduction dominant in such bodies, but garnet peridotite is

common in continental collision belts, particular-

Garnet peridotites are commonly associated
with eclogites in UHP metamorphic terranes (Liou
et al., 1998; CarsweLL & ComPAGNONI, 2003; CHOPIN,
2003). Peridotite massifs are important features of
orogenic belts worldwide. Spinel peridotite is pre-

ly in Eurasian UHP metamorphic terranes (garnet
peridotites and pyroxenites have been reported
from 11 of the 15 or so HP/UHP terranes). These
so-called ‘orogenic’ or ‘Alpine-type’ peridotites
include several garnet-bearing rock types, such as
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lherzolites, harzburgites, wehrlites, dunites and
pyroxenites, generally referred to as garnet peri-
dotites. These rocks mostly occur not only within
metamorphosed continental crust, but also within
units of oceanic affinity (e.g. BRUECKNER & MEDA-
r1s, 2000 and references therein). Although volu-
metrically minor, these UHP metamorphic rocks
provide an opportunity to evaluate the tectono-
thermal conditions related to the interaction of
mantle and crust during UHP metamorphism as
well as important information on orogenic proces-
ses in deep orogenic root zones and the upper
mantle (e.g. ZHANG et al., 1994; DOBRZHINETSKAYA et
al., 1996; van RoERMUND & DRURY, 1998).

Most garnet peridotites are depleted upper
mantle material, variously modified by meta-
somatism, but some originated by low-pressure
crystallization from ultramafic-mafic igneous
complexes. All presently known garnet peridoti-
tes in Eurasian HP/UHP terranes can be divided
into two groups, one having a high P/T ratio and
the other a low P/T ratio (MEeparis, 2000; Figu-
re 1). Nearly all of the peridotite occurences in
the high P/T group can be related to subduction
processes and are isofacial and approximately
contemporaneous with associated UHP crus-
tal rocks that contain coesite and diamond. The
single exception is the Western Gneiss Region,
Norway, where the garnet peridotites are relicts
of old, cold lithosphere that formed earlier and

under different conditions than those prevailing
during the overprinting Caledonian metamor-
phism. Peridotites in the low P/T group are as-
sociated with HP crustal rocks that are characte-
rized by HP granulites and strongly retrogressed
eclogites, in which little evidence for the presence
of coesite or diamond was found so far. The ex-
tremely high temperatures of the low P/T group
would seem to require the influence of upwelling
asthenosphere.

Garnet peridotites are thought to have evolved
in at least four different tectonothermal settings
(MEepARIs, 2000): (1) emplacement of peridotites
(serpentinites or igneous complexes, e.g. ophiolite
components or ultramafic differentiates of mafic
intrusions) into the oceanic or continental crust
prior to UHP metamorphism, followed by tran-
sport of peridotites and associated crust to UHP
conditions (high P/T) by a subducting plate; (2)
transfer of peridotites from a mantle wedge to
the crust of an underlying, subducting plate (high
P/T); such peridotites are initially either spinel- or
garnet-bearing, depending on the depth of deriva-
tion; (3) originating from upwelling asthenosphere
that passed through a high-temperature spinel
peridotite stage, followed by cooling into the gar-
net peridotite field (low P/T); and (4) extraction
of garnet peridotites from ancient subcontinen-
tal lithosphere, perhaps by deep-seated faulting
within a continental plate (high P/T).
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Figure 1. P-T estimates for Pohorje garnet peridotites in comparison with well established UHP terranes:

(1) Asian UHP terranes (dark grey color);

(2) Scandinavian Caledonides (black color);

(3) European Variscan terranes (white color); and

(4) Alpine terranes (pale grey color; after Meparis, 2000).

Shown for reference are equilibria for diamond-graphite (Bunpy,

1980), coesite-quartz (BoHLEN & BoreTTCHER, 1982), and spinel-

garnet peridotite (O’Hara et al., 1971). Also shown are steady-state conductive geotherms for 200 km and 100 km thick litho-
sphere, a dry lherzolite solidus (Takanashi, 1986), and a stability field for majoritic garnet containing 3 to 5 vol% pyroxene.
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Garnet peridotite bodies in the Alps are known
from two main regions. Alpe Arami, Monte Duria
and Cima di Gagnone garnet peridotites belong to
the Adula-Cima Lunga unit (ErnsT, 1978; Nivis &
TroMMSDORFF, 2001; PaqQuiNn & ArLTHERR, 2001), and
are of Tertiary age (BECKER, 1993; GEBAUER, 1996),
whereas garnet peridotites from Nonsberg area
in the Ulten zone (OBata & MOoRTEN, 1987; Nivmis &
MorTEN, 2000) are of Variscan age (Tumiatr et al.,
2003). Metamorphic processes related to the Creta-
ceous (so-called Eo-Alpine) events in the Alps
have been recognized mainly in the Austroalpine
units (e.g. TrONT & Jacourz, 1992; HoinkEs et al.,
1999; Scumip et al., 2004; ScuusTER et al., 2004). In
the Eastern Alps, the metamorphic grade of Cre-
taceous metamorphism reached UHP facies in the
south-easternmost parts, in the Pohorje Mountains
of Slovenia, belonging to the Lower Central Au-
stroalpine unit (JaNAx et al., 2004; VraBEC, 2010).

In kyanite eclogites from Pohorje Mountains
UHP metamorphism have been recently do-
cumented (Janik et al., 2004; VraBec, 2010). The
eclogites are closely associated with serpentinized
metaultrabasites in which investigated garnet
peridotite remnants are preserved (Janik et al.,
2006). Early estimates of the P-T conditions expe-
rienced by the Pohorje garnet peridotites were in
the range of 750-1050 °C and 2.4-3.6 GPa (HINTER-
LECHNER-RAVNIK et al.; 1991; Visona et al., 1991).

This paper presents the evidence for UHP meta-
morphism of garnet-bearing ultramafic rocks in
the Austroalpine units of the Eastern Alps, ex-
posed in the Pohorje Mountains of Slovenia. De-
scribed here are the mineralogical, petrological
and geothermobarometrical features of garnet
peridotites constraining their multi-stage meta-
morphic evolution. The obtained results offer ad-
ditional evidence for UHP metamorphism in the
Eastern Alps.

Geological Background

The Pohorje massif is built up of three Eo-Al-
pine Cretaceous nappes (Mio¢ & ZNIDARCIC, 1977;
Fopor et al., 2003) that belong to pre-Neogene
metamorphic sequences of the Austroalpine units
of the Eastern Alps (Figure 2). The lowest nappe
that is termed the Pohorje nappe (Janik et al.,
2006) represents the Lower Central Austroalpine
(JanAk et al., 2004) and consists of medium- to
high-grade metamorphic rocks, predominantly
micaschists, gneisses and amphibolites with mar-
ble and quarzite lenses. It also contains several ec-
logite lenses and a body of metaultrabasic rocks.
The Pohorje nappe is overlain by a nappe com-
posed of weakly metamorphosed Paleozoic rocks,
mainly low-grade metamorphic slates and phyl-
lites. The uppermost nappe is built up of Permo-
Triasic clastic sedimentary rocks, mainly sand-
stones and conglomerates. The two latter nappes
represent the Upper Central Austroalpine. The
entire nappe stack is overlain by Early Miocene
sediments which belong to the syn-rift basin fill of
the Pannonian Basin (Fopor et al., 2003).

The magmatic intrusion in the central part of
Pohorje is of Miocene age (18-19 Ma; Trajanova et
al., 2008; Fopor et al., 2007). It is of granodioritic to
tonalitic composition (Zupanc¢i¢, 1994), with a very
small gabbroic enclave in its SE part. The main
intrusion was followed by the formation of aplite
and pegmatite veins, and lamprophyric dykes. In
the western part of Pohorje, shallow dacite bodies
and dykes intrude both the granodiorite body
and the country rocks, suggesting that the dacite
intrusion is somewhat younger than the grano-
diorite one. The Pohorje nappe is folded into an
ESE-WNW-striking antiform, the core of which is
occupied by the intrusion. Therefore, neither the
original basal contact of the Pohorje nappe nor
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Figure 2. Tectonic map of the Eastern Alps. B-Bajuvaric, GN-Gurktal nappe, GP-Graz Paleozoic, K-Koralpe, NGZ-Northern
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et al. (2004).
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any deeper tectonic units are exposed in the Po-
horje area.

North and south of the granodiorite intrusion,
eclogite bodies, lenses and bands of different sizes
are found within country rocks. Numerous lenses,
boudins and bands of eclogites also occur within
the metaultrabasite body, located in the south-
easternmost part of Pohorje Mountains near Slo-
venska Bistrica. Metaultrabasites form a body of
ca. b x 1 km size, which is termed the Slovenska
Bistrica ultramafic complex (SBUC,; JanAk et al.,
2006; Figure 3). Some outcrops of garnet peridoti-
tes also occur away from this body, further to the
west. The main protoliths of the Slovenska Bistrica
ultramafic complex are harzburgites and dunites
(cf. HINTERLECHNER-RAVNIK, 1987; HINTERLECHNER-
Ravnik et al., 1991). Because of extensive serpen-
tinization, only a few less-altered bodies of garnet
peridotites, garnet pyroxenites and coronitic me-
tatroctolites are preserved (HINTERLECHNER-RAVNIK,
1987; HINTERLECHNER-RAVNIK et al., 1991). The coun-
try rocks of the eclogites and the Slovenska Bistri-
caultramafic complex are amphibolites, orthogneis-
ses, paragneisses and micaschists. These rocks form
a strongly foliated matrix around elongated lenses
and boudins of eclogites and ultrabasites, including
the Slovenska Bistrica ultramafic complex.

The timing of HP/UHP metamorphism in the
Pohorje nappe is Cretaceous, as documented by
dating of eclogites with garnet Sm-Nd and zircon
U-Pb ages of 91 Ma (MiLLER et al., 2005). Almost
identical ages have been obtained from dating of
garnet (93-87 Ma; Tuont, 2002) and zircon (92 Ma;
JaNAk et al., 2009) of gneisses and micaschists.
This age is similar to that of Koralpe and Saualpe
eclogite facies metamorphism (TuoNT & JaGouTz,
1992; Taont & MILLER, 1996; MiLLER & THONI, 1997;
Tuoni, 2002). Tertiary K-Ar mica ages (19-13 Ma)

as well as apatite and zircon fission track ages
(19-10 Ma) were obtained from the country rocks
of eclogites and metaultrabasites in the Pohor-
je nappe (Fopor et al., 2002). This suggests that
the peak of metamorphism was attained during
the Cretaceous, and final cooling occurred in the
Early to Midd Miocene. Upper Cretaceous (75—
70 Ma) cooling ages were determined in the Ko-
ralpe area, the north-westward extension of the
Pohorje nappe (Scuuster et al., 2004), indicating
that the Koralpe rocks were exhumed during the
Upper Cretaceous. Also the major exhumation
of the Pohorje nappe, from UHP depth to crus-
tal depth, most probably occurred already during
the Upper Cretaceous. The final stage of exhuma-
tion to the surface was achieved in the Miocene
by east- to north-east-directed low-angle exten-
sional shearing, associated with the main opening
phase of the Pannonian basin and leading to the
core complex structure of the Pohorje Mountains
(Fopor et al., 2003). The Miocene shearing event
reactivated and overprinted the nappe boundaries
in the Pohorje area (JANAK et al., 2006). Therefore,
direct structural evidence for the kinematics of
Cretaceous exhumation has not yet been found.

Methods

Electron Probe Micro-Analysis

Microchemical analyses of the main constituent
minerals were determined by Electron Probe Mi-
cro-Analysis (EPMA) technique using a CAME-
CA SX-100 electron microprobe at Dionyz Stur
Institute of Geology in Bratislava. Bombarding
of micro-volumes of sample with a focused elec-
tron beam (5-30 keV) induced emission of X-ray
photons. The wavelengths of collected X-rays
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Figure 3. Simplified geological map of Pohorje and adjacent areas (modified from Mrio¢ & ZNmaréié, 1977) showing locations of
the investigated garnet peridotites. Locality VI01/04 is outcroping within the SBUC near Visole while the other one, locality 119,

is exposed farther west, near Prihovca.
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were identified by recording their WDS spectra 20 s and a beam diameter of 2-10 um. Raw counts
(Wavelength Dispersive Spectroscopy). Analytical =~ were corrected using a PAP routine.

conditions were 15 keV accelerating voltage and Representative analyses of mineral phases are
20 nA beam current, with a peak counting time of  given in Table 1.

Table 1. Representative microprobe analyses of mineral compositions. I — protolith stage, II - metamorphic stage,
IIT — decompression stage, IV — retrogression stage.

Sample 119 119 119 119 119 119 119 119 119 119 119
Mineral ol Grt 11 Grt 11*¢ Cpx L II Opx 1™ Opx 11 Opx III Spl L, 1T Spllll  AmpIII  Amp IV
Si0, 40.70 41.40 41.95 54.02 58.26 57.73 56.50 0.01 0.04 45.23 56.16
TiO, 0.00 0.01 0.04 0.03 0.01 0.05 0.01 0.14 0.00 0.35 0.11
ALOs 0.03 23.20 22.70 0.93 0.85 0.74 1.97 27.78 69.64 12.49 2.26
Cr,03 0.01 0.12 1.05 0.16 0.17 0.11 0.03 35.43 0.00 0.77 0.30
FeO 10.69 10.02 12.13 1.78 6.93 6.55 6.32 25.50 7.79 5.18 3.73
MnO 0.10 0.24 0.46 0.02 0.10 0.10 0.08 0.29 0.00 0.02 0.08
MgO 49.90 18.80 16.56 17.52 34.81 35.64 34.70 10.30 23.20 18.41 21.89
CaO 0.02 5.46 5.81 24.90 0.56 0.20 0.21 0.00 0.06 12.14 12.93
Na,O 0.00 0.00 0.00 0.42 0.00 0.00 0.01 0.00 0.00 2.70 0.30
K0 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.07 0.02
Total 101.44 99.25 100.70 99.80 101.69 101.12 99.84 99.45 100.73 97.36 97.79
Si 0.986 2.983 3.018 1.968 1.979 1.963 1.950 0.000 0.001 6.390 7.743
Ti 0.000 0.001 0.002 0.001 0.000 0.001 0.000 0.003 0.000 0.037 0.012
Al 0.001 1.971 1.925 0.040 0.034 0.030 0.080 1.004 1.994 2.080 0.367
Cr 0.000 0.007 0.060 0.005 0.005 0.003 0.001 0.858 0.000 0.086 0.032
Fe** 0.217 0.602 0.730 0.054 0.197 0.186 0.183 0.640 0.157 0.574 0.430
Mn 0.002 0.015 0.028 0.001 0.003 0.003 0.002 0.008 0.000 0.002 0.010
Mg 1.802 2.019 1.776 0.951 1.762 1.806 1.785 0.471 0.840 3.876 4.499
Ca 0.000 0.422 0.448 0.972 0.020 0.007 0.008 0.000 0.002 1.838 1.910
Na 0.000 0.000 0.000 0.030 0.000 0.000 0.000 0.000 0.000 0.740 0.082
K 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.013 0.004
Total 3.008 8.020 7.987 4.022 4.000 3.999 4.009 2.984 2.994 15.636 15.088
Xmeg 0.89 0.78 0.71 0.95 0.90 0.92 0.91 0.42 0.84 0.94 0.91
Cr* 0.46 0.00

Sample VIO1/04  VIO1/04  VIO1/04 VI01/04 VI01/04 VIo1/04  VIOl1/04  VIOL/04  VIOL/04  VIO1/04  VIO1/04
Mineral Ol 1l Grt I Cpx 1 Cpx 11, 111 Opx I Opx II Opx 1II Spl L II SplIIll  AmpIll  Amp IV
SiO, 40.62 41.73 52.95 55.28 56.73 57.33 55.65 0.04 0.09 44.70 56.89
TiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.00 0.13 0.03
ALOs 0.00 22.99 4.87 1.05 2.19 0.81 1.82 26.68 65.96 13.85 1.20
Cr,0; 0.000 0.48 0.16 0.21 0.00 0.00 0.03 37.29 0.85 1.23 0.21
FeO 12.239 10.94 3.36 1.66 8.05 7.55 9.71 22.97 11.71 3.77 2.25
MnO 0.210 0.45 0.09 0.02 0.08 0.18 0.14 0.34 0.15 0.04 0.05
MgO 47.510 17.64 17.65 17.42 33.69 34.13 32.80 10.28 20.73 18.58 23.33
CaO 0.029 6.16 21.320 24.680 0.130 0.110 0.189 0.00 0.04 12.57 13.27
Na,O 0.000 0.00 0.290 0.500 0.000 0.000 0.093 0.00 0.00 2.36 0.13
KO 0.000 0.00 0.010 0.010 0.000 0.000 0.027 0.00 0.00 0.07 0.02
Total 100.61 100.39 100.699 100.834 100.865 100.105  100.468 97.70 99.53 97.30 97.38
Si 1.000 2.993 1.901 1.984 1.949 1.982 1.941 0.001 0.002 6.287 7.823
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.014 0.003
Al 0.000 1.943 0.206 0.044 0.089 0.033 0.075 0.983 1.952 2.296 0.195
Cr 0.000 0.027 0.005 0.006 0.000 0.000 0.001 0.921 0.017 0.137 0.023
Fe** 0.252 0.653 0.099 0.048 0.231 0.218 0.283 0.591 0.243 0.406 0.258
Mn 0.004 0.027 0.003 0.001 0.002 0.005 0.004 0.009 0.003 0.005 0.005
Mg 1.74 1.886 0.944 0.932 1.725 1.758 1.706 0.479 0.775 3.894 4.783
Ca 0.00 0.474 0.820 0.949 0.005 0.004 0.007 0.000 0.001 1.894 1.956
Na 0.00 0.000 0.020 0.035 0.000 0.000 0.006 0.000 0.000 0.644 0.036
K 0.00 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.013 0.004
Total 3.000 8.003 3.998 3.999 4.001 4.000 4.025 2.986 2.993 15.590 15.085
Xwmg 0.87 0.75 0.90 0.95 0.89 0.89 0.86 0.45 0.76 0.98 0.95
Cr* 0.48 0.86

Analyses (in wt%) of olivine (Ol), garnet (Grt), clinopyroxene (Cpx), orthopyroxene (Opx), spinel (Spl) and amphibole (Amp). Olivine is
normalized to 4, garnet to 12, clinopyroxene to 6, orthopyroxene to 6, spinel to 4 and amphibole to 23 oxygens. Exs - exsolution in clinopyroxene.
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Garnet-olivine Fe**-Mg exchange
geothermometery

Garnet-olivine Fe?-Mg exchange thermometer
is based on the partitioning of iron and magnesi-
um between the coexisting garnet and olivine and
may be represented by the exchange reaction:

2 pyrope + 3 fayalite — 2 almandine + 3 forsterite

The distribution coefficient Ky, is defined as:
ol art
_ XMg. XFe
D™ Xol . x e
Fe Mg
where X}, is the mole fraction of Mgin olivine, X§;
is the mole fraction of Fe?* in the garnet, etc.
Garnet-olivine Fe?-Mg exchange thermometer
has been successfully calibrated by O'NemwL &

Woop (1979) and later corrected by O’NEeiLL (1980)
yielding the following equation:

Tow-s0("C) =
902+ DV + (X5, — X7.)* (498 +1.51(P - 30))
= +
InK, +0.357
—98- (X&' — X&) +1347- X!
+ ( Mg Fe) Ca 273
InK, +0.357

DV term is incorporating thermal expansion and
compressibilities for all four phases and is given
by:

DV =462.5-(1.0191+(T -=1073))- (2.87-107)- (P-2.63-10™ - P* =29.76) +
+262.4-(1.0292+ (T -1073))(4.5-107)-(P=3.9-10" - P* = 29.65) -
—454-(1.020+(T -1073))-(2.84-107%) - (P-2.36-107* - P* =29.79) -
~278.3+(1.0234 +(T =1073))+(2.3:107)-(P=4.5-107* - P? = 29.6)

where P is in kbars. The four parts of the DV term
are volume expressions for almandine, forsterite,
pyrope and fayalite, respectively. Since the DV
term involves temperature, upper equation for
Tow.go 1S best solved iteratively by estimating ini-
tial value of T (°C) at pressure P (kbar). Since the
DV term is small, this method converges rapidly.
At P equal to the experimental pressure of 30 kbar,
the DV term is zero.

This geothermometer is most sensitive in the
temperature and composition regions where Kj, is
substantially greater than 1. It serves as a reliable
geothermometer for magnesium-rich garnet-oli-
vine assemblages equilibrated close to, or within,
the temperature range 900-1400 °C and pressures
up to about 60 kbar. For a fixed K, the influence
of pressure is to increase the calculated tempe-
rature by between 3 and 6 °C per kbar (O’NEemLL &
Woob, 1979).

In garnet-olivine mineral combination only
the garnet is a problematic member because it
can incorporate significant amounts of Fe® in its
structure. The presence of a Fe* component has a
considerable influence on the calculated tempera-
tures. The comparison of estimated temperatures
for several garnet-olivine pairs with temperatures
obtained from two-pyroxene thermometers has
shown, that in the case of garnet-olivine thermo-

meter the Fe®* content in garnets can be ignored
and all Fe treated as Fe? (CaniL & O’NEILL, 1996).

Garnet-orthopyroxene Fe*-Mg exchange
geothermometery

The garnet-orthopyroxene Fe?-Mg exchange
thermometer is based on the distribution of Fe?*
and Mg between garnet and orthopyroxene accor-
ding to the reaction:

2 pyrope + 3 ferrosilite — 2 almandine + 3 enstatite

One of the reliable calibrations of this geother-
mometer which is applicable to garnet peridotites
and granulites was made by HarLEY (1984):

3740+1400- X&' +22.86- P
R-InK, +1.96

Ty ., (CC)= -273

where P is pressure in kbars and R is the univer-
sal gas constant (8.3143 J/K mol). The distribution
coefficient is given by:

Cxg X (Rt mg)™

D — Vi opx - opx
Xie X7 (Fez+/Mg) g
and
et _ Ca
" Ca+Mn+Fe** + Mg

The distribution of Fe* and Mg between garnet
and orthopyroxene produces a good geothermo-
meter with required high dP/dT slope and a range
in K of 4 to 1.5 over geologically attainable P-T
conditions. At low temperatures the precision of
the geothermometer is limited by analytical uncer-
tainties. An error in K, of only 0.1 is equiva-
lent to +40-60 °C error in temperature estimation
(HarrEY, 1984).

The effects of Fe®* calculations are very impor-
tant when using garnet-orthopyroxene Fe?*-Mg
exchange thermometer. Normally, in natural as-
semblages Fe3* preferentially enters garnet rather
than orthopyroxene. K values calculated by sim-
ply assuming Fe'*t = Fe?* will therefore be greater
than those calculated by estimating Fe** with some
consistent charge- and mass-balance algorithm.
Even a small decrease of K, resulting from Fe3*
calculation, may raise estimated temperatures by
20-100 °C, which is a significant amount (Har-
LEY, 1984). In natural systems, Ty, temperatures
calculated with upper equation by ignoring Fe®*
should be regarded as minimum temperatures.

Al-in-orthopyroxene geobarometry

Reliable geobarometers suitable for HP/UHP
rocks are mostly based on net-transfer reactions
involving transfer of Al from tetrahedral to octa-
hedral coordination sites. The Al-in-orthopyrox-
ene barometer has been widely used. The content
of Al* in octahedral sites in orthopyroxene co-
existing with garnet is particularly pressure de-



Garnet peridotites from Pohorje: Petrography, geothermobarometry and metamorphic evolution 27

pendent and hence serves as an adequate indica-
tor of the pressure conditions at which the rock
has been equilibrated. Several calibrations of this
barometer have been performed, as summarized
by Kroca Ravna & Paquin (2003). To date, the Brey
& KonLER (1990) calibration seems to be the most
reliable for pressure calculations over a wide pres-
sure range. Pressure is calculated according to the
equation:

4.C,C,
1000
2.,

—C, —|C; +

Pkbar) =
with

C,=-R-T-InK,-5510+88.91-T-19-T"* +
+3 (X&) 82458+ X! - X1 (80942 -46.7T) -
~3- X X&' 17793 - X&' - X&' (1.164-10° -
-420.4-T)- X&' - X&' (-1.25-10° +565-T)
C,=-832-8.78-107- (T =298) +3-(X&")*-3305 -
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R is the universal gas constant (8.3143 J/K mol)
and the distribution coefficient is calculated as:
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Site occupancies for pyroxenes are taken from
NickeL & GreeN (1985) and CarsweLL & GiBB (1987)
and are defined as:
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Site occupancies for garnet are as follows:

grt _ Ca

“ Ca +Mg +Fe*" +Mn
art _ Fe2+

e Ca +Mg +Fe*" +Mn
art _ Mg

M Ca +Mg +Fe*" +Mn
e _ Al

A Al+Cr

grt _ C”'
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Like in the Fe*-Mg geothermometry, the oxi-
dation state of present iron has significant influ-
ence. Fe* is replacing Al* in octahedral places
in orthopyroxene structure. Consequently, equal
amounts of Al* in tetrahedral sites are required
to retain charge balance. This results in a limi-
ted amount of Al** available for the substitution,
therefore calculated activity of the MgAl,SiOq
component in orthopyroxene is considerably un-
derestimated.

Results
Petrography and mineral chemistry

Several samples of relatively well-preserved
garnet peridotites from two known localities were
investigated: one locality is outcroping within the
SBUC near Visole; the other one is exposed far-
ther west, near Prihovca (Figure 3). In Visole the
garnet-bearing peridotites occur as very small
lenses within the extensively serpentinized ultra-
basites while in Prihovca area garnet peridotite
bodies of up to several metres in size are exposed
within the rocks of continental crustal origin,
mainly micaschists and gneisses. Garnet perido-
tites exhibit rather massive and relatively homoge-
neous textures without any distinct compositional
layering visible in the outcrop, hand-specimen
and thin-section scale. In well preserved garnet
peridotites big pinkish-red colored garnet grains
are surrounded by a black matrix whereas more
serpentinized varieties contain completely white
colored garnets.

Garnet peridotites consist of garnet, olivine,
orthopyroxene, clinopyroxene and brown spinel,
which are to a variable extent replaced by amphi-
bole, green spinel, serpentine, talc and chlorite.
They show higher modal amounts of garnet and
clinopyroxene relative to olivine, therefore they
are mainly classified as pyroxenites (garnet-oli-
vine websterites), some of the samples even as gar-
net orthopyroxenites. However, because of inten-
sive retrogression of these rocks, the abundance of
primary minerals is largely obscured.

Garnet mostly forms big porphyroblastic
grains with irregular boundaries (Figure 4a).
Only rarely it is found in idiomorphic forms with
well developed crystal faces. Garnet is also found
as exsolution lamellas from clinopyroxene, in
form of irregular, bleb-resembling inclusions in
orthopyroxene and in coronas around Cr-spinel.
All garnets are pyrope-rich, belonging to alman-
dine-pyrope-grossular series. End member com-
positions are ranging from 53-68 mol% of pyrope,
18-33 mol% of almandine and spessartine, and
8-20 mol% of grossular and andradite. Garnets
in samples from Prihovca contain slightly higher
pyrope content (56-68 mol%) than garnets from
Visole (54-66 mol%).
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Figure 4. Garnets from garnet peridotites in photomicrographs — backscattered electron images (BSE).

(a) Inhomogeneous garnet porphyroblasts are mainly found in shape of xenomorphic grains with irregular boundaries.

(b) Patchy garnet grains surrounded by secondary symplectites of spinel, amphibole and orthopyroxene. Difference between high-
Mg dark parts and low-Mg bright parts within same garnet grain is well displayed.

(c) Big garnet grain with irregular boundaries comprises clinopyroxene and orthopyroxene inclusions. Garnet is surrounded by
amphibole and appears homogeneous due to relatively small magnification.

(d) Corundum and spinel inclusions in inhomogeneous garnet display semi-parallel orientation. Spinel inclusions in this case
might be interpreted as remnants of primary low-pressure stage or as secondary minerals. It is also not clear whether corundum

minerals are real inclusions or maybe exsolutions from garnet.

(e) Cr-Spinel inclusion in garnet represents primary spinel overgrown by garnet during subduction.

(f) Garnet rims are replaced by symplectitic intergrowth of Al-orthopyroxene, Al-spinel, diopside and Prg-amphibole. As a result
of retrogression, garnet shows a decrease in Mg (darker parts) and increase in Fe (brighter parts). Amp-amphibole, Cpx-clinopy-
roxene, Crn-corundum, Grt-garnet, Ol-olivine, Opx-orthopyroxene, Spl-spinel.

The most pronounced feature of garnets from the
studied garnet peridotites is their patchy appear-
ance (Figure 4b) caused by chemical inhomogene-
ity. Patchy garnets were found in samples from
both localities, although garnets from Prihovca
are slightly more homogeneous than those from
Visole. Dark parts of garnets are Mg-rich with 60
to 68 mol% of pyrope and are corresponding to
peak pressure compositions. Bright parts are Ca-

and Fe-rich, but Mg-poor with much lower pyrope
content (54 to 56 mol%). During decompression,
Mg is moving out of garnet which results in en-
richment of Ca and Fe. Compositional change be-
tween the dark and bright parts in garnets can be
well expressed with magnesium number (Mg#):

Mg
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Figure 5. Chromian-rich spinel occurring in matrix (BSE). Matrix minerals in (b) are mostly olivine and amphibole. Both grains
show weak zonation indicating an increase of Cr content from core to rim. Amp-amphibole, Cpx-clinopyroxene, Ilm-ilmenite,

Ol-olivine, Opx-orthopyroxene, Spl-spinel.

In the dark parts Mg# is reaching 0.78, whereas it
never exceeds 0.68 in the bright parts. Relatively
slow diffusion processes caused an irregular di-
stribution of composition that resulted in patchy
texture of garnet.

Inclusions in garnets are typically clinopyrox-
ene, orthopyroxene (Figure 4c), corundum (Figure
4d) and spinel (Figure 4e). Mg# of garnet close to
the interface with clinopyroxene inclusion (0.74)
is slightly lower than Mg# of garnet next to or-
thopyroxene inclusion (0.76) indicating that com-
positional modification of garnet is higher next
to clinopyroxene than next to orthopyroxene.
Cr-spinel inclusions are remnants of the primary
low-pressure stage that was overgrown by garnet
during subduction. Pressure increase and possibly
cooling governed formation of garnet on expense
of spinel, clinopyroxene and orthopyroxene.

Garnets are replaced by kelyphitic rims con-
sisting of symplectitic intergrowth of high-Al
orthopyroxene, Al-rich spinel, diopside and par-
gasitic amphibole (Figure 4f). Chromium number
(Cr*) in Al-spinel is ranging from 0.6-0.9 and is
calculated from:

Cr

Cr'=100-———
Cr +A4l

Kelyphitic assemblage around garnets formed
during the exhumation-related decompression of
these rocks. Decompressional breakdown of gar-
net caused the diffusion of Mg and Al in spinel
and Ca in clinopyroxene. As a result of retrogres-
sion, garnet shows a decrease in Mg and increase
in Fe.

Spinel group minerals form two generations,
the brown chromian-rich spinel and the green alu-
minum-rich spinel. Cr-spinel occurs in the matrix
(Figure 5a) and as inclusions in garnet (Figure 4d,
e). Cr-spinel inclusions are remnants of the pri-
mary low-pressure stage that was overgrown by
garnet (Figure 4e) during subduction due to pres-
sure increase and possibly cooling.

The composition of Cr-spinel ranges from Al,O,
= 24.3-53.5 wt%, Cr,0; = 13.9-38.7 wt% and Mg#
= 40.7-68.2. Cr-spinel shows a weak zoning with

mainly lighter rims and darker cores (Figure 5b).
The lighter spinel has a higher chromium number
(Cr* = 47-52) than the darker spinel (Cr* = 22-43).
During the growth, garnet takes up the Al from
the spinel, which consecutively becomes more
Cr-rich at the rim and thus lighter in color. Al-
spinel represents a second generation that may be
found in symplectites, mostly with Al-orthopy-
roxene replacing garnet (Figure 4f). The compo-
sition of Al-spinel ranges from Al,O; = 57.7-69.6
wt%, Cr,0; = 0-2.8 wt%, Mg# = 76.3-85.5 and Cr*
=0-3.1.

Olivine grains are unzoned and nearly homo-
geneous in composition (Figure 6a). The chemical
homogeneity of olivine may be explained by the
fact that olivine is a mineral with fastest diffusion
of elements. Fe-Mg diffusion in olivine is about
two orders of magnitude faster than in pyroxene
and garnet (BRENKER & BrEy, 1997). Olivine main-
ly occurs as matrix mineral sometimes containing
clinopyroxene (Figure 6a) and orthopyroxene in-
clusions. Forsterite content of the studied olivine
is ranging in very wide range from 77.0 to 91.0.
Olivine contains 0.02-0.28 wt% MnO, <0.07 wt%
CaO, <0.02 wt% TiO, and <0.15 wt% Cr,0;. NiO
content is rather variable and is reaching up to
0.38 wt%.

Olivine is intensively fractured and broken
down into smaller grains due to retrogression (Fi-
gure 6b). Cracks are filled with secondary opaque
minerals. In the contact zones between olivine
and garnet extensive kelyphitic coronas have been
developed (Figure 6b). They consist of diopsidic
clinopyroxene, orthopyroxene, Al-spinel and par-
gasitic amphibole. Kelyphitisation results from a
metamorphic reaction between olivine and garnet
during retrogression. The relative abundance of
amphibole and clinopyroxene in kelyphitic rims
probably reflects local fluctuations of Py, during
kelyphite growth (Goparp & MARTIN, 2000).

Orthopyroxenes occur as four different types
of grains: (1) small inclusions in garnet (Figure
4c); (2) symplectitic intergrowth with Al-spinel
replacing garnet (Figure 4f); (3) oriented lamellar
exsolutions from clinopyroxene; and (2) individu-
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Figure 6. Olivine grains in BSE.
(a) Homogeneous olivine with small clinopyroxene inclusion.

(b) Kelyphitic corona in contact between garnet and olivine. Olivine grains are broken down into numerous individual particles
due to retrogression and weathering. Cracks are often filled with opaque secondary minerals. Amp-amphibole, Cpx clinopyroxene,

Grt-garnet, Ol-olivine, Opx-orthopyroxene, Spl-spinel.

al matrix grains (Figure 7). Regardless of their
occurrence, grain size and textural origin, the
analyzed orthopyroxene grains are very similar
in composition. All orthopyroxenes are enstatites
(En = 83.7-92.1) with Mg-numbers varying from
83.9t0 92.4. Al,0, and Cr,0, concentrations range
form 0.73-2.98 wt% and 0-0.20 wt%, respectively.
CaO and TiO, contents in all measured orthopy-
roxenes are low with <0.56 wt% for CaO and <0.05
wt% for TiO,. MgO (31.67-35.70 wt%) and MnO
contents are typical for worldwide orthopyroxene
compositions with MnO in some cases extended
to slightly higher values (up to 0.26 wt%).

Matrix orthopyroxenes are found in the form of
small rounded grains (Figure 7a) or as large an-
hedral minerals (Figure 7b). The latter commonly
reveal intracrystalline exsolution microstructures,
consisting of numerous oriented ilmenite and
clinopyroxene lamellas, which precipitated from
a suprasaturated high-T orthopyroxene host (van
RoerMUND et al., 2002). Exsolution lamellas ex-
hibit parallel orientation and are concentrated in
the central parts of the orthopyroxene grains. The
rims of orthopyroxenes are free of exsolutions due
to re-crystallization. Some of the orthopyroxenes

reveal internally folded exsolution lamellas (Figu-
re 7b), suggesting that exsolution process was
either accompanied or postdated by deformation.
Some matrix orthopyroxenes also contain small
exsolutions of pargasitic amphibole and garnet.
Interstitial garnet exsolutions show very dis-
tinct bleb-like shapes (Figure 7b) and are mostly
present along the orthopyroxene exsolution-free
grain boundary. They show similar microstruc-
tures to those reported from garnet websterites in
Norway (van RoErmMuUND et al., 2002).

Large matrix orthopyroxene grains are often
very low in Al,O; content (down to 0.73 wt%),
which reflects high-pressure conditions during
their formation. Al content in orthopyroxene is
a good diagnostic criteria for revealing pressure
variations during the metamorphic evolution.
In general, Al decrease can be due to increase in
pressure or decrease in temperature (cooling). In-
versely, increase in Al content is caused by decom-
pression or heating. High-temperature orthopy-
roxenes are thus characterized by low Al and high
Ca contents. In the analyzed orthopyroxenes the
distribution of Al shows lowest Al and highest Ca
content in the core. This indicates a decrease in

Figure 7. Matrix orthopyroxenes (BSE).

(a) Small rounded orthopyroxene grains in contact with clinopyroxenes and amphiboles.
(b) Bended exsolutions occupying the central part of orthopyroxene grain with re-crystallized, exsolution-free rim. Garnet blebs
are arranged along the orthopyroxene grain boundary. Amp-amphibole, Cpx-clinopyroxene, Grt-garnet, Ilm-ilmenite, Opx-ortho-

pyroxene.
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Figure 8. Matrix clinopyroxene grains (BSE).

(a) Individual matrix clinopyroxene grain is rimmed by amphibole and is representing the relict phase of primary material; clino-

pyroxene inclusions in olivine are also observable.

(b) Garnet, ilmenite and clinopyroxene exsolutions within orthopyroxene host exhibit a clearly visible parallel orientation; in
some cases the exsolutions occur in two perpendicular sets. Amp-amphibole, Cpx-clinopyroxene, Grt-garnet, Ilm-ilmenite, Opx-

orthopyroxene, Prg-pargasite, Tr-tremolite.

pressure and temperature from core to rim, con-
sistent with exhumation and decompression of the
rocks.

Clinopyroxene occurs in form of matrix grains
(Figure 8a), inclusions in garnet (Figure 4c), oli-
vine (Figure 6a) and orthopyroxene, exsolutions
from orthopyroxene (Figure 7b) and in complex
coronas in contact zone between olivine and gar-
net (Figure 6b). All analyzed clinopyroxenes are
diopsides (En = 46.6-57.8, Fs = 0.1-6.1, Wo = 36.1—
51.0) with Mg-numbers ranging from 90.0-99.8.
They have low Na,O and Cr,0; content varying
from 0.19-0.82 wt% and 0-0.67 wt%, respective-
ly. The AL,O; content is ranging from 0.73-4.87
wt% but TiO, content is mostly below 0.13 wt%.
No significant compositional differences between
clinopyroxene minerals with different occurrence
and textural type can be observed. This is taken as
good evidence for equilibrium conditions.

Coarse-grained matrix clinopyroxene minerals
often contain numerous exsolution lamellas of
garnet, low-Al orthopyroxene, ilmenite and par-
gasitic amphibole (Figure 8b). The size of lamellas
is very varied and is ranging from very tiny rods
(<10 um) of ilmenite and orthopyroxene to larger
elongated exsolutions (up to several 100 pum in
length) of garnet and orthopyroxene. Amphibole
and some orthopyroxene exsolutions are remark-
ably thicker and relatively short. The obvious
intergrowth of different exsolution lamellas and
the lack of a clear-cut relationship might suggest
a nearly simultaneous generation (Xu et al., 2004).
All garnet exsolutions lie in a direction parallel
to the c axis. Some ilmenite lamellas occur in two
orientations with nearly perpendicular intersec-
tions (Figure 8b), suggesting a topotactical inter-
growth due to exsolution rather than being a pri-
mary intergrowth or epitaxial replacement (ZuanG
& Liou, 2003).

Matrix clinopyroxene grains are in most cases
rimmed by amphiboles of pargasitic and tremo-
litic composition (Figure 8a).

Other minerals present in the analyzed garnet
peridotites and pyroxenites were formed after
peak pressure conditions and are related to retro-
gression due to the exhumation of these rocks.
These are typically amphibole, chlorite, serpen-
tine and talc. With decreasing temperature, par-
gasitic amphibole that is replacing clinopyroxene
and which might be stable at pressure conditions
up to 25 kbar, is successfully transformed to tremo-
lite, chlorite and serpentine minerals.

Amphibole occurs in 3 different generations: (1)
pargasite; (2) tremolite; and (3) gedrite. Bright Na-
rich amphibole belongs to pargasite compositions
with Mg-number ranging from 89.9-98.1. Parga-
sitic amphiboles occur around matrix clinopyro-
xene grains in form of retrogressive rims (Figure
8a), as exsolutions in clinopyroxene (Figure 8) and
in kelyphitic intergrowth replacing the contact
zone between garnet and olivine (Figure 6b). A
common retrogression product of ultramafic rocks
is also orthoamphibole of gedritic composition.
It is known to be forming in lower amphibolite
facies conditions, possibly by reactions involving
chlorite. The amphibolitization process postdated
the formation of symplectitic replacement rims
around major mineral phases. In some cases am-
phibole grains resemble inclusions or have idio-
morphic forms, but they are always connected to
the periphery with fluid channels and are thus in-
disputably of secondary origin.

Chlorite, serpentine and talc formed under
lowest P-T conditions as late retrogressive stages
partly replacing olivine and pyroxene minerals.

Geothermobarometry

Metamorphic conditions for the formation of
garnet peridotites have been calculated from a
combination of the garnet-olivine (O'NEmLL &
Woob, 1979; O’NemLL, 1980) and garnet-orthopy-
roxene (HarLEY, 1984) Fe**-Mg exchange thermo-
meters, and Al-in-orthopyroxene barometer (Brey
& KOHLER, 1990).
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Figure 9. Estimated pressure and temperature conditions with
suggested metamorphic P-T path for Pohorje garnet perido-
tites. A combination of garnet-olivine Fe**-Mg exchange ther-
mobarometer (OW-80; O’Ne.L & Woop, 1979), garnet-ortho-
pyroxene Fe**-Mg exchange thermobarometer (H-84; HARLEY,
1984), and Al-in-orthopyroxene barometer (BK-90; Brey &
KOHLER, 1990). Shown for reference are equilibria for diamond-
graphite (Bunpy, 1980), coesite-quartz (BoHLEN & BOETTCHER,
1982), and spinel-garnet peridotite (O’Hara et al. 1971).

The initial (pre-peak) metamorphic conditions
have been calculated with the application of Fe*-
Mg garnet-orthopyroxene exchange thermometer
together with the Al-in orthopyroxene barometer
to the garnet and orthopyroxene exsolutions in
primary clinopyroxene. Estimated P-T values are
730 °C at pressure of 2.6 GPa.

Porphyroblastic garnet with the highest pyrope
content and orthopyroxene with the lowest Al con-
tent together with relatively homogeneous olivine
have been chosen to calculate peak P-T condi-
tions, as it is generally recommended (e.g. Brey &
KoHLER, 1990; BRENKER & BrEY, 1997; KroGH Rav-
NA & Paquin, 2003). The results indicate that the
peak of metamorphism occurred at temperatures
of 887-962 °C and pressures of 3.4-4.0 GPa (Figu-
re 9). The equilibrium P-T conditions for the sam-
ple 119 cluster in a narrow range, close to values
of 900 °C and 4 GPa. There is a very good consis-
tency between the garnet-olivine and garnet-or-
thopyroxene Fe®-Mg exchange thermometers
for this sample. The P-T conditions for sample
VI01/04, obtained from the garnet-olivine ther-
mometer and the Al-in-orthopyroxene barometer,
are 887 °C and 3.4 GPa, whereas the intersection
between the garnet-orthopyroxene thermometer
and the Al-in-orthopyroxene barometer yields

962 °C and 3.9 GPa. This discrepancy may re-
sult from partial disequilibrium between garnet,
olivine and orthopyroxene during post-peak de-
compression. Additionally, since all Fe has been
treated as Fe?* in the calculations, the temperature
obtained by garnet-orthopyroxene thermometer
should only be regarded as minimum peak tem-
perature (HarLEY, 1984).

The post-peak metamorphic conditions have
been deduced from the composition of orthopy-
roxene in symplectites with Al-rich spinel that
form kelyphitic rims around garnet. The garnet-
orthopyroxene Fe?-Mg exchange thermometer
in combination with the Al-in-orthopyroxene
barometer yields P-T conditions of ~800 °C and
2 GPa.

Discussion and Conclusions

The geothermobarometrical data obtained from
garnet peridotites, with peak P-T conditions of
887-962 °C and 3.4-4.0 GPa, clearly confirm the
existence of UHP metamorphism in the Pohorje
area. Recorded peak metamorphic conditions are
in the same range as peak conditions determined
for the associated kyanite eclogites (Janik et al.,
2004; VrRABEC, 2010). This confirms that the south-
easternmost parts of the Austroalpine nappes in
the Alps reached UHP metamorphic conditions
during the Cretaceous orogeny at ca. 91-92 Ma.
Garnet peridotites were most probably introduced
to the subducting plate from the overlying man-
tle wedge and later on subducted further to the
depths of at least 120 km.

From observed mineral assemblages and esti-
mated P-T conditions a metamorphic P-T path
can be deduced (Figure 9). The reaction textures,
mineral compositions and thermobarometric evi-
dence indicates that garnet-bearing peridotites
have undergone a complex history, including at
least four stages of recrystallization: protolith
stage, metamorphic stage, decompression stage,
and retrogression stage.

Stage I: the protolith stage, is garnet-free and
is defined by assemblage of olivine + Al-orthopy-
roxene+Al-clinopyroxene + Cr-spinel. Al-orthopy-
roxene occurs as inclusions in garnet, whereas
Cr-spinel is additionaly preserved in the matrix.
The initial composition of the investigated peri-
dotite most probably corresponded to spinel lher-
zolite. The occurrence of Cr-spinel as inclusions
in garnet indicates that garnet peridotites evolved
from spinel-bearing protolith, which could there-
fore represent pieces of intermediate to shallow-
level lithospheric mantle.

Stage II: the metamorphic stage, is defined by
the matrix assemblage of garnet + clinopyrox-
ene + orthopyroxene + olivine + Cr-spinel. Garnet
occurs as coronas around Cr-spinel, as exsolutions
from clinopyroxene, and as large porphyroblasts
in the matrix. Primary, coarse-grained clinopy-
roxene contains exsolution rods of garnet, low-Al
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orthopyroxene, pargasitic amphibole, Cr-spinel
and ilmenite.

Formation of garnet exsolutions from clinopy-
roxene could have started at P-T conditions of
about 700-750 °C and 2.5 GPa, as deduced from
geothermobarometry. The exsolution process may
correspond to the incorporation of peridotite
from the overlying mantle wedge into subducting
crust. The interaction between the hot mantle
and the relatively colder subducting crust pro-
bably caused nearly isobaric cooling from spi-
nel to garnet stability field. Similar exsolutions
have been observed in other HP and UHP ultra-
mafic rocks, e.g. garnet peridotite and pyroxenite
from Nonsberg area, Eastern Alps (Goparp et al.,
1996), garnet clinopyroxenite from Sulu, eastern
China (Zuanc & Liou, 2003) and garnet websterite
from Bardane, western Norway (CARSWELL & VAN
RoerMmunD, 2005). The formation of exsolutions in
clinopyroxene is undoubtedly caused by reactions
driven by changes in temperature and pressure,
but the accurate conditions are difficult to esti-
mate. The parent phase of such intergrowths of
clinopyroxene + garnet + ilmenite could have been
the primary clinopyroxene (Zrang & Liou, 2003).
Formation of garnet lamellas in clinopyroxene has
generally been interpreted as a result of exsolu-
tion from primary clinopyroxene (Dawson & REID,
1970; HarTE & GURNEY, 1975; SAUTTER & HARTE,
1988). According to experimental work of HARTE
& GURNEY (1975) a single clinopyroxene is stable
in a wedge shaped P-T stability field below the
solidus (~3.4-3.8 GPa at 1380-1400 °C; 2.6 GPa
at 1370 °C). With decreasing temperature, garnet
first appears at ~1400 °C and 3.4-3.6 GPa, joining
the clinopyroxene and forming a clinopyroxene +
garnet assemblage. Hence, the exsolution of gar-
net from clinopyroxene has been suggested to be
related mainly to cooling from near-solidus condi-
tions toward normal mantle lithosphere tempera-
tures. Although the effect of Ti was not evaluated
in HArRTE & GURNEY (1975) experiments, a similar
clinopyroxene precursor of the garnet + ilmenite
+ clinopyroxene intergrowth is suggested, as the
solubility of clinopyroxene (CaMgSi,O;) in garnet
is limited except for majorite formed at very high
pressures (see Fig. 6 in Zuancg & Liou, 2003).

During the peak of metamorphism large por-
phyroblastic garnet was formed from primary, Al-
bearing phases such as spinel, clinopyroxene and
orthopyroxene. The increased chromium content
in the rims implies that Cr-rich spinel (Cr* = c. 50)
remained stable at peak metamorphic conditions,
since chromium moves the spinel-garnet transi-
tion boundary towards higher pressures (WEBB
& Woop, 1986; KLEmME, 2004). P-T conditions of
the peak metamorphic stage calculated from geo-
thermobarometry are 887-962 °C and 3.4-4.0 GPa,
that is well within the stability field of coesite.

Stage III: the decompression stage, occurred af-
ter peak pressure conditions and is manifested by
formation of kelyphitic rims of high-Al orthopy-
roxene, Al-spinel, diopside and pargasitic amphi-
bole replacing garnet. After having reached their

metamorphic peak, the garnet peridotites were
exhumed to mid-crustal levels. The composition
of orthopyroxene in symplectites with Al-rich
spinel was used to obtain P-T conditions during
decompresion. The garnet-orthopyroxene Fe?*-Mg
exchange thermometer in combination with the
Al-in-orthopyroxene barometer yields P-T condi-
tions of ~800 °C and 2 GPa.

Stage IV: the retrogression stage, occurred un-
der lowest P-T conditions and is characterized by
the formation of tremolitic amphibole, gedrite,
chlorite, serpentine and talc. Pargasitic amphi-
bole was partly replaced by tremolite, pyroxene
by serpentine and chlorite, and olivine by ser-
pentine and talc. It is assumed that pressure and
temperature further decreased during this stage.
The increased activity of H,O caused retrogression
under low P-T conditions.
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Abstract

The geochemical and isotopic composition of surface water and groundwaters in the Velenje Basin, Slovenia,
were investigated to gain a better understanding of the origin of surface and groundwaters. Surface waters and
groundwaters from the Triassic aquifer are dominated by HCO;, Ca*, and Mg?* from dissolution of carbonate mi-
nerals, while groundwaters from the Pliocene and Lithotamnium aquifers have distinct geochemical signatures,
enriched in Na* and K*. Surface waters are controlled by calcite dissolution, while groundwaters from the Triassic
aquifer are controlled by dolomite dissolution. The partial pressure of CO, in surface waters and groundwaters is
well above atmospheric concentrations, indicating that these waters are a potential source of CO, to the atmosphere.
The 8%Cpc values of surface waters are shown to be controlled by biogeochemical processes in the terrestrial en-
vironment, such as dissolution of carbonates, degradation of organic matter, and exchange with atmospheric CO,,
which is more pronounced in the lake waters. The §"*Cyp, values of groundwater from the Triassic aquifer are con-
sistent with degradation of CO, and dissolution of dolomite. Groundwaters from the Pliocene and Lithotamnium
aquifers have 8*Cp ¢ values suggestive of biogenic CO, reduction and degradation of organic matter.

Izvleéek

Raziskane so bile geokemijske in izotopske znacilnosti povrsinskih in podzemnih vod v Velenjskem bazenu.
Povrsinske vode in podzemne vode, ki pripadajo triasnemu vodonosniku imajo kemijsko sestavo HCO,-Ca?-Mg?,
medtem ko imajo podzemne vode, ki pripadajo pliocenskemu in litotamnijskemu vodonosniku drug vir napajanja in
so obogatene z Na* in K*. Kemijsko sestavo povrsinskih vod kontrolira raztapljanje kalcita, medtem ko je kemijska
sestava triasnih podzemnih vod kontrolirana z raztapljanjem dolomita. Parcialni tlak je nad atmosferskim CO, v
povrsinskih in podzemnih vodah in predstavlja vir CO, v ozrac¢je. Vrednosti 8*Cp ¢ v povrsinskih vodah so odvisne
od biogeokemijskih procesov v terestricnem okolju: raztapljanje karbonatov, razgradnja organske snovi in izme-
njava z atmosferskim CO,, ki se odraza v jezerih. Na vrednosti §'*Cp,¢ v triasnih vodonosnikih vplivajo razgradnja
organske snovi in raztapljanje dolomita, medtem ko na vrednosti 8*Cp,c v pliocenskih in litotamnijskih vodono-
snikih vplivata razgradnja organske snovi in bakterijska CO, redukcija.

Introduction

The geochemical study of river water allows
important information to be obtained on chemi-
cal weathering of rocks and soil and the chemical
and isotopic compositions of the drainage basin
(GiBBS, 1972; REEDER et al., 1972; Hu et al., 1982;
StaLLARD & EpMmonD, 1983; GoLDSTEIN & JACOB-
SEN, 1987; ELDERFIELD et al., 1990; ZuaNG et al.,
1995; HuH et al., 1998). Since carbonate weathe-
ring largely dominates the chemistry of river wa-

ters, characterization of the water chemistry of
rivers draining carbonate-dominated terrain is
crucial to precisely identify the various contri-
butions of the different sources to water solutes
(FamrcHILD et al., 1999, 2000; GaiLLARDET et al.,
1999; Liv & Zuao, 2000). Surface water hydro-
chemistry depends on multiple natural factors
such as the intensity and composition of pre-
cipitation, chemical reactions between water
and soil or sediment, biochemical reactions, and
surface water-groundwater interactions, as well
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as on anthropogenic activities. The use of sta-
ble isotopes of carbon as an additional method
is crucial to evaluate biogeochemical processes
in rivers (BRUNKE & GAUSER, 1997; SOPHACLEOUS,
2002; WacHINEW, 2006).

Many hydrogeological studies use stable iso-
topes of the water molecule to determine ground-
water quality, origin, recharge mechanisms, and
rock-water interactions. Stable isotopes of car-
bon, nitrogen and sulphur can give valuable infor-
mation about reactions involving these elements
and to trace biogeochemical processes in aquatic
systems (ApeLANA, 2005). The isotopic characteri-
zation of the groundwater is also needed to fully
evaluate the processes and origin of gases in coal
basins (Aravena et al., 2003).

This paper analyses several lines of evidence,
including hydrogeological, chemical, and isoto-
pic information on surface and groundwaters to
evaluate different sources of fluids in the Velenje
basin. This study represents the systematic study
of geochemical (chemical and isotopic) variables
of surface and groundwaters and is also a part of
major project aimed at evaluating the hydrogeo-
logy and hydrochemistry of a coal seam gas (CSG)
exploration area and searching for locations of the
Velenje basin most appropriate for CO, sequestra-
tion.

Study area

The study area and geological sketch map are
represented on Figure 1 A. The Velenje Basin is
situated in the NE part of Slovenia. It is located at
the junction of the WNW — ESE — trending Sostanj
Fault and the E — W trending Periadriatic Fault
Zone, bounded to the south by the Smrekovec
Fault segment. The Sostanj and Smrekovec Faults
were generated due to the collision of continen-

tal plates. The study area is within the Southern
Karavanke. In the pre — Pliocene basement of the
basin, Triassic limestones and dolomites prevail
on the north-eastern side of the Velenje Fault.
Oligocene to Miocene clastic strata, consisting
predominantly of marls, sandstones and volcano-
clastics prevail on the south-western side (Figure
1 A). More details about Velenje Basin geology, pe-
trology and tectonics are presented in BreziGARr et
al., 1988; MARKIC & SACHSENHOFER, 1997, VRABEC,
1999 and the references therein. The age of the
groundwater in the Triassic section of the basin
was previously investigated by VEseLi¢ & Przpic,
1998, while statistical processing of chemical data
of different groundwaters of the Velenje Basin was
published in Marr, 1992.

The three artificial lakes investigated in this
paper (Lake Velenje, 54 m deep on average; Lake
Skale and Lake Druzmirje) were formed due to
excavation of coal and subsidence of the terrain
(Figure 1 B). Lake Velenje was polluted by intro-
duction of ash, transported from the Sostanj po-
wer plant, up untll 1983. The lake waters reached
a pH of 12. Beginning in 1994, a closed system of
deashing was constructed for the power plant, and
the quality of surface waters has since improved
(STERBENK & RaMm3ak, 1995).

The headwaters of the River Paka are in the
Volovica on Pohorje Mountain. The streams
Becovnica, Velunja and Toplica flow into the River
Paka through Pliocene and Quaternary sediments
(Figure 1 B). The River Paka tends to be characte-
rized by flash floods (torrential runoff events), with
the highest discharge in the spring (3.52 m?/s) and
the lowest discharge in the summer (1.86 m?/s).
Upstream of the cities of Velenje and Sostanj, the
River Paka is relatively pristine. Near Velenje and
Sostanj, the River Paka becomes highly polluted
from sewage sludge discharge (Gams & ZupaN,
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1994). In the Velenje area the watershed of the
River Paka is composed of Triassic limestone and
Pliocene and Quaternary sediments.

The headwaters of the River Velunja drain rocks
and sediments of the Velunja overthrust belt, com-
posed of sericite and chlorite schist with sand-
stones and diabase of Ordovician and Devonian
age. In the central part of the River Velunja drain-
age area, the watershed is composed of rocks of
Miocene age, which were deposited on Devonian
schist, composed of conglomerate, sandstones and
clays. In its lower reach the River Velunja drains
Pliocene and Quaternary sediments composed of
sands, clays and gravels (M1o¢ & ZNIDARCIC, 1972).
The gravels are composed of magmatic and meta-
morphic rocks, which were eroded from the upper
part of the watershed.

The watershed of Rivers Becovnica and Klan-
¢ica are composed of limestone, breccias, and
sandstones of Permian age and Pliocene and Qua-
ternary sediments composed of gravel and sandy
clays. The watersheds of streams Toplica, Lepena,
Ljubela are composed of Triassic massive limestone
in their upper reaches, while their lower reaches
are composed of Pliocene and Quaternary gravels.
Discharge from the TopolSica thermal spring con-
tributes to Toplica stream waters. Thermal wa-
ters are 29 and 31 °C, discharge at approximately
28 1/s, and come to the surface at the section be-
tween the Smrekovec Fault and cross section faults
between the contact of Triassic limestone and
impermeable Tertiary sediments (M10¢ & ZNIDARCIC,
1972).

Profiles A-B and C-D are presented on Figures
1 A and B. The Velenje coalmine in the Velenje
Basin is separated into two parts: the Preloge
coalmine and the Skale coalmine; the latter was
closed for mining in the year 2008 (Figure 1 B).
Groundwater in the Velenje coalmine is drained
by hanging filters to prevent ingress of water into
the mine. The average discharge of water from
Pliocene sands varies from 490 1/min, the average

discharge of water from Litotamnium limestone is
24 1/min and the average discharge from Triassic
limestone is 236 1/min (JAMNIKAR & Fuavz, 2006).
In the Velenje coal basin, the shallow aquifers
are classified as Quaternary or Pliocene aquifers.
Pliocene aquifers, found in the Preloge coalmine,
are further divided into: 1) aquifers right above
the coal (P1 1), 2) aquifers 20-80 m above the coal
(P1 2), and upper Pliocene aquifers (P1 3). The
Pliocene aquifers are composed of clastic sedi-
ments, such as sand and gravel. The northern part
of the Preloge coalmine, on the southern side of the
Velenje Fault, is underlain by the Lithotamnium
limestone (Oligocene and Miocene age) (Figures
1 A and C). The Lithotamnium limestone forms a
local lens-shaped aquifer, which is confined by an
impermeable barrier. The Skale coalmine contains
a Triassic aquifer composed of Scythian and Ani-
sian age limestone and dolomite (Figures 1A and
C), which is of interest for water supply manage-
ment (Fuavz, 2002).

Materials and methods
Sample collection

A map of the sampling locations of surface wa-
ters is presented on Figure 1 B. A map of sampling
locations of groundwaters is presented on Figure 1
B. Sampling of surface waters and groundwaters
was performed in October 2003. Water samples
from 10 surface water locations, 3 lakes, and 7
streams were collected (Table 1, Fig. 1B). In addi-
tion, 31 groundwaters were collected from Pliocene
aquifers (16 samples from P11 and P12 aquifers),
13 groundwaters were collected from Triassic
aquifers and 2 groundwaters were collected from
Litotamnium aquifers. All water samples were
analyzed for geochemical and stable isotopic pa-
rameters (Table 2, Fig. 2A). Temperature and pH
were measured in the field. Because pH is sensitive

Figure 1 B. Map of
surface water sampling
locations. Numbers of
location correspond to
Table 1.
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Figure 1 C. Map of groundwater sampling locations. Depth
above sea level of sampling locations is presented in Table 2.

jv. 2360 T/87

T T @
4800 5000 5200 5400

T T
5600 5800

T T
6000 6200

T
6400

T
6600

T
6800

Table 1. Chemical and isotopic data for surface waters in the Velenje Basin
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Total
Sampling T alkalinity Ca”*  Mg*™  Na' K* si SO NO5 cr DOC  §"Cpc
point L ocation (°C) pH (meg/)  (mM) (mM) (mM)  (mM) (mM) (mM) (mM) (mM) (mg/1) (%9 5'%0 (%9
1 River Toplica 9.7 7.73 3.74 1.44 0.33 0.11 0.03 0.13 0.19 0.12 0.09 1.49 -12.6 -8.3
2 River BeCcovnica 9.9 7.93 2.71 1.24 0.43 0.31 0.05 0.22 0.26 0.19 0.28 5.90 -11.7 -8.3
3 River Klantica 104  7.81 2.83 1.17 0.48 0.42 0.06 0.26 0.20 0.11 0.24 3.17 -12.8 -8.4
4 River Velunja 9.2 8.04 2.69 0.90 0.51 0.16 0.03 0.14 0.28 0.08 0.12 -11.0 -8.6
5 Lake Druzmirje 15.0  8.30 2.29 1.01 0.60 0.32 0.07 0.04 0.45 0.04 0.14 6.20 -8.5 -9.8
6 River Ljubela 1.2 830 4.61 1.91 0.71 0.23 0.04 0.14 0.16 0.05 0.18 -12.0 -9.2
7 Lake Velenje 18.6  8.22 1.89 3.87 0.57 2.64 1.26 0.02 5.05 0.06 0.76 4.50 -6.6 n.a.
8 River L epena 17.0 8.48 5.52 1.90 1.05 0.39 0.08 0.09 0.31 0.00 0.41 -10.9 -9.2
9 Lake Skale 16.1 7.95 3.91 1.27 0.99 0.52 0.07 0.03 0.50 0.04 0.27 6.42 -7.5 n.a.
10 River Paka 17.0 830 3.15 2.45 0.69 1.45 0.57 0.07 227 0.03 0.56 2.91 -8.7 -8.0

Table 2. Chemical and isotopic data for groundwaters dewatering different strata above the coal seam in the Velenje Basin

Depth above Total alkalinity Ca®*  Mg® Na* K* si SO NOy ¢l DOC 8°Cpc

L ocation sea level (m) Geology T (°C) pH (meg/l) (mM) (mM) (mM)  (mM) (mM) (mM) (mM) (mM) (mg/l) (%9 &0 (%9
BV 29 417.0 Pliocene1,2 19.0 7.00 19.92 2.18 4.43 3.02 0.14 1.25 0.00 0.02 0.10 7.24 -2.5 n.a.
BV 27 413.0 Pliocene1,2 16.7 7.12 11.92 1.76 2.39 1.65 0.08 0.95 0.00 0.00 0.07 4.00 -3.2 -10.7
Vi2z 387.0 Pliocene1,2 18.6 6.70 32.44 3.61 8.46 455 019 137 0.00 0.00 0.19 6.93 -3.3 -11.3
V12v 385.0 Pliocene1,2 18.6 6.50 27.38 3.05 6.89 3.66 0.16 1.26 0.00 0.00 0.15 n.a. -2.9 n.a.
GW G1A -61.2 Pliocene 1 n.a. n.a. 31.64 4.44 5.45 1242 035 0.86 1.1 0.00 0.51 n.a. -9.1 n.a.
j.v. 3121 -60.0 Pliocene 1 20.1 6.62 32.91 2.86 8.51 8.56 0.14 1.91 0.00 0.00 0.22 6.99 -2.4 -11.1
JV.3143 -45.0 Pliocene 1 20.1 6.35 33.53 4.17 8.16 730 014 1.7 0.00 0.00 0.20 8.22 0.2 -10.8
j.v. 783-K /00 -71.5 Pliocene 1 20.5 6.45 52.15 4.12 15.47 13.09 0.18 1.79 0.20 0.00 0.41 14.69 -2.6 -10.7
j.v.3136 -63.9 Pliocene 1 20.5 6.49 38.19 3.18 10.11 998 0.15 1.84 0.00 0.08 0.23 9.75 -1.7 -10.4
j.v. 3048 -62.0 Pliocene 1 19.5 6.51 25.99 2.52 7.07 5.19 0.11 1.65 0.00 0.01 0.17 5.52 -3.6 -10.5
j.v. 3047 -79.0 Pliocene 1 21.4 6.43 43.09 3.63 12.65 10.33 0.16 1.81 0.01 0.01 0.41 12.56 -3.1 -10.0
j.v. 3045 -91.2 Pliocene 1 20.6 6.36 32.56 2.79 10.01 6.86 0.14 1.76 0.01 0.00 0.21 n.a. -5.5 -10.4
razbremenilna -60.0 Pliocene 1,2 20.8 6.53 51.59 3.60 1634 1279 020 1.91 0.00 0.00 0.40 n.a. -4.8 -10.5
Vi1ln 373.0 Pliocene 1,2 20.1 7.38 61.95 4.25 21.74 1130 026 1.72 0.00 0.00 0.54 n.a. -3.3 -10.4
j.v. 661-K /89 -106.6 Pliocene 1,2 20.8 7.01 59.78 4.50 20.77 1145 0.25 1.83 0.01 0.08 0.53 11.99 -3.5 -10.4
j.v. 659 -106.0 Pliocene 1 21.0 6.93 44.33 3.53 13.60 9.47 0.19 1.82 0.00 0.00 0.33 11.44 -2.6 -10.9
j.v785-A 6 -149.9  Litotamnium limestone 30.2 7.18 39.93 1.19 1.29 54.00 050 0.22 0.00 0.00 2.08 152.20 -2.6 -10.7
j.v785-A 5 -149.7  Litotamnium limestone 30.0 7.30 38.06 1.29 1.22 50.73 0.48 0.23 0.00 0.00 2.01 n.a. -1.9 -10.7
j.v.2373-T/93 85.9 Triass-anisian 18.4 7.08 9.88 2.37 2.02 042 0.03 0.16 1.98 0.01 0.03 217 -8.4 n.a.
j.v.2346 121.0 Triass-anisian 17.7 7.06 5.94 2.03 1.54 0.07 0.01 0.16 0.78 0.01 0.05 11.80 n.a. -9.7
j.v.2343T793 6 121.0 Triass -anisian 171 7.13 5.88 1.99 1.50 0.07 0.01 0.15 0.64 0.00 0.05 1.54 -11.0 n.a.
j.v. 2341-T/83 121.6 Triass-anisian 16.0 7.11 6.68 2.70 1.46 0.10 0.01 0.16 1.06 0.01 0.10 2.53 -17.4 -9.6
j.v.2347-T/84 73.7 Triass-anisian 18.9 6.90 5.79 2.68 1.76 017 0.03 0.17 1.81 0.01 0.12 n.a. -8.7 -9.6
jv. 2391 85.6 Triass-anisian 14.2 7.08 5.57 1.68 1.34 0.11  0.01 0.11 0.35 0.05 0.1 n.a. -12.8 -9.5
j.v.2343T793 3 121.0 Triass-anisian 16.4 7.11 5.79 2.15 1.46 0.07 0.01 0.14 0.56 0.00 0.06 n.a. -12.5 -9.1
j.v. 2360 T/87 27.0 Triass-scythian 20.6 6.94 5.56 3.19 2.32 1.57 0.08 0.19 3.61 0.00 0.24 2.22 -9.3 -9.6
j.v.2378/90 1 30.2 Triass-scythian 20.1 6.74 6.66 4.46 3.16 1.51 0.08 0.17 5.37 0.01 0.15 n.a. -8.3 -10.1
j.v.2378/90 4 30.2 Triass-scythian 19.8 6.61 7.65 4.63 2.36 0.91 0.17 0.16 n.a. n.a. n.a. 5.76 -10.1 -9.7
jv.2377-T/911 33.6 Triass-scythian 15.3 6.91 6.89 3.68 1.73 0.18 0.02 0.15 2.07 0.00 0.12 2.05 -8.6 -9.8
j.v.2377-T/913 33.6 Triass-scythian 18.7 6.58 10.57 3.70 2.38 1.51 0.07 0.14 n.a. n.a. n.a. 8.17 -3.2 -9.3
j.v. 2434-T/93 50.0 Triass-scythian 20.0 6.66 n.a. 2.97 1.64 3.98 0.11 0.15 1.44 0.00 0.19 n.a. -8.1 -9.6
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to degassing and warming, water samples were
collected in a large volume, air-tight container
and the pH was measured at least twice to verify
electrode stability. The field pH was determined
on the NBS scale using two buffer calibrations
with a reproducibility of + 0.02 pH units.

Sample aliquots collected for chemical analysis
were passed through a 0.45 um nylon filter into
bottles and kept refrigerated until analysed. Sam-
ples for cation (treated with HNO,), anion and al-
kalinity analyses were collected in HDPE bottles.
Samples for 63Cp analyses were stored in glass
bottles and filled to the top, with no headspace.
Samples for 60 analyses were collected in HDPE
bottles.

Analytical methods

Total alkalinity was measured within 24 h of
sample collection by Gran titration (Gieskes, 1974)
with a precision of + 1 %. Concentrations of dis-
solved Ca?*, Mg*, Na*, K* and Si were determined
using a Jobin Yvon Horiba ICP-OES with an ana-
lytical precision of £2 %. Anions (SO,*, NO,", Cl)
were analyzed on a Dionex ICS-2500 with an ana-
Iytical precision of +2 %. Concentrations of DIC
were determined on a UIC Coulometrics CO, cou-
lometer with a precision of +2 %. Dissolved or-
ganic carbon (DOC) concentrations were meas-
ured using high-temperature platinum-catalyzed
combustion followed by infrared detection of CO,
(Shimadzu TOC-5000A) with a precision of +2 %.

The stable isotope composition of dissolved
inorganic carbon (8"*Cp) was determined with
a Europa Scientific 20-20 continuous flow IRMS
ANCA - TG preparation module. Phosphoric acid
(100 %) was added (100-200 pl) to a septum-sealed
vial which was then purged with pure He. The
water sample (6 ml) was injected into the septum
tube and headspace CO, was measured (modified
after Mivasiva et al. 1995; Sporr, 2005). In order
to determine the optimal extraction procedure
for surface water samples, a standard solution
of Na,CO; (Carlo Erba) with a known 8%Cp; of
-10.8 £0.2 %, was prepared with a concentration
of either 4.8 meq/l (for samples with an alkalinity
above 2 meq/l) or of 2.4 meq/l (for samples with
alkalinity below 2 meq/1).

The isotopic composition of oxygen in water
(6'20) was measured after equilibration with re-
ference CO, at 25 °C for 24 h (EprsTEIN & MAYEDA,
1953). The measurement was performed on a Va-
rian MAT 250 mass spectrometer. Stable isotope
results for O are reported using conventional
delta (8) notation 8'®0, in permil (%.) relative to
VSMOW. The precision of measurements was +0.1
%o for 8°0.

Thermodynamic modelling was used to evalua-
te pCO, and the saturation state of calcite (SI,ie)
using pH, alkalinity and temperature as inputs to
the PHREEQC speciation program (PARKHURST &
APPELO, 1999).

Results and discussion

Major and stable isotope
geochemistry of surface waters

Surface waters are primarily composed of
HCO,", Ca? and Mg?* (Table 1). Dissolved Ca?*
and Mg?* are largely supplied by the weathering
of carbonates with smaller contributions from
silicate weathering, as indicated by the relatively
high HCO,; and low Si concentrations (Figures
2A and 3A). Dissolved Na* and K* originate from
the leaching of feldspars from clastics rocks also
composing the watershed. The concentrations of
alkalinity varied from 1.89 to 5.52 meq/l, concen-
trations of Ca* ranged from 0.9 to 3.87 mM, con-
centrations of Mg?* from 0.33 to 1.05 mM (Table
1) and are comparable to sampling locations from
the River Sava watershed (Kanpu¢ et. al., 2007).
Figure 2A presents Ca* + Mg?* versus alkalinity.
Most of the samples have a 2:1 mole ratio of HCO;"
to Ca? + Mg?* following the reactions:

Calcite:  CaCO; + COy + H,O < Ca® + 2HCO;
Dolomite: CaMg(CO,), + 2CO, + 2H,0 < Ca* +
Mg + 4HCO;

Differences in HCO; concentrations in carbo-
nate-bearing watersheds are related to the geo-
logical composition of the watershed, relief, mean
annual temperature, the depth of the weathering
zone, the soil thickness and residence time in the
system (GAILLARDET et al., 1999). Most surface wa-
ters indicate that weathering of calcite is domi-
nant (Figure 2B). A Mg?*/Ca?* ratio around 0.75,
which is typical of weathering of dolomite with
calcium, is characteristic only in location 9 (Lake
Skale). Concentrations of K* and Na* in surface
waters were low, except in Lake Velenje and the
River Paka, where higher concentrations were ob-
served (Figure 3). Na* and K* concentrations are
derived from weathering of feldspars in the wa-
tershed.

Concentrations of dissolved organic carbon
(DOC) ranged from 1.49 to 6.42 mg/l (Table 1),
which is typical of unpolluted rivers (Tao, 1998).
All of the surface water samples, except for Lake
Velenje and River Paka, had low concentrations
of dissolved sulfate (<0.50 mM,; see Table 1). Sul-
fate concentrations in Lake Velenje were 5.05 mM,
likely due to leaching of sulphur from nearby coal
deposits. Sulphur in coal is found in both inorgan-
ic and organic forms (Davipson, 1993). Inorganic
sulphur in coal is mostly pyrite (FeS,), with minor
amounts of marcasite and sulphates. The sulphate
content of coal is usually low unless pyrite has
been oxidized. Forms of organic sulphur are less
well established (Davipson, 1993). River Boben,
which is draining mining area district in Zasavje
region (Kanpu¢, 2006) and River Paka (from this
study) had slightly elevated sulfate values (1.13
and 2.27 mM, respectively). Sulfur and oxygen
isotopes of SO,*, although not measured as part
of this study, could help to further elucidate the
sources of sulfate to surface waters.
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Oxygen isotope values of all surface water sam-
ples ranged from -9.8 %o to -8.0 %o (Table 1). 8*O
values in surface waters are dependent on several
factors: precipitation, evaporation, evapotranspi-
ration, infiltration and equilibration with run-off
(YEE et al., 1990). Measured 6'*0O values in river
water are comparable with 0O values obtained
in the River Sava (80O ranged from -10.0 to -8.8
%0) sampled in fall 2004 (Kanpu¢, 2006). More
positive 60 values could be attributed to evapo-
ration (GonfianTini, 1986). Carbon isotope values
of dissolved inorganic carbon (DIC) ranged from
-12.8 %o to -6.6 %o (Table 1) and indicate different
processes in the surface water system: dissolution
of carbonates, degradation of organic matter and
equilibration with atmospheric CO,. Calculated
CO, partial pressure (pCO,) varied from near at-
mospheric values (354 ppmv) to values that are
over 10-fold supersaturated (3388 ppmv), which
is typical of surface water (Kanpu¢ et al., 2007).
Higher pCO, values are probably due to higher
degradation of organic matter in surface waters
(DevER et al., 1983).

The 6Cpy values of surface waters were used
to determine the contributions of organic matter
decomposition, carbonate mineral dissolution,
and exchange with atmospheric CO, to DIC in the
watershed. An average 8%Cpoc value of -26.6 %o
was assumed to calculate the isotopic composi-
tion of DIC derived from in-stream respiration
(see Figure 4). Open system equilibration of DIC
with CO, enriches DIC in *C by about 9 %o (Mook
et al., 1974), thus yielding the estimate of -17.6 %o
shown in Figure 4. Nonequilibrium dissolution
of carbonates with one part of DIC originating
from soil CO, (-26.6 %0) and the other from car-
bonate dissolution with an average 8*C., of 2.0
%o (KanDu¢ et al., 2007) produces an intermedi-
ate dBCpc value of -12.3 %o (Figure 4). Given the
isotopic composition of atmospheric CO, (-7.8 %o;
Levin et al., 1987) and equilibrium fractionation
with DIC of +9 %o, DIC in equilibrium with the
atmosphere should have a 8*Cp;,. value of about
1.6 %o (Figure 4). Most surface water samples fall
around the line of nonequilibrium carbonate dis-
solution by carbonic acid produced from soil zone
with a 8¥Cqy, of -26.6 %o. Higher 8'3Cp. values
were observed in lakes, indicating open system
DIC equilibration with the atmosphere since the
long residence time of water in lakes allows dis-
solved CO, to equilibrate with the atmosphere.

The calcite saturation index (S, = log ([Ca*]
- [CO,*])/K aeite; Using the solubility products of
calcite (K.u.ie) is near and well above equilibrium
(SIcite = 0) and ranges from -0.03 to 1.55, indica-
ting that calcite is supersaturated and precipita-
tion is thermodynamically favoured in most of the
surface waters.

Major and stable isotope geochemistry
of groundwater

From the geochemical and stable isotope results
of sampled groundwater (Table 2) three different

aquifers can be identified: 1) A Pliocene aquifer
with an alkalinity from 11.92 to 61.95 meq/1, con-
centrations of Ca?* from 1.76 to 4.50 mM, concen-
trations of Mg?* from 2.39-21.74 mM, concentra-
tions of Na* from 1.65 to 13.09, concentrations of
Si from 0.86 to 1.91 mM, 6*Cp; values from -9.1
to 0.2 %o, and 60 values from -11.3 to -10.0 %o;
2) A Triassic aquifer with an alkalinity from
5.56 to 10.57 meq/l, concentrations of Ca* from
1.68 to 4.63 mM, concentrations of Mg* from 1.34
to 3.16 mM, concentrations of Na* from 0.07 to
3.98mM, concentrations of Sifrom0.11t00.19mM,
0¥Cpyc values from -17.4 to -3.2 %o. and 6'%0 va-
lues from -10.1 to -9.1 %o; and 3) A Lithotamnium
aquifer with an average alkalinity of 39.00 meq/
1, an average concentration of Ca* of 1.24 mM,
an average concentration of Mg* of 1.26 mM, an
average concentration of Na* of 52.36 mM, an ave-
rage concentration of Si of 0.23 mM, a 6'*Cp,¢ va-
lue of -2.2 %o, and an average 8'*0 value of -10.7 %o
(Table 2).

Groundwaters from the Triassic aquifer have
HCO, to Ca? + Mg?* ratios close to 2, plotting
along the 1:2 line shown in Figure 2A, indicating
that weathering of carbonates is the major con-
tributor of solutes, as seen for surface waters.
Furthermore, it was found that the Mg?/Ca?* ratio
in the Triassic aquifer is higher than 0.5, indica-
ting that weathering of dolomite is dominant (Fi-
gure 2 B). Groundwater from the Pliocene aquifer
plots near the 2:1 line, but slightly below (Figure
2A) suggesting contribution of additional cations
(Na*) likely due to cation exchange. In contrast,
groundwater from the Lithotamnium aquifer has
no relationship to the 1:2 line, plotting with high
HCO; and low Ca? + Mg?* concentrations (Figure
2A). This suggests that carbonate weathering is
not an important contributor of solutes to the
Lithotamnium aquifer groundwaters.

Groundwaters from the Triassic aquifer have
similar major ion chemistries, including K*, Na*,
Si, Ca?*, Mg*, and HCO; concentrations as surface
waters (Figures 2 and 3), whereas groundwater
from the Pliocene and Lithotamnium aquifers di-
splay different chemical signatures. Groundwater
from the Pliocene aquifer have relatively high K+,
Na* and Si concentrations (Figure 3), likely from
leaching of feldspars in the aquifer sand, marl and
mud units. It cannot be excluded that the water
recharging Pliocene aquifers is discharged from
the Periadriatic lineament. Groundwater from the
Lithotamnium aquifer has low Si concentrations
and high Na* and K* concentrations (Figure 3).

DOC (dissolved organic carbon) was investiga-
ted in the aquifers as it plays an important role in
reduction-oxidation (redox) reactions. The most
common soil-derived organic materials are hu-
mic substances, defined by their high molecular
weight. In non-contaminated groundwaters, low
molecular weight (LMW) compounds make up the
remainder of the DOC. LMW DOC includes cellu-
lose, proteins, and organic acids such as carboxy-
lic, acetic and amino acids (CLark & Frirz, 1997).
Concentrations of DOC in the Pliocene and Trias-
sic aquifers in the Velenje basin are relatively low
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(from 1.54 to 14.69 mg/l; Table 2). In comparison,
groundwaters associated with organic-rich shales
in the Michigan Basin contain DOC concentrations
up to 840 mg/l (MarTinI et al., 1996). An elevated
concentration of DOC (152.20 mg/1) was measured
in the Lithotamnium aquifer, which is probably
related to the higher organic matter content com-
pared to the other aquifers.

Calculated CO, partial pressures (pCO,) of
groundwater varied from 22908 ppm to 870964
ppm (location j.v. 783-K/00), which is from 57 to
2180-fold supersaturated relative to atmospheric
CO, (400 ppm; Crark & Fritz, 1997). The calcite
saturation index (SI ,..) of groundwater was gene-
rally well above equilibrium (SI,.. = 0), indicating
that calcite was supersaturated and precipitation
was thermodynamically favoured in samples from
the Pliocene and Lithotamnium aquifers (SI it
ranged from -0.07 to 1.25), while Triassic aquifers
were under saturated or close to saturation with
respect to calcite (SL,, . ranged from -0.2 to 0.16).
Groundwaters belonging to the Triassic aquifer
have similar 8*0 values as surface waters, indi-

cating similar water sources. In contrast, Pliocene
and Lithotamnium aquifers had lower $'%0 values
ranging from -11.3 to -10.0 %0 (Table 2). 80 va-
lues from Pliocene and Lithotamnium groundwa-
ters are lower in comparison with groundwaters
in the Sava River Basin (Kanpu¢, 2006). ARAVENA
et al., 2003 found very depleted 6'*0O and &D values
(around -20 %o for 6'*0 and -150 %o for dD), which
were attributed to CO, reduction processes.
Figure 4 indicates processes influencing the
3BCpyc value in groundwaters. It can be seen that
groundwaters from the Triassic aquifer have simi-
lar 8*Cp values as surface waters and fall around
the line of nonequilibrium carbonate dissolution
by carbonic acid produced from the soil zone with
a 03Co, of -26.6 %o. Groundwaters belonging to
the Pliocene and Lithotamnium aquifers have
higher §Cp values, which could be attributed to
bacterial CO, reduction, causing enrichment with
13C. Investigation of origin of methane in the Elk
Valley coalfield, southeastern British Columbia,
Canada also confirmed bacterial origin of meth-
ane with 8°Cp values from monitoring wells up
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to +34.9 %o (Aravena et al., 2003). Since ground-
waters represent a closed system, the process of
open system equilibration with the atmosphere
is negligible. The isotopic composition of CO, in
the Velenje Basin also indicated a bacterial origin
(besides endogenic CO,) of CO, and is further di-
scussed in Kanpu¢ & Pezpic, 2005.

Conclusion

The major solute composition of surface wa-
ters in the Velenje Basin is dominated by HCO;,
Ca?* and Mg?. Total alkalinity concentrations
ranged from 2.69 to 5.52 mM in rivers, while in
lakes concentrations of HCO; ranged from 1.89 to
3.91 mM. The concentration of solutes decreases
according to the sequence HCO,;>Mg?*>Na*>Ca*
in the Pliocene aquifer, Na*>HCO;>Mg?" in the
Lithotamnium aquifer, and HCO,>Ca?*>Mg>** in
the Triassic aquifer. Alkalinity values reached up
to 61.95 mM in the Pliocene aquifer, 39.93 mM in
the Lithotamnium aquifer, and 10.57 mM in the
Triassic aquifer. Observed 8%Cp. values in lakes
reached up to -7.5 %o, which is related to longer
equilibration time with atmospheric CO,, while
river water had lower 8%3Cp values similar to
those observed in the Triassic aquifer. Higher
03Cphc values up to 0.2 %o in the Pliocene and
Lithotamnium aquifers could be attributed to the
bacterial CO, reduction process.

Since the Velenje Basin is located in a tectoni-
cally complex system, the study confirms the dif-
ferent origins of groundwaters in this area. It seems
that Pliocene groundwaters (Preloge mining area)
recharging the Velenje Basin are related to coalbed
gas generation in the coalbed seam, since waters
with high alkalinities (mineralization) accelerate
bacterial activity. It still remains a question how
much bacterial gas in the Preloge mining area is
of recent generation and how much bacterial gas
remains trapped in the coalbed seam since forma-
tion of the basin. Triassic groundwaters (located
in the Skale mining area) have similar chemical
and isotopic composition as surface waters and
are mostly controlled by dissolution of carbonates
and degradation of CO.,.

This study was performed in the framework
of a larger study called “Sequestration of CO, in
geological media: criteria and approach for site
selection as a response to climate change” in the
Velenje Basin and represents the first results of
a systematic study of the chemical and isotopic
composition of surface waters and groundwa-
ters in this area. It should be emphasized that the
Velenje coalmine is located near So$tanj power
plant, which emits around 4 Mt/year of CO, into
the atmosphere. Hence the question arises about
sequestration of CO, in the Velenje Basin to satisfy
the Kjoto protocol, which was ratified in the year
2002.
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Izvlecek

V prispevku so obravnavani ostanki srednjeeocenske rakovice vrste Lophoranina marestiana (Konig, 1825) iz
okolice zaselka Copi pri Piénu v osrednji Istri na Hrvaskem. Ostanki njihovih karapaksov so najdeni v lutetijskih
karbonatnih kamninah, ki so v sklopu debelih paleogenskih flisnih plasti. Primerki opisanega taksona so v najdiscu
razmeroma pogostni, vendar pomanjkljivo ohranjeni. Nastopajo skupaj s $tevilnimi ostanki skeletov in kamenih
jeder majhnih in ve¢jih organizmov najrazli¢nejsih paleontoloskih skupin.

Abstract

In the contribution remains of Middle Eocene crabs of species Lophoranina marestiana (Konig, 1825) from envi-
rons of the small village of Copi near Piéan in central Istria, Croatia, are considered. Remains of their carapaces
were found in Lutetian carbonates occuring within the thick Paleogene flysch beds sequence. Individuals of the
mentioned taxon are relatively abundant of skeletons and casts of smaller and larger organisms of diverse paleon-

tological groups.

Uvod

Copi lezi jugovzhodno od Pazina, to¢neje juzno
od Picna v osrednji zeleni Istri na Hrvaskem (sl. 1).
Tam izdanjajo debele eocenske flisne plasti, pone-
kod v izredno lepih in zanimivih profilih, ki po VE-
LICU in sod. (1995, 6) pripadajo paleogenskemu fli-
$nemu bazenu osrednje Istre. Ostanki makrofavne
so vedno vezani na plasti, kjer najdemo vecje ali
izredno veliko Stevilo numulitin. To so ponavadi
apnencevi peScenjaki in olistostromne brece, red-
keje apnenci. Znotraj tega kompleksa je Se plast,
v kateri so ostanki rakovic. Njihovi ostanki so iz-
redno redki in obi¢ajno mo¢no poskodovani. Tako
smo se vsake nove rakovic¢je najdbe zelo razveseli-
li, se posebej lepo ohranjene.

Pri Copiju so doloc¢ene plasti polne mikro in
makrofosilov. V zacetku smo bili pozorni pred-
vsem na morske jezke in mehkuzce. Ker smo ne-
kajkrat nasli slabo ohranjene ostanke loforanin,
smo zaceli iskati in zbirati tudi njihove ostanke.
Po veckratnih obiskih najdis¢a smo zbrali toli-
ko ostankov loforanin, da jih lahko predstavimo.
Mislimo, da vsi ostanki pripadajo samo eni obliki
rakovic vrste Lophoranina marestiana.

Dosedanje raziskave rakovic v osrednji Istri

Brrrner (1875, 68) pise, da so ranine v Istri po-
znane in so enake vrsti Ranina marestiana ter
da so iz zgornjega horizonta z rakovicami vrste
Harpactocarcinus punctulatus Desmarest v naj-
diséu pri nekdanjem Cepiékem jezeru. Tonioro
(1909, 291-294) med eocensko favno okolice Roca
v Istri opisuje tudi rakovice $tirih oblik: Calappa
sp., Harpactocarcinus quadrilobatus Desmarest,
H. punctulatus Desmarest in H. souwerbyi (=so-
werbyi) Milne-Edwards. Kakrsnihkoli ostankov
ranin ali loforanin iz obmoc¢ja okolice Ro¢a, Tonto-
Lo (1909) ne omenja. Sacco (1924, 20-21) poroca,
da so srednjeeocenske plasti bogate s fosilnimi
ostanki in da izdanjajo na obmoc¢ju Roca, Pazi-
na, Graciséa in drugod. Med rakovicami omenja
najdbe rodov Ranina in Calappa ter vrste Har-
pactocarcinus quadrilobatus, H. punctulatus in
H. sowerbesi (=sowerbyi) s $tevilnimi primerki,
ki tvorijo takoimenovane »plasti z rakovicami«.
Kocuansky-DeviDE (1964, 219, sl. 292) predstav-
lja ostanke rakovice rodu Ranina iz eocenskih
skladov v okolici RaSe. PavLovec in Pavsi¢ (1987,
55) sta raziskovala plasti z rakovicami v Istri in
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Fig. 1.The position of site of Eocene lophoraninas at Copi in
central Istria, Croatia

piseta, da so tam ugotovljene rakovice Harpacto-
carcinus punctulatus Desmarest, H. quadrilobatus
in H. punctulatus istriensis Bachmayer et Nosan.
S pomoc¢jo numulitin in nanoplanktona sta ugo-
tovila, da so plasti z rakovicami na severovzhod-
ni strani trzaSko-pazinskega terciarnega bazena
(Gracisce, Ro¢) spodnjelutetijske, na jugozahodni
(Pi¢an) pa srednjelutetijske starosti. Nadalje Se
pisSeta, da v primorskem pasu v bazi eocenskega
flisa najdemo cono oziroma plast z rakovicami,
v katerih so primerki rodov Harpactocarcinus in
Ranina. MoosLEITNER (1996, Taf. 1) predstavlja
ostanke eocenskih rakovic iz najdisca Paz v Istri.
Doloceni sta dve rakovici: Ranina marestiana
Koenig in Harpactocarcinus punctulatus (Desma-
rest). Tarrao (2000, 30) omenja iz Istre stiri rako-
vice: Harpactocarcinus punctulatus Desmarest,
H. quadrilobatus Desmarest, H. sowerby Edwards
in H. punctulatus istriensis Bachmayer & Nosan.
Tarrao (2000, 31) nadalje obravnava istrske ra-
kovice iz okolice Pazina in predstavlja vrsto Har-
pactoxanthopsis quadrilobata (Desmarest 1822).
Mikuz (2002) poroca, da so v letu 2001 nasli lepo
ohranjen primerek rakovice, ki jo opisuje kot vrsto
Harpactoxanthopsis quadrilobata. 1z Gracisca pri
Pazinu opisuje Mikuz (2004, 24) skromen primerek
rakovice vrste Lophoranina marestiana (Konig,
1825). ScuweITzER, Cosovié & FELDMANN (2005, 664)
poroc¢ajo o naslednjih eocenskih rakovicah, ki so
bile najdene v Istri: Calappa sp., Harpactoxant-
hopsis quadrilobatus, Harpactocarcinus punctu-
latus, Harpactoxanthopsis souverbiei in Lophora-
nina marestiana. SCHWEITZER in sod. (2007, 1098)
poroc¢ajo o najdbah rakovic na Hrvaskem vrste

Harpactocarcinus punctulatus, iz Slovenije in Hr-
vaske pa o vrsti Harpactocarcinus istriensis.

Paleontoloski del

Sistematika po: GLAESSNER, 1969

Ordo Decapoda Latreille, 1803
Subordo Pleocymeata Burkenroad, 1963
Infraordo Brachyura Latreille, 1803
Sectio Oxystomata H. Milne-Edwards, 1834
Superfamilia Raninoidea de Haan, 1841
Familia Raninidae de Haan, 1841
Genus Lophoranina Fabiani, 1910

Gumort (1993, 1325) opisuje druzino Raninidae
de Haan, 1841 in jo imenuje »frog crabs« (»zabje
rakovice«). GLAESSNER (1969, R498) prikazuje in
opisuje razlike med rodovi Ranina, Lophoranina
in drugimi podobnimi oblikami iz druzine Ranini-
dae. Rod Ranina ima na dorzalni strani karapak-
sa Stevilne vzdolzno potekajocée zrnaste izrastke,
Lophoranina pa ima na karapaksu vzporedne in
precno potekajoce trnaste grebene. Rod Ranina je
poznan od eocena do danes, rod Lophoranina je
samo eocenski. GLAESSNER (1969) in Savazzr (1981)
piseta, da so rakovice rodu Lophoranina ugotov-
ljene v srednje in zgornjeeocenskih skladih Evro-
pe, Egipta, Irana, Indije in zahodnega Pacifika ter
v oligocenskih plasteh ZDA (Alabama), Bornea in
Zahodne Indije. Savazz1 (1981, 233) nadalje Se pise,
da so ostanki pravega rodu Lophoranina v Evro-
pinajdeni izkljuéno v srednje in zgornjeeocenskih
skladih. Potemtakem so loforanine za del eocena v
tem prostoru do neke mere »vodilni fosili«.

Lophoranina marestiana (Konig, 1825)

Tab. 1, sl. 1-11
1859 Ranina Marestiana Kon. — Reuss, 21, Taf. 5,
Fig. 1
1863 Ranina Helli — ScuarHAUTL, 223, Taf. 60,
Fig. 3

1875 Ranina Marestiana Konig — BITTNER, 64,
Taf. 1, Figs. 1, 2a-2c¢

1883 Ranina Marestiana Koénig. — BITTNER, 300,
Taf. 1, Figs. 1a-1b

1895 Ranina Marestiana Koénig — BITTNER, 253,
Taf. 1, Fig. 5-5a

1895 Ranina Marestiana Koenig — ZITTEL, 488,
Figs. 1324 a-c

1896 Ranina Marestiana Koenig 1828 — OPPENHEIM,
209

1924 Ranina marestiana Koen. — Parona, 515,
Fig. 308

1966 Ranina (Lophoranina) marestiana Konig
— Ancona, 406, Tav. 1-3

1968 Ranina marestiana Konig — VoGeLtanz, 103,
Abb. 10-g

1969 Ranina (Lophoranina) marestiana (Konig)
— GLAESSNER, R498, Fig. 311,6

1970 Lophoranina marestiana (Konig) 1825 — Via,
104, Lam. 5, Figs. 1, la-1b; Lam. 6, Fig. 1

1981 Ranina (Lophoranina) marestiana Konig
1859 — Savazzi, 234, Fig. 2 A
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1988 Lophoranina marestiana (Konig, 1825) -
BescuiN in sod., 175, Fig. 6, Tav. 5, Figs. 3, 4

1992 Ranina (Lophoranina) marestiana Konig
— Hacn, DarGa & Scuwmip, 192-193, Taf. 57

1994 Lophoranina marestiana (Konig, 1825) -
BescHiN in sod., 173, Tav. 3, Fig. 4

1996 Ranina marestiana Koenig — MOOSLEITNER,
108, Taf. 1, Fig. 1

1998 Ranina (Lophoranina) marestiana (Konig)
- ScuuLTZ, 40, Taf. 12, Fig. 2

1998 Lophoranina marestiana (Konig, 1825) —
BescHIN in sod., 20, Figs. 6.2-3, 8.1

2004 Lophoranina marestiana (Konig, 1825) -
Mikuz, 24, Tab. 1, S1. 1-2

Material: Enajst (11) bolj ali manj okrnjenih
rakovi¢inih karapaksov (Cr1-Cr11). Pri nekaterih
primerkih so ohranjeni tudi posamezni deli eks-
tremitet. Vse primerke sta nasla Vili Rakove in
avtor prispevka.

Nahajalisée: Profil srednjeeocenskih flisnih pla-
sti blizu Copija pri Piénu. Primerki so najdeni v
lutetijskih skladih s S$tevilnimi foraminiferami
— numulitinami, diskociklinami in bolj redkimi
asterociklinami, pogostimi $koljkami, polzi, ane-
lidi, briozoji, morskimi lilijami in morskimi jezki.

Opis: Karapaks je podolgovat do ovalen in dor-
zalno polkrozno izbocen. Sprednji (anteriorni) in
osrednji (centralni) SirSi del ohranjenega dela ka-
rapaksa je raven, ostali del je polkrozno-ovalen,
zadnji (posteriorni) rob je kratek in vbocen ter na
zgornji strani konkaven. Pri nekaterih primerkih
je ohranjen $e del frontalnega roba (tab. 1, sl. 2,
4, 7) nikjer v celoti. Na povrsini karapaksa so za
vrsto znacilni stevilni vzporedno potekajoc¢i in na-
zobcani prec¢ni ali transverzalni grebeni. Na pri-
merkih iz Copija je 14 do 15, pri nekaterih tudi
ve¢ precnih grebenov. Grebeni v sprednjem in v
zadnjem delu karapaksa potekajo zvezno od leve-
ga k desnemu robu, v osrednjem delu karapaksa
se razvejijo ali izklinjajo. Grebeni so asimetri¢ni,
ukrivljeni in razli¢nih visin. Resekventna stran
grebenov je gladka in obrnjena proti zadnjemu,
obsekventna in trnasti izrastki pa proti sprednje-
mu delu karapaksa (cefalotoraksa). Terasasto-
stopnjasti relief na dorzalni strani karapaksa in
njegovo funkcionalno vlogo je nadrobno obrazlo-
7il Savazz1 (1981).

Pripombe: Ancona (1966, 406) pise, da so zno-
traj eocenskih rakovi¢jih rodov Ranina in Lopho-
ranina doloc¢ene §tiri vrste: Ranina (Lophoranina)
marestiana Konig, R. (L.) bittneri Lorenthey, R.
(L.) reussi Woodward in R. (L.) laevifrons Bittner.
Dolocitev posamezne vrste pa ni tako preprosta.
Po mnenju Ancone (1966) so nekatere do sedaj do-
loc¢ene in poimenovane vrste zelo vprasljive.

Dolocevalni kriteriji so zelo razliéni, ohra-
njenost loforanin je obicajno zelo pomanjkljiva.
Hkrati pa pri doloc¢itvah niso uposStevane varia-
cijske $irine posameznih vrst, ki jih dejansko ne
poznamo. Vec¢inoma so fosilne vrste dolocene po

Primerki .. ... Dimenzije karapaksov
Specimens Cr1-Cr11 ﬁglﬁggﬁ \?\I/mﬁ loforanin iz Copija
Tab. 1 — P, 1 (v mm)
Cr-1,sl. 1 55 45 Dimensions of
Cr-2,sl. 2 39 30 Lophoranina .
(:Zr-3, o 3 23 30 airg);c):es from Copi
Cr-4,sl. 4 40 30
Cr-5, sl. 5 37 32
Cr-6, sl. 6 28 31
Cr-7,sl. 7 38 32
Cr-8,sl. 8 35 33
Cr-9,sl. 9 26 21
Cr-10, sl. 10 14 16
Cr-11, sl. 11 13 18

morfoloskih znacilnostih karapaksa, ki je pri ro-
dovih Lophoranina in Ranina precej variabilen.
Karapaks in posamezni deli ekstremitet se zara-
di svoje kompaktnosti tudi najvec¢krat ohranijo in
najdejo, v celoti ohranjeni primerki opisane rako-
vice z vsemi detajli so najverjetneje zelo redki. Via
(1970, 128, Fig. 14) $e opozarja, da so pri recentni
vrsti Ranina ranina (Linné) opazili precej$nje ra-
zlike v oblikovanosti in velikosti predvsem fron-
talno-orbitalnega dela karapaksa, tako pri samcih
kot tudi samicah in juvenilnih primerkih.

Ce upostevamo podatke, ki jih navaja Savazzi
(1981, 233), so najdeni ostanki rodu Lophoranina
v Evropi, znacilni izklju¢no za srednje in zgornje-
eocenske sklade. To nekako sovpada s stratigraf-
sko razS§irjenostjo ostankov morskega jezka vrste
Conoclypus conoideus in Se z nekaterimi drugimi
oblikami morskih jezkov in primerki iz drugih
zivalskih skupin.

Stratigrafska in geografska razsirjenost: Reuss
(1859, 81) omenja najdbe vrste Ranina marestiana
iz numulitnega apnenca v okolici Verone. ScHAF-
HAUTL (1863, Taf. 60-61) predstavlja iz eocenskih
skladov juzne Bavarske vrsti Ranina fabri in
R. helli. Brrrner (1875) prikazuje primerek, ki je
bil najden v eocenskih skladih lokalitete San Gio-
vanni Ilarione v Italiji, ZirTeL (1895) pa primerek
iz starostno primerljivih plasti Kressenberga na
jugu Bavarske. BirTnEer (1883, 316, Taf. 1, Figs. 1-
4) predstavlja ve¢ razli¢nih ranin: Ranina mare-
stiana Konig in dve novi vrsti Ranina notopoides
in R. simplicissima. Vse so iz eocenskih skladov
Ttalije. QuensteEDT (1885, Taf. 31, Fig. 31) prikazuje
vrsto Ranina kressenbergensis iz eocenskih skla-
dov Bavarske. Birtner (1895, 247, Taf. 1, Fig. 3-4)
predstavlja primerek vrste Ranina laevifrons Bit-
tner iz eocenskih plasti Italije, ki ga primerja s pri-
merki vrste Ranina marestiana Konig. OPPENHEIM
(1896, 210) omenja ostanke vrste Ranina maresti-
ana iz ve¢ najdis¢ (Mt. Postale, Ciuppio, Mt. Ve-
groni, Chiampo, Purga di Bolca) v okolici Verone.
Via (1959, 365-366) iz eocenskih skladov Spanije
omenja dve ze obstojeci vrsti Lophoranina mare-
stiana (Konig, 1825) in L. reussi (Woodward, 1866)
ter opisuje novo vrsto Lophoranina straeleni (Via,
1959). Vapasz (1960, 594) predstavlja primerek vr-
ste Ranina reussi Woodward iz zgornjeeocenskih
plasti Madzarske. Ancona (1966, Tav. 1-3) pred-
stavlja dobro ohranjene in izredno lepo prepari-
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rane primerke iz srednjeeocenskih plasti nahaja-
lis¢a Valle del Chiampo v Italiji. VogeLTANZ (1968,
103, Abb. 10) je raziskoval ostanke vrste Ranina
marestiana Konig iz eocenskih plasti najdisca
St. Pankraz na Salzbur§kem. Via (1969, 104-125)
opisuje iz eocenskih skladov Spanije vrste Lopho-
ranina marestiana (Konig) 1825, L. reussi Wood-
ward, 1866 in L. straeleni Via, 1959. Omenja pa Se
stevilne oblike fosilnih loforanin iz obmo¢ij Indo-
pacifika, Evrope, Afrike in Amerike. Po podatkih
istega avtorja (Via 1970, 124) je vrsta Lophorani-
na marestiana registrirana v srednje in zgornje-
eocenskih skladih Italije, Svice, Nemcije, Avstrije,
Spanije in Egipta, iz Istre jih Via (1970) ne omenja.
GraessnEr (1969) jo navaja iz severne Italije. 1z
eocenskih skladov Crne Gore omenja Pavié (1970,
205) vrsto Lophoranina bittneri Lorenthey. Hagn,
Darca & Scumip (1992, 192) omenjajo in predstav-
ljajo dva primerka vrste Ranina (Lophoranina)
marestiana, prvega iz spodnjecuisijskih skladov
Kressenberga na Bavarskem in drugega iz lutetij-
skih plasti najdis¢a St. Pankraz pri Haunsbergu
severno od Salzburga. MoosLEITNER (1996) jo je
nasel v nahajalis¢u Paz severovzhodno od Pazina
v Istri. BescuiN in sod. (1988; 1994; 1998) nava-
jajo, da je opisana vrsta ugotovljena v eocenskih
skladih severne Italije in v Spaniji. Morda nasto-
pa tudi na Siciliji. Scaurrz (1998) pise, da je ome-
njena vrsta rakovice najdena v lutetijskih plasteh
najdisca St. Pankraz blizu Salzburga v Avstriji.
Mikuz (2004, 24) opisuje primerek vrste Lophora-
nina marestiana iz srednjeeocenskih flisnih plasti
najdis¢a Gracisce, juznovzhodno od Pazina. Fézy
& SzeNTE (2007, 243, 2) prikazujeta primerek vrste
Lophoranina reussi (Woodward) iz eocenskih pla-
sti Madzarske.

Zakljucki

V blizini Copija (sl. 1), zelo majhnega zaselka
v osrednji Istri na Hrvaskem izdanjajo eocenske
kamnine, ki so v sklopu paleogenskega fliSnega
bazena. V dolo¢enem horizontu fliSnega profila so
karbonatne in klasti¢ne kamnine. Znotraj le teh so
posamezne plasti, ki so bogate s fosilnimi ostanki.
Nekoliko visje je opaziti Se »horizont z rakovica-
mi«, v katerih je najdenih ve¢ razli¢énih rakovic,
vendar med njimi ni nobenih ostankov loforanin.
Po pregledovanju izdankov, v katerih so najdene
loforanine in iskanju drugega fosilnega inventarja
ugotavljamo, da so prisotni $e naslednji organiz-
mi: numulitine, asterocikline, diskocikline, polzi,
Skoljke, poliheti, rakovice, mahovnjaki, morske
lilije in nepravilni morski jezki. Najden je tudi
skromen ostanek glavonozca. Po precej subjek-
tivni presoji opazamo, da so med forameniferami
najbolj pogostni ostanki numulitin, med makro-
favno je veliko kamenih jeder polzev in $koljk,
nekoliko manj je nepravilnih morskih jezkov, Se
veliko manj pa vseh preostalih Ze navedenih fosil-
nih skupin. PogreSamo ostanke koral in pravilnih
morskih jezkowv. )

V raziskovanem najdisc¢u pri Copiju so ostanki
loforanin razmeroma pogostni in praviloma pripa-

dajo vrsti Lophoranina marestiana (Konig, 1825).
Vecina karapaksov je manjsih velikosti, sem in tja
se najdejo tudi nekoliko vecji primerki. Vsi pred-
stavljeni primerki so poskodovani, popolnih kara-
paksov ni. Glede na tamkaj$nje kamnine tudi ne
moremo pri¢akovati bolj kompletnih, nikakor pa
ne v celoti ohranjenih loforanin z vsemi njihovimi
zelo obcutljivimi nogami. Oblikovanost prec¢nih
grebenov, ki so nazobc¢ani oziroma drobno trna-
sti je raznolika, tudi izboc¢enost pri karapaksih se
nekoliko razlikuje. Zaradi slabSe ohranjenosti nji-
hovih karapaksov in majhnega $tevila primerkov,
statisticna obdelava merskih podatkov taksnega
fosilnega materiala ni primerna, pridobljeni stati-
sti¢ni podatki bi lahko bili zavajajoci.

Opisana in predstavljena vrsta »istrske loforani-
ne« (tab. 1, sl. 1-11) je znacilna za lutetijske sklade
Hrvaske (Istra), Italije, Spanije, Avstrije in juzne
Nemcije ter najverjetneje kar za celoten kompleks
srednjeeocenskih kamnin Evrope, predvsem nje-
nega juznega predela ter vzhodnega dela severne
Afrike. Primerki rodu Lophoranina so registrirani
tudi vzhodneje na Madzarskem. V Sloveniji ima-
mo velike povrsine prekrite tudi z eocenskim fli-
Sem, vendar Se nismo nasli nobenih loforanin.

Lophoraninas from Eocene beds
in central Istria, Croatia

Conclusions

Close to Copi (Fig. 1), a very small village in
central Istria, Croatia, outcrop Eocene beds that
are a part of a larger Paleogene flysch basin. In
a specific horizon of the flysch profile are present
carbonate and clastic rocks. Certain beds within
them are rich in fossil remains. Somewhat higher
also a »horizon with crabs« is observed in which
several distinct crab species were found, but no
remains of lophoraninas. During inspection of
outcrops in which lophoraninas were found and
examination of the remaining fossil inventory
we established also the presence of the following
organisms: nummulitinas, asterocyclinas, disco-
cyclinas, gastropods, bivalves, polychaetes, crabs,
bryozoans, crinoids and irregular sea urchins.

Found was also a modest remain of a cephalo-
pod. According to a rather subjective judgment
the most frequent among foraminifers are remains
of nummulitinas, among the macrofauna occur
abundant casts of gastropods and bivalves, less
frequent are irregular sea urchins, and even more
rare the mentioned fossil groups. Missing are re-
mains of corals and regular sea urchins.

In the studied locality at Copi remains of lopho-
raninas are relatively frequent, and they belong as
a rule to species Lophoranina marestiana (Konig,
1825). Most carapaces are of moderate size, only a
few individuals are larger. All presented specimens
are damaged, no perfectly preserved carapaces
were found. With respect to the locally occuring
rocks no more completely preserved lophoraninas
could be expected, considering their very delicate
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legs. Morphology of transversal ridges, which are
dentate resp. finely thorny is variable, and also the
convexity of carapaces differs somewhat. Owing
to the poor preservation state of carapaces and
small number of specimens a statistical treatment
of measurement data of such fossil material is not
appropriate, since the results of statistics could be
misleading.

The described and presented species of »Istrian
lophoranina« (Pl. 1, Figs. 1-11) is characteristic
for Lutetian beds of Croatia (Istria), Italy, Spain,
Austria and southern Germany, and most proba-
bly also for the entire complex of Middle Eocene
rocks of Europe, especially of its southern region,
and the eastern part of North Africa. Specimens
of genus Lophoranina were recorded also more
to the east, in Hungary. In large areas of Slovenia
Eocene flysch is also exposed, in which, however,
no lophoraninas were found till now.

Zahvale

Zahvaljujemo se Viliju Rakovcu iz Kranja, ki je v
najdis¢éu pri Copiju nasel nekaj ostankov karapaksov
eocenskih rakovic ter jih podaril Oddelku za geologijo.
Za situacijsko skico najdis¢a in drugo slikovno doku-
mentacijo se zahvaljujemo sodelavcu Marijanu Grmu,
za prevode v angles¢ino pa zasluznemu profesorju
dr. Simonu Pircu.
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TABLA 1 -PLATE 1

1 Lophoranina marestiana (Konig, 1825), primerek Cr-1, karapaks z zgornje strani, Copi, x 1
Lophoranina marestiana (Konig, 1825), specimen Cr-1, carapace from the dorsal side, Copi, x1

2 Lophoranina marestiana (Konig, 1825), primerek Cr-2, zgornja stran oklepa, Copi, x 1,2
Lophoranina marestiana (Konig, 1825), specimen Cr-2, dorsal view, Copi, x 1,2

3 Lophoranina marestiana (Konig, 1825), primerek Cr-3, zgornja stran oklepa, Copi, x 1,4
Lophoranina marestiana (Kénig, 1825), specimen Cr-3, dorsal view, Copi, x 1,4

4 Lophoranina marestiana (Konig, 1825), primerek Cr-4, zgornja stran oklepa, Copi, x 1,3
Lophoranina marestiana (Konig, 1825), specimen Cr-4, dorsal view, Copi, x 1,3

5 Lophoranina marestiana (Konig, 1825), primerek Cr-5, zgornja stran oklepa, Copi, x 1,5
Lophoranina marestiana (Konig, 1825), specimen Cr-5, dorsal view, Copi, x 1,5

6 Lophoranina marestiana (Konig, 1825), primerek Cr-6, zgornja stran oklepa, Copi, x 1,5
Lophoranina marestiana (Konig, 1825), specimen Cr-6, dorsal view, Copi, x1,5

7 Lophoranina marestiana (Konig, 1825), primerek Cr-7, zgornja stran oklepa, Copi, x 1,4
Lophoranina marestiana (Konig, 1825), specimen Cr-7, dorsal view, Copi, x 1,4

8 Lophoranina marestiana (Konig, 1825), primerek Cr-8, zgornja stran oklepa, Copi, x 1,5
Lophoranina marestiana (Konig, 1825), specimen Cr-8, dorsal view, Copi, x 1,5

9 Lophoranina marestiana (Konig, 1825), primerek Cr-9, zgornja stran dela oklepa, Copi, x 1,5
Lophoranina marestiana (Konig, 1825), specimen Cr-9, dorsal view, Copi, x1,5

10 Lophoranina marestiana (Kénig, 1825), primerek Cr-10, del zadnjega dela oklepa, Copi, x 1,3
Lophoranina marestiana (Konig, 1825), specimen Cr-10, dorsal view, Copi, x 1,3

11 Lophoranina marestiana (Konig, 1825), primerek Cr-11, del oklepa, Copi, x 1,4
Lophoranina marestiana (Konig, 1825), specimen Cr-11, dorsal view, Copi, x 1,4

Fotografije (Photos): Marijan Grm
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Abstract

Thrust structure of the northeastern part of the External Dinarides is depended upon paleogeography of the
Adriatic-Dinaric Mesozoic Carbonate Platform, which was in the southeast (in the recent position) composed of
Dinaric and Adriatic segment with intermediate Budva Trough. In the northwest in the area of the present Slovenia,
it represents uniform platform. In the northwestern continuation of the Budva Trough, shallow halftrough formed
and more to the west, shallow Friuli Paleogene Basin came in to being, which separated so called Friuli Carbonate
Platform from the central part of the carbonate platform. Area of Istria was separated from Adriatic segment with
Kvarner Fault, originated already in the Mesozoic.

External Dinaric Thrust Belt formed in the final phase of the Dinarides overthrusting. It originated from Dinaric
segment of the Mesozoic Carbonate Platform at the end of the Eocene and was thrusted on the Adriatic segment of
the Mesozoic Carbonate Platform. Whole process also triggered formation of the External Dinaric Imbricate Belt
with Thrust Front of the External Dinarides against Adriatic-Apulian Foreland. Later also represents rigid in-
denter of the Adria Lithospheric Microplate (“Adria”), and External Dinaric Imbricate Belt represents its deformed
margin, therefore we place it to the rigid indenter.

Segmentation of the “Adria” occurred in the Miocene or later. It roughly disintegrated in the Padan and Adriatic
part along Kvarner Fault. During rotation of the Padan part in the counter clockwise sense, the corner part, repre-
senting Istria Peninsula, rotated and underthrusted towards northeast under External Dinarides. As a result, Istria-
Friuli Underthrust Zone formed, structurally conditioned with the position of the Friuli Paleogene Basin, and vast
Istria Pushed Area between Southern Alps, Velebit Mts. and Zelimlje Fault. This process is still active recently.

During Istria underthrusting and pushing in the northwest direction, Rasa Fault and Thrust Front of the Ex-
ternal Dinaric Thrust Belt bended, and as a consequence, strike-slip movements along those planes were hindered.
From the tip of the Kvarner Bay towards Idrija and Ravne Faults in the Upper Soc¢a Valley, conditions for forma-
tion of the en echalon strike-slip belt were set up. The strike-slip belt is defined with segment of the Rasa Fault
southeast from Ilirska Bistrica, seismically active area between Ilirska Bistrica — HruSevje stretch, Vipava Fault,
Predjama Fault and northwestern part of the Idrija and Ravne Fault. Therefore we postulate, that a segment of the
External Dinaric Thrust Belt Front and shear boundary between the tip of Kvarner Bay and Upper Soca Valley,
with extended branches of the Idrija and Ravne Faults, represents new attached block of the Adria Microplate rigid
indenter edge.

Izvleéek

Narivna zgradba severozahodnega dela Zunanjih Dinaridov je pogojena s paleogeografsko podobo Jadransko-
dinarske mezozojske karbonatne platforme, ki je bila na jugovzhodu v danasnji legi zgrajena iz dinarskega in
jadranskega segmenta platforme z vmesnim Budvanskim jarkom, na severozahodu na obmoc¢ju danasnje Slovenije
pa je tvorila enotno platformo. V podaljsku Budvanskega jarka proti severozahodu, se je v paleogenu izoblikoval
plitek poljarek, zahodno od tod pa plitek Furlanski paleogenski bazen, ki je tedaj lo¢il t. i. Furlansko karbonatno
platformo od osrednjega dela karbonatne platforme. Obmocje Istre je bilo od Jadranskega segmenta platforme
lo¢eno s Kvarnerskim prelomom, ki je bil zasnovan Ze v mezozoiku.

V konéni fazi krovnega narivanja Dinaridov je iz dinarskega segmenta mezozojske karbonatne platforme konec
eocena nastal Zunanjedinarski narivni pas, ki se je narinil na jadranski segment mezozojske karbonatne platforme
in izzval nastanek Zunanjedinarskega naluskanega pasu katerega celo predstavlja Narivno ¢elo Zunanjih Dinari-
dov nasproti Jadransko-apulijskemu predgorju. Slednje predstavlja trdno jedro Jadranske litosferne mikroplosce
(“Adrie”), Zunanjedinarski naluskani pas pa njeno deformirano obrobje in ga zato pristevamo k trdnemu jedru.
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V miocenu ali pozneje je prislo do segmentacije “Adrie”. Ta je v grobem razpadla ob Kvarnerskem prelomu na
padski in jadranski segment. Pri rotaciji padskega segmenta v nasprotni smeri urinega kazalca, se je njen vogalni
del kjer lezi polotok Istra, zasukal in se podrinil proti severovzhodu pod Zunanje Dinaride. Nastala je Istrsko-fur-
lanska podrivna cona, ki je strukturno pogojena z lego Furlanskega paleogenskega bazena in obsezno Istrsko po-
tisno obmod¢je, ki zajema prostor med Juznimi Alpami, Velebitom in Zelimeljskim prelomom. Ta proces je recentno
aktiven.

Pri podrivanju in potiskanju Istre proti severovzhodu se je uslo¢il Raski prelom in ¢elni nariv Zunanjedinarskega
narivnega pasu, zaradi ¢esar je bilo zmikanje ob teh ploskvah otezeno. Ustvarili so se pogoji za nastanek eSalonskega
zmicénega pasu od vrha Kvarnerskega zaliva proti Idrijskemu in Ravenskemu prelomu v dolini zgornje Soce. Pas
je definiran s segmentom Ragkega preloma jugovzhodno od Ilirske Bistrice, pasom pogoste seizmi¢ne aktivnosti
Ilirska Bistrica — HruSevje, Vipavskim prelomom, Predjamskim prelomim ter severozahodnim delom Idrijskega in
Ravenskega preloma. Postavljamo domnevo, da predstavlja segment med Celom Zunanjedinarskega narivnega pasu
in strizno mejo med vrhom Kvarnerskega zaliva ter zgornjim Poso¢jem s podaljsanima vejama Idrijskega in Raven-

skega preloma proti zahodu nov prikljuceni blok mejnega pasu trdnega jedra Jadranske mikroplosce.

Introduction

The idea about tectonic structure of the north-
western part of the External Dinarides is based
on the data of structural mapping and hypothetic
assumption of the Adria Microplate indenter un-
derthrusting below External Dinarides (BLaskovié
& Avsinovié, 1981; Braskovié, 1991, 1998, 1999;
Placer, 2002, 2005, 2007; Placer et al., 2004), on
the analysis of repeated leveling line campaigns
data (Riznar et al., 2007) and GPS measurements
(WEBER et. al., 2010).

The question of structure of the northwestern
part of Dinarides in hinterland of Trieste Bay, Is-
tria Peninsula and Kvarner Bay (Fig. 1) is impor-
tant for understanding the dynamics of tectonic
processes and establishment of trace of north-
eastern boundary of the rigid indenter of the
Adria Lithospheric Microplate. It is also closely
related with discussion on existence of a single or
two Mesozoic carbonate platforms. The concept
of a single platform has been recently maintained

by VELIC et al. (2002) and Vwianovié et al. (2005),
and the term Adriatic Carbonate Platform was
proposed, which also includes several intraplat-
form basins that assumed various positions in the
evolution process of the platform. In structural
sense, Budva Trough (T; — K) divides central and
southern part of the platform into two segments.
Two platforms, the Adriatic and the Dinaric one,
with the interplatform Budva Trough, have been
advocated by Herak (1986,1999), Tarr (2002) and
KorBAR (2009).

The analysis of the thrust structure of north-
western part of Dinarides described in the present
paper supports the assumption that the model
by VELI¢ et al. (2002) and Vwianovi¢ et al. (2005)
more closely corresponds to the situation in the
field, whereas Tari’s model, although established
in the central and southeastern part of the Exter-
nal Dinarides, provides an appropriate basis for
structural and genetic presentation of problems.
Since according to our research the Budva Trough
was larger in size than believed by VvianovI¢ et al.
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(2005), and had therefore a stronger influence on
formation of the thrust structure, we believe it is
more appropriate to use the term Adriatic-Dinaric
Carbonate Platform (Pami¢ et al., 1998) consisting
of Adriatic and a Dinaric segment. Therefore we
accordingly modified Tarr's (2002) structural ter-
minology.

Tar1(2002) subdivided the Dinaric thrust struc-
ture into the Eastern Thrust Belt and the Western
Thrust Belt whose overthrusts verge toward SW.
The Eastern Thrust Belt consists of rocks of the
prerifting and rifting stages, and the most cha-
racteristic overthrust structure in it is the front
nappe of ophiolitic melange. The latter is over-
thrust on the Western Thrust Belt whose north-
eastern part consists of Jurassic and Cretaceous
flysch filling the pre-thrust basin of the Eastern
Thrust Belt, and its central and southwestern
parts comprise rocks of the Dinaric Mesozoic
carbonate platform that comprises the foreland
of the Eastern Thrust Belt. The southwestern
boundary of the Western Thrust Belt is constitu-
ted by the Frontal Thrust of the Dinaric carbona-
te platform that passes along the Adriatic coast.
Below the Frontal Thrust is underthrust the mar-
ginal part of the Adriatic Carbonate Platform, as
a result of which the Imbricated belt of the Adri-
atic Carbonate Platform is formed. Rocks of the
Budva Basin are covered by overthrusts of the
Western Thrust Belt. The thrust structure of Di-
narides progressed in time and space from north-
east toward southwest. The Eastern Thrust Belt,
however, started to form after the continental
progressive convergence at the end of Jurassic,
while the Frontal Thrust of the Western Thrust
Belt ended its evolution in the Older Eocene. The
imbricated belt of the Adriatic Carbonate Plat-
form might have originated in the last thrusting
stage of the Western Thrust Belt already, its evo-
lution continued by underthrusting of the rigid
indenter of the Adria Lithospheric Microplate
under Dinarides in Oligocene, and has been still
active in Pleistocene.

In the paper the classical structural subdivi-
sion into the Internal and External Dinarides,
and their foreland is used (Fig. 1). Tart's (2002)
Eastern Thrust Belt is considered as the Inter-
nal Dinaric Thrust Belt, and Western Thrust Belt
as the External Dinaric Thrust Belt. For south-
western boundary of the External Dinaric Thrust
Belt it seems better to use the term Frontal Zone
of the External Dinaric Thrust Belt than the term
Frontal Thrust of the Western Thrust Belt, since it
better corresponds to reality. Its trace is identical
with the classic Overthrust of High Karst in the
sense of Heraxk (1999), Pami¢ & Hrvarovié (2003),
PreLocovi¢ et al. (2004), and others. The External
Dinaric Imbricated Belt is identical in its central
and southeastern coastal part to Tari’s Imbricated
Belt of the Adriatic Carbonate Platform that re-
presents in structural sense marginal part of the
rigid indenter of Adria Lithospheric Microplate.
The southwestern boundary of the External Di-
naric Imbricated Belt is the Thrust Front of Ex-
ternal Dinarides.

The overthrust model by Korsar (2009) cannot
be included into this concept, since his under-
standing of the size of the Dinaric and Adriatic
segments of the Mesozoic Carbonate Platform dif-
fers from all previous ideas. Korbar included into
the Dinaric segment also the central part of our
External Dinaric Imbricated Belt, respectively
of TARI'S Imbricated Belt of the Adriatic Plat-
form between Istria and Bra¢ which is a part of
the Adriatic branch of the Adriatic-Dinaric Carbo-
nate Platform, or a separate carbonate platform in
previous models.

In the studied region, Paleozoic clastites and
Upper Permian to Carnian bedded carbonates
and clastites are exposed, followed by rocks of the
Adriatic-Dinaric Carbonate Platform from No-
rian to Upper Cretaceous and Paleocene, and on
the top by Upper Cretaceous and Tertiary marly
calcareous and clastic rocks which are degrada-
tion products of the platform. The geometry of
the thrust structure is controlled by the Budva
intraplatform troughs, and by two horizons of
more ductile rocks which underlie and overlie the
carbonate platform deposits (Fig. 2). The lower
horizon is divided in External Dinarides in two
levels, the lower one consisting of Carboniferous-
Permian clastites, that include the Groéden (Val
Gardena) Group (Fig. 2, b — dark grey shading),
and the upper one composed of Upper Permian,
Lower Triassic and Anisian layered carbonates
and clastites, Ladinian and Carnian -clastites
(Fig. 2, a — light grey shading). This distinction is
generally not feasible in the region of the Adri-
atic segment of carbonate platform owing to lack
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Fig. 2. Lithostratigraphic column.

Upper ductile horizon: flysch and molasse; Adriatic-Dinaric
Mesozoic Carbonate Platform: Upper Triassic, Jurassic and
Cretaceous carbonates; Lower ductile horizon:

a— Upper level: Carnian clastites, Middle Triassic clastites and
volcanic rocks, Anisian carbonates, Lower Triassic carbonates,
marlstones and clastites and Permian carbonates;

b - Lower level: Middle and Lower Permian clastites and car-
bonates and oldest clastites;

¢ — Upper and Lower level undifferentiated.
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of data; so the entire horizon is marked by grey
shading (Fig. 2, c — grey shading). For the sake of
better distinctness on the tectonic map in Fig. 3
only the lower level of the lower ductile horizon is
drawn next to the upper ductile horizon (Fig. 2, b
- dark grey shading).

In this article, the age of thrust deformations
is based on the Eocene age of flysch in the south-
eastern part of the External Dinarides. New fin-
dings about Miocene age of flysch (Mikes et al.,
2008) are not verified yet, so they were not taken
in to the consideration.

The boundary with Southern Alps is considered
in the present paper formally, without regard to
the internal structure of the Southern Alps. The
concept of the Southern Alpine Boundary is un-
derstood in the sense as presented by SLEjKO et
al. (1986), CarurL et al. (1990), NussBaum (2000),
MerLINT et al. (2002) and Peruzza et al. (2002).

The rigid indenter of the Adria Microplate,
abridged “Adria” in the quotation marks, will be
used in the further text.

Tectonic structure

Interpretation of tectonic structure of Istria and
its hinterland between Southern Alps and Velebit
Mts. (Fig. 3) is based on data of the Basic Geologic
Map of Yugoslavia of scale 1:100.000 (Buskr et al.,
1967; Buser, 1968, 1969, 1978, 1986, 1987; Grap &
FEerjanci¢, 1974, 1976; Maca$, 1968; Mawmuzié et. al.,
1969; PLENICAR et al.,, 1969; PrLeNiCAR et al., 1973;
Porsax, 1967; Porsak & Siki¢, 1973; PREMRU, 1983;
Savi¢ & Dozer, 1985; Siki€ et al., 1969; Sikic et al.,
1972; Susniar et al., 1970), of the compilation map
Structural Model of Italy and Gravity Map, sheet
2 of scale 1:500.000 (Bic1 et al., 1990) and Geologic
Map of Friuli Venezia Giulia of scale 1 : 150.000
(Carurii, 2006). In addition, all more important
results from published works are considered (Bi-
onpIC et al., 1997; Braskovi¢, 1999; Corizza et al,,
1989; Cucchr et al., 1989a,b; Car & GOSPODARIC,
1983/84; JURKOVSEK et al., 1996; PorLiak & RIZNAR,
1996; MarNCI¢ & Marticec, 1991; Mati¢ec, 1994;
MraxkAr, 1969; MLAKAR & PLACER, 2000; PERUZZA et
al., 2002; Pracer & Car, 1997; PLacer, 1981,1982,
1996, 2005, 2007,2008a, 2008b; PonToN, 2002). This
paper is also based on published data from struc-
tural mapping of the motorway section Divaca
— Koper across the Istria-Friuli Underthrust Zone
in years 1999 — 2005, and Razdrto — Vipava, as well
as the data from additional mapping of Razdrto
— Senozece road section, and of the seashore from
Lazaret to Piran, and field inspections of key struc-
tural localities in the region between the Southern
Alps and Velebit Mts.

Thrust structure of External Dinarides

In the northwestern part of Dinarides, with re-
spect to age and genesis, there exist three thrust
systems that verge toward southwest, and for
which the reduction of space in SW-NE direc-

tion is characteristic. The three thrust systems are
from northeast to southwest: 1. External Dinaric
Thrust Belt with its frontal zone of complex struc-
ture, 2. External Dinaric Imbricated Belt with its
distinct thrust front formed at overthrusting of
Dinarides southwestwards, and 3. underthrusting
of the “Adria” northeastwards.

Within the External Dinaric Imbricated Belt
occurs the Istria-Friuli Underthrust Zone that
formed in the younger stage of underthrusting of
the “Adria”. The movements of Istria resulted in
hinterland into the broad Istria Pushed Area that
extends from Southern Alps to the Velebit Moun-
tains. All mentioned thrust systems are under-
thrust under the Southern Alps. In this paper only
the formal subdivision of the Southern Alpine
Thrust Boundary is described.

In addition to the thrust deformations, there
exist also the Dinaric NW-SE striking faults
which are an important indicator of dynamics of
the Dinarides.

In this article, the age of thrust deformations
is based on the Eocene age of flysch in the south-
eastern part of the External Dinarides. New fin-
dings about Miocene age of flysch (MIKES et al.,
2008) are not verified yet, so they were not taken
in consideration

External Dinaric Thrust Belt
(Middle Eocene - Younger Eocene)

The External Dinaric Thrust Belt comprises
nappes of the External Dinarides. Structurally
highest is the Trnovo Nappe with two accompa-
nying lower order structures, the HruSica Nappe
and the Sovi¢ Thrust Block. These three units are
associated in the Trnovo Thrust Series. Below it
lies the Sneznik Thrust Unit that continues in the
Vinodol Thrust Unit and the Velebit Thrust Unit.
The latter three thrust units are conditionally as-
sociated in the “Velebit Thrust Series” in which,
however, the relations between thrust units are
not as clear as in the Trnovo Thrust Series.

Trnovo Thrust Series

Interpretation of the Trnovo Nappe is based
on the data of the Basic Geologic Map (BuUSkr et
al., 1967; BuUskgr, 1968, 1987) and works of MLAKAR
(1969) and Pracer (1973, 1981, 1999, 2008b) that
originated from study of the Idrija mercury depo-
sit and Zirovski vrh uranium deposit respectively.
Deep drilling at Cerkno (PrAcER et al., 2000) con-
firmed the nappe structure with clear internal re-
gularity. In the section across the Idrija deposit, the
Trnovo Nappe is thrust for 32 km southwestward
with respect to the Hrusica Nappe, and the HrusSica
Nappe is shifted for 19 km with respect to the
Sovi¢ Thurst (Pracer, 1981). The length of shift
has not been constructed for the Sovi¢ Thrust, but
is estimated to be in order of several kilometers.
Thrusting directions toward southwest are proved
by axes of hectometric and dekametric folds in all
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Fig. 3. Tectonic sketch. 1. Upper ductile horizon; 2. Lower ductile horizon southwest of the Zelimlje fault: b — Middle and Lower
Permian and Carboniferous clastites (Explanation on Fig. 2); Boundary of underthrusting below the Southern Alps: 3. Thrust
Faults SW-NE, WSW-ENE; 4. Thrust Faults E-W weste of the RV - Ravne Fault: SS - Staro selo Fault, MD - Modrej Fault;
5. Thrust Faults W-E easth of the RV — Ravne Fault; External Dinarides: 6. Thrusts of the External Dinarides Thrust Belt: TR
- Trnovo Nappe Fault, HR — Hrusica Nappe Fault, SC — Sovi¢ Thrust Fault, SN — Sneznik Thrust Fault Zone, VN — Vinodol
Thrust Fault Zone, VB — Velebit Thrust Fault Zone; 7. Trusts of the External Dinaric Imbricated Belt: BJ — Buje Thrust Fault;
8. The thrusts of the Istria-Friuli Underthrust Zone and Autside: PN — Palmanova Thrust Fault; 9. Reactivated thrust faults of the
Istria Pushed Area; 10. Faults: SV — Sava Fault, ID — Idrija Fault, RV — Ravne Fault, ZL — Zelimlje Fault, PR — Predjama Fault, VI
- Vipava Fault, RS — Rasa Fault, SE — Sistiana (Sesljan) Fault, ME — Medea (Medeja) Fault, KV — Kvarner Fault, PAF - Periadria-
tic Fault Zone; 11. DV - Divaca Pivot Fault; 12. Autside border of the carbonate platform; 13. Boreholes: A 1 bis — Amanda, Ce 1
— Cesarolo, Ca 1 Cargniacco, B 1 — Bernadia, Ce 2 — Cerkno, Ro 1 - Rovinj, Pu 1 — Pula, Kr 1 — Krk; 14. Abandoned metal and coal
mines: Hg — Idrija (mercury), U — Zirovski vrh (uranium), CV — Vremski Britof (bituminous coal), CS — Se¢ovlje (bituminous coal),
CR - Rasa (bituminous coal).
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of the three units, and rotation of macrolithons
consisting of Triassic structural blocks in the
Idrija mercury deposit (Pracer, 1982), and cle-
avage of microlithons in the Zirovski vrh urani-
um deposit (MLakAR & Pracer, 2000) within the
Trnovo Nappe, as well as direction of thrusting
megalineation in the thrust plane of the HrusSica
Nappe (PrAcER, 1994/95).

The Trnovo Nappe consists of rocks of the Pa-
leozoic and Triassic basement of the Adriatic-Di-
naric Carbonate Platform, which are over lain by
rocks of the carbonate platform aged from Up-
per Triassic to Upper Cretaceous. In the north-
western part of the nappe Upper Cretaceous and
Paleogene rocks were unconformably deposited in
the mobile part of platform that dip toward NW,
owing to which we suppose that the considered
part of the Trnovo Nappe represents the north-
western part of the Adriatic-Dinaric Carbonate
Platform (in present orientation).

The relations in the Hrusica Nappe are different;
there occur rocks of Mesozoic carbonate platform,
on which the Paleogene beds of carbonate marly
and flysch habitus are unconformab deposited.

The Trnovo Nappe is the oldest nappe unit of
External Dinarides in the studied region. During
the overthrusting toward southwest, it initiated
the origin of the Hru$ica Nappe, and subsequently
the formation of the Sovi¢ Thrust. With regard to
its position in space, the Trnovo Nappe is unique,
since in the studied area it is separated from the
remaining External Dinarides nappe units. On the
north it is cut by the Southern Alpine Boundary,
and on the east by the Zelimlje Fault which is the
most important fault of the Ljubljana — Imotski
Fault Zone (Tar1, 2002, Miocene strike slip; Pra-
CER, 2008Db, Ljubljana — Imotski Fault Zone), and
represents an important structural boundary of
the External Dinarids. The Hrusica Nappe, after
Car & Gospopari¢ (1983/84), is clearly associated
with nappe structure of the remaining part of the
External Dinarides, its fault plane toward south-
east being hidden in the fault zone of the Idrija
Fault. The Sovi¢ Thrust is a miniature pendant of
the HruSica Nappe (PLACER, 1996). The problem
of connection of thrust planes of the Trnovo and
Hrusica Thrust Nappes and of the Sovi¢ Thrust
Fault toward northwest consists in the fact, that
the thrust planes visible in southeast owing to
carbonates being overthrust on flysch, become ex-
tensively ramified where the thrusts are developed
in flysch, as the joints develop into integral thrust
planes. Since the problem of structural connect-
ing in the field has not yet been accomplished, it
is only indicated it in the present paper (Fig. 3).
Similar conditions in Istria (Pracer, 2007) could
have been solved only by structural mapping
which, however, has not yet been undertaken in
the Vipava Valley area.

The main thrust plane of the Trnovo Nappe is
gently folded in Dinaric direction in a wide fron-
tal synform, and in a corresponding antiform in
northeast, where it forms a tectonic half-window
called the Poljane-Vrhnika belt. Both forms are
indications of post-thrusting pression in SW-NE

direction. The thrust boundary of Southern Alps
that covers the mentioned folds is not folded.

The formation of the Trnovo Thrust Series could
be temporally attributed to the time and space
between the Internal Dinaric Thrust Belt, sup-
posed to have started forming in Younger Jurassic,
and its frontal zone, whose evolution might have
been accomplished in Older Eocene (Tar1, 2002).
According to our opinion, however, it could have
lasted, considering the age of the flysch beds in
the Vipava Valley, to the end of Middle, or to the
Younger Eocene.

Velebit Thrust Series

The region of the “Velebit Thrust Series” south-
east of the Trnovo Thrust Series is not evaluated.
Subdivision into the Velebit Nappe unit and the
Vinodol and SneZnik thrust units is formal. The
thrust front of this belt in northwest is covered
with the thrust front of the Sovi¢ or HruSica
Nappe fault.

Frontal Zone of the External Dinaric Thrust Belt
(Younger Eocene)

The Frontal Zone of the External Dinaric
Thrust Belt is an important structural element of
the thrust structure of Dinarides. In hinterland of
Kvarner and Istria to the Postojna Basin it is iden-
tical with frontal zones of the Velebit, Vinodol and
Sneznik Thrust Faults, where it is covered with the
Sovi¢ or Hrusica Nappe fault. Two possible vari-
ants of its course from there towards northwest
are found in the literature. According to the first
one (Herak 1999, Premru 1980, 2005), the frontal
parts of the Sneznik Thrust Block and of Hrusica
and Trnovo Nappe are connected with a single
thrust zone, against which is supposed to lean the
Hrusica and Trnovo Thrust Fault; whereas accor-
ding to the second variant (Buser et al., 1967; Bu-
SER, 1968; PLACER, 1999, 2008b), the unique fron-
tal zone has supposedly split into the HrusSica
and Trnovo Thrust Faults. The first variant is based
on sedimentological-paleontological research that
resulted in the hypothesis of existence of two
separated carbonate platforms, the Adriatic and
the Dinaric one. The second variant is based on
analysis of structural relationships and on the hy-
pothesis that the differences in Upper Cretaceous,
and later in Paleogene, are a result of formation
of intraplatform troughs of Dinaric direction with
specific environments (SriBaR, 1995), which per-
mitted the coexistence of various developments
at relatively short distances. This could explain
the differences in development on the opposite
sides of the Sneznik Thrust Fault in the area of
the Postojna Flysch Basin. During mapping of the
Razdrto - Vipava motorway section and at a pre-
liminary field inspection of the southeastern part
of the Vipava Synclinorium it has been found that
the thrust planes of the Trnovo Nappe Series in
their frontal part do not follow the regional dip of
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nappe units toward northwest, because they were
deformed during formation of the “Adria” unit.

The External Dinaric Imbricated Belt
(Marginal belt of “Adria”)
(Oligocene)

The External Dinaric Imbricated Belt (Fig. 4)
in the region of Dalmatia and Kvarner is identical
with the imbricated margin of Adriatic segment
of the carbonate platform. In northeast it is bor-
dered by the Frontal Zone of the External Dinaric
Thrust Belt, and in southwest by the Thrust Front
of External Dinarides. The latter represents the
boundary of the imbricated margin of the “Adria”
towards its solid core. The Thrust Front of Exter-
nal Dinarides lies in the middle Adriatic parallel
to the Frontal Zone of External Dinaric Thrust
Belt, whereas in the Istrian peninsula it is consi-
derably displaced northeastwards, which resulted
in a substantial shortening of the External Dinaric
Imbricated Belt. The Buje Fault in Istria represents
a relic of the Thrust Front of External Dinarides.
The reason for deformation and narrowing of the
imbricated belt is the Miocene and Post-Miocene
separate underthrusting and displacement of
Istria towards northeast. Towards northwest the
belt widens again.

The External Dinaric Imbricated Belt in the
Kvarner region and southeast from there, con-
sists of folds and slices with characteristic lystric
thrust planes hypothetically connected in depth
with ductile horizons. The part of belt situated
closer to Frontal Zone of the External Dinaric
Thrusts is typically less imbricated. This part con-
sists of folds in Ravni Kotari, on the islands of
Pag, Rab and Krk, and in hinterland of Istria, the
Bay of Trieste and in Friuli. In hinterland of Istria
and Bay of Trieste the folds are referred to as the
Kras-Notranjsko Folded Structure (PLacER, 2005).
The latter comprises Anticlinorium of Cicarija
and Trieste-Komen, Synclinorium of Brkini and
Vipava, and the Ravnik Anticline. Characteristic
for this group of folds is their en-echelon spatial
arrangement. The southwestern half of the Exter-
nal Dinaric Imbricated Belt is more intensely im-
bricated in the Kvarner area, its structure being
visible on the island of Cres. In Istria there are no
visible proofs of lystric faults with the only ex-
ception of the Buzet Fault in the area of Northern
Istria Structural Wedge.

Istria — Friuli Underthrust Zone
(Miocene — Recent)

The Istria-Friuli Underthrust Zone is visible
from Sesljan in the Bay of Trieste to the eastern
coast of Istria Peninsula along the Kvarner Bay
(Fig. 4). The zone was defined during the mapping
of the Kozina — Koper motorway section.

Formation of the Istria-Friuli Underthrust
Zone, preliminarily called the Istria-Friuli block,
was a result of separate underthrusting of a part

of the “Adria” northeastwards. Underthrusting
is believed to have started in post-Miocene time,
according to the Synthetic structural-kinema-
tic map of Italy already in Oligocene (Bicr et al.,
2000), and is probably still active at present. The
recent activity of the zone is established in Istria
(R1znar et al., 2007), while its Paleocene and Pleis-
tocene activity in Friuli is being proved (MERLINI et
al., 2002). According to structural data, the south-
eastern boundary of separate underthrusting of the
Istria-Friuli block is a transversal fault, or swarm
of faults, that cuts the Adriatic segment of the car-
bonate platform. After Granpic et al. (1997Db), this
fault zone could have originated already in Mid-
dle Triassic, and has been reactivated later. It is
called by Korsar (2009) the Kvarner Fault Zone.
It seems possible that the Kimmeridgian emersion
and bauxite occurrences in Istria (VrLagovié et al.
2005) were a consequence of displacements along
this zone. The role of this zone is explained in the
following text.

The central structural element of the Istria-
Friuli Underthrust Zone is the Palmanova Thrust
Fault, locally named the Crni Kal Thrust Fault
(PrAcEr, 2007), that is accompanied in the han-
ging wall and footwall limbs by several thrust
faults. The section of the underthrust zone has
been mapped in detail in the Kozina-Koper mo-
torway segment (Pracer, 2007, Fig. 3), and is
schematically shown in Fig. 6. The named thrust
faults are shown on ground-plan in Fig. 5. In the
hanging wall block the thrusts are arranged in
the way, that the displacement along the highest,
the Petrinje Thrust Fault, is the shortest (400-
500 m horizontal displacement), and that it in-
creases downward along the following thrusts.
The displacement along the second thrust is
around 1475 m, along the third one around
2900 m, while along the fourth, the Palmanova
(Crni Kal) Thrust Fault the displacement in this
profile is considerably larger, although it could
not be reconstructed with sufficient accuracy. By
extrapolation, allowing errors of up to 100%, it
amounts to more than 10 km. The dip angle of the
highest thrust fault varies between 35° and 30°,
and of others from 25° to 20°. Traces of thrust
faults in the hanging wall block can be followed
on surface from Sistiana (Sesljan) northwest of
Trieste to Mt. Ucka just next to the Kvarner Bay,
where even tectonic windows and outliers occur,
indicating the nappe character of overthrusts in
the area (Siki¢ et al., 1969, 1972). Hence it follows
that displacements increase toward southeast.
The plane of the Palmanova Thrust Fault in the
Mt. Ucka area is subhorizontal, while east of the
ridge, passing parallel with the seashore and for-
ming the core of a monocline, it gets together with
beds tilted downwards. As a result of rotation the
fault trace strikes approximately north-south,
consequently different than in the case if the beds
had retained the Dinaric NW-SE direction.

The position of thrust faults in the footwall
side is different. Their dip angle decreases toward
southwest from 25°-30° for the Palmanova Thrust
Fault, to 10°- 20° for the Buzet Thrust Fault, and
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Fig. 4. Subdivision of thrusts.
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. Southern Alps;

. External Dinaric Thrust Belt: a — Trnovo Nappe;

. External Dinaric Imbricated Belt: a — Istria-Friuli Underthrust Zone;

. Kras-Notranjsko Folded Structure (Vs - Vipava Synclinorium, Ra — Ravnik Anticline, Ka - Trieste (Trst) - Komen

Anticlinorium, Bs — Barka Synclinorium, Ca - Ci¢arija Anticlinorium);
S — Strunjan Structure, T — Tinjan Structure;

. A — Southern Istria Structural Wedge, B — Northern Istria Structural Wedge;
. Measuring sites: (1) - Zambratija, (2) — Mlun, (3) - Vidikovac;

. Direction of the maximal underthrusting and pushing;

. Direction of movements in flanks of the Southern Istria Structural Wedge;
10.
11.
12.

Dip of beds;
Rotation of western part of the Buje Anticline;
Direction of paleomagnetic pole, stratigraphic age of sample.
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to 0° for the Simon Thrust Fault, which appro-
aches to interlayer displacements in subhori-
zontal beds in the Izola area. The Simon Thrust
Fault forms the Izola tectonic window in the
frame of the Strunjan Structure, Fig. 5. On map
in Fig. 4 the underthrust zone is asymmetrical. In
hinterland of central Istria it is compressed and
narrowed, the displacement of underthrusting
being here at maximum. The thrust front of Exter-
nal Dinarides, initially of NW-SE direction, was
here shifted farthest to northeast, and it currently
consists of two asymmetric branches. The south-
eastern branch is bent more, and it only slightly
deviates of the direction of the eastern Istrian
coastline, whereas the northwestern branch, the
Buje Fault, is bent considerably less, and it con-
stitutes the SSW boundary of the Buje Anticli-

nal ridge. In the southeastern part, at the eastern
Istria coast, the thrust faults of the External Di-
naric Imbricated Belt from the Kvarner area ob-
liquely lean on the frontal thrust plane, while in
the northwestern part they are radially dispersed
between the Buje Fault and the Palmanova Thrust
Fault. Their continuation northwest of Istria is hy-
pothetical, and it is based on data of the Cesarolo
1 (Catr et al., 1989) and Cargnacco 1 (VENTURINI,
2002) boreholes. The Buje Fault is of expressively
hybrid structure which reflects its disproportio-
nate transformation from the Frontal Thrust Fault
of External Dinarides, which has a characteristic
listric shape (Marticec, 1994) at Zambratija, into a
gently dipping thrust fault in the narrowed part of
underthrust zone at Racice. The transformation is
recognized by the observation, that at Zambratija
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Fig. 5. Istria-Friuli Underthrust Zone. 1. Upper ductile horizon: flysch; 2. Platform carbonates; 3. Thrust faults: PE — Petrinje
Thrust Fault, KA — Kastelec Thrust Fault, SC — Socerb Thrust Fault, PN — Palmanova Thrust Fault (local Crni Kal Thrust Fault),
ZG - Zanigrad Thrust Fault, HR — Hrastovlje Thrust Fault, KU - Kubed Thrust Fault, GR — Gracis¢e Thrust Fault, SO — Soc¢erga
Thrust Fault, BU — Buzet Thrust Fault, SI - Simon Thrust Fault; 4. Secondary thrust faults of the Strunjan Structure: SK - Sv. Kriz
Thrust Fault; 5. Thrust Front of External Dinarides: BJ — Buje Fault; 6. Strike-slipe fault; 7. Normal fault; 8. Ba — Buje Anticline;
9. S - Strunjan Structure, T — Tinjan Structure; 10. Izola Tectonic Window; 11. Fig. 6 - Fig. 6 — Synthetic profile Umag — Kozina
on Fig. 6; 12. Motorway.
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SI — Simon Thrust Fault; 6. Thrust faults of the Strunjan Structure: thrust direction: SK — Sv. Kriz Thrust Fault; 7. Push direc-

tion.

it has properties of a strike-slip fault with mea-
sured subhorizontal slickensides and indications
of transpression towards the east above Racice,
and where it turns toward southeast it acts as a
typical gentle thrust fault with a vast sequence of
overturned flysch beds in the footwall. Between
the two extremes occur intermediate forms, al-
though the strike-slip component is observable
at Istarske Toplice, and even farther eastward.
Transformation has occurred only east of there.

The Strunjan Structure (PrLacer, 2005) is a se-
condary element within the Istria-Friuli Under-
thrust Zone (Figs. 4, 5 and 6). It formed due of the
clockwise rotation of western branch of the Sa-
vudrija Anticline crest as a result of pushing, and
not of underthrusting. By rotation of the western
part of the Savudrija Anticline crest the symmet-
ric Strunjan Structure formed with several over-
thrusts directed to northeast, and a single one to
southwest (Sv. Kriz Thrust). The Izola Anticline
with a tectonic window was formed as a result of
anticlinal bending of the hanging wall side of the
Sv. Kriz Thrust.

Thrust faults of the Istria-Friuli Underthrust
Zone have been documented by reconnaissance
(Fig. 5) and by photographs in figures, from the
highest Petrinje Thrust Fault (Fig. 7) and Socerb
Thrust Fault (Fig. 8), Palmanova (Figs. 9 and
10), Zanigrad (Fig 11), Hrastovlje (Figs. 12 and
13), Kubed (Fig. 14), Gracisce (Fig. 15), Socerga
(Fig. 16), Buzet (Fig. 17) and Simon Thrust Fault
(Fig. 18), and the probable tectonical intralayer
slips in the Piran Cliff (Fig. 19). The deformations

of the Strunjan Structure indicated the Sv. Kriz
Thrust Fault (Fig. 20) and the folds in its core
(Fig. 21).

Istria is divided by the Buje Fault into two
wedge-shaped structural blocks. The block be-
tween this fault and the southeastern branch of
the Thrust Front of External Dinarides at the
Istria east coast is the Southern Istria Structural
Wedge (A in Fig. 4), and the block between the
Buje Fault and the Palmanova Thrust Fault the
Northern Istria Structural Wedge (B in Fig. 4).
The underthrusting mechanism is reflected in
dynamics of these two structural wedges. The
tip of the Southern Istria Structural Wedge is
directed to northeast, and its symmetral coincides
with direction of maximum of the underthrus-
ting. We presume that due to the shift in direction
of the tip the wedge became laterally compressed
and gently folded (the South Istria Anticline).
Because of gentle dip of beds, the true direction
of its axis is difficult to determine. The direction
of displacement of the South Istria Structural
Wedge is consequently controlled by its lateral
boundaries.

Kinematics of the South Istria Structural Wedge
has been established after the microstructural
analysis in the Buje Fault and in the east coast
of Istria. Point 1 is located within the core of the
Zambratija Fault that belongs to the wider zone
of the Buje fault. Here sinistral strike-slip displa-
cements occur along NW-SE to WNW-ESE stri-
king planes with steep NE to NNE dip, indicating
compression in the W-E direction. The Zambratija
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Fig. 7. Petrinje Thrust Fault, diagonal transverse section of footwall block of the fault zone. Southern face of highway cut east of
the Kastelec tunnel near Petrinje. Small thrust of Eocene Transitional marly limestone on the Transitional marlstone, and other
small thrusts. View from north to south.
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Fig. 8. Socerb Thrust Fault, diagonal transverse section. View from Celo hill opposite to Dolina (S. Dorligo della Valle) near

Boljunec village towards Socerb castle and thrust of the Eocene Alveoline — nummulitid limestone on flysch. Inclination of the
thrust plane about 20°. View from northwest to southeast.
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Fig. 9. Palmanova Thrust Fault,
transverse section.

A — NW face of the highway cut under
Celo hill opposite to Dolina (S. Dorligo
delle Valle) village. Thrust fault
together with large part of thrust zone
in hanging- and footwall is visible.

B - Detail of main thrust plane in the
thrust zone. View from southeast to
northwest.
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Fig. 10. Palmanova Thrust Fault (locally Crni Kal Thrust Fault), diagonal transverse section of part of the fault zone. Overturned

folds in the ravine under Prebeng (Prebenico) village. View from east to west.

Fig. 11A. Zanigrad Thrust Fault.
View on the fault zone over the
Predloka village under Crni Kal
village, longitudinal section. View
from southwest to northeast.

Fig. 11B - Fault zone detail,
transverse section. View from
southeast to northwest.
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Fig.11D — Detail.

fault is parallel to the Buje fault, hence a simi-
lar displacement along the latter is presumed. At
the southern road to Veliki Mlun (point 2) similar
oblique sinistral displacements occur along sub-
vertical joint planes of W-E strike, which indicate
compression in the WSW-ENE direction. These
displacements can also be applied to the Buje
Fault. Theses on sinistral displacements along the
Buje Fault are also supported by data of MarTon
(1987), who mentions extreme counterclockwise
rotation in the southern side of the fault.
Important for confirmation of kinematics of the
Southern Istrian Structural Wedge is the Vidiko-
vac outcrop (point 3) which is situated outside of
the fault zones. Dextral strike-slip activity parallel
with the eastern edge of the Southern Istria Struc-
tural Wedge appears in joints, striking parallel
with the coastline and genty dipping to the ESE.
Conditions in the area of Northern Istria Struc-
tural Wedge are different. Here we present indi-

Fig. 11C - Duplications in the
footwall block, transverse section.
View from southeast to northwest.

cations of the compression in SW-NE direction
(Strunjan Structure — S), and lateral extension
toward NW (Tinjan Structure — T) (PLACER, 2005).
Which structures are pre-recent and which recent
could be determined only by future structural
measurements. Data by WEeBER et al. (2010) about
recent displacements give just a general trend.

Secondary folding of thrust planes and repeated
weak thrusting are common characteristics of the
Istria-Friuli Underthrust Zone. The intensity of
this process is modest, but its presence in Istria is
a general phenomenon which is in some places the
reason for an essentially steeper dip (more than
25°) to northeast of thrust planes; in other places
the dip is subhorizontal, and somewhere even
pointing to the southwest (Figs. 11C and 11D).
The underthrusting of the Istria-Friuli block was
evidently a polyphase process.

Important from the standpoint of underthrus-
ting mechanism of the Istria-Friuli block is the
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Fig. 12A. Hrastovlje Thrust Fault, transverse section.

View on southeast slopes of the Vrh hill above Hrastovlje village, which is completely positioned in the thrust zone. View from

southeast to northwest.

Fig. 12B. Detail of the fault zone in the marlstones.

Fig. 12C. View to the principal fault plane, Alveoline — num-
mulitid limestone thrust on flysch.
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Fig. 13. Hrastovlje Thrust Fault, transversal section of part of the fault zone. Cut face behind hunter cabin in Kortine settlement.
Fault zone in sandstones and siltstones. View from southeast to northwest.

question of trace, structure and age of the Pal-
manova Thrust Fault in its continuation towards
northwest, under sediments of the Friuli Plain.
Competent data on this are furnished by VENTURINI
(2002), MerLINT et al. (2002), PeEruzza et al. (2002)
and Fanront et al. (2002). It follows from records
of the Cargnacco 1 borehole and from seismic pro-
files that the Palmanova Thrust Fault continues
under the alluvium deposits of the Friuli Plains
to the Southern Alpine Thrust Boundary. Its mor-
phologic expression under alluvial deposits of the
Friuli Lowland and the width of the thrust zone
diminish in the northwestern direction, as mani-
fested in profiles across Istria (Fig. 22), over the

Kras edge (Fig. 6), Sistiana (Sesljan) (Fig. 23)
and across the Southern Alpine Thrust Boundary
(Fig. 24). Considered in the latter profile are the
data of cross-section across the Cargnacco 1 bore-
hole — Ca 1 on Fig. 3 (MerLINI et al. 2002, Fig. 3B)
and profile between Gemona (Gumin) and Udine
(Videm) (FanTtont et al. 2002, Fig. 5; MERLINT et al.,
2002, Fig. 3A). According to these data, the Pal-
manova Thrust Fault should have been still active
in Pliocene and Pleistocene. The seismic profiles of
MerLint et al. indicate that in the Cargnacco 1 pro-
file and to the northwest of there no other thrust
faults are present southwest of the Palmanova
Thrust Fault.
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Fig. 14. Kubed Thrust Fault,
diagonal transversal section of part
of the fault zone. South slopes of
Ivacevec hill (226m). Fault zone;

in the lower part in marlstones, in
the upper part in sandstones and
siltstones. View from south to north.

Fig. 15. Gracisce Thrust
Fault, diagonal transversal
section of part of the

fault zone. Excavation of
playground behind tavern
in the Valmarin settlement.
Fault zone in sandstone and
siltstone beds. View from
southeast to northwest.

Fig. 16. Socerga Thrust Fault,
transversal section of part of

the fault zone (in building pit).
Excavation in Pobegi village. Fault
zone in sandstone and siltstone
beds.
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Fig. 17A. Buzet Thrust Fault.
SW Waterfall on the Stranica creek

Fig. 17B. Part of the fault zone along Dragonja River north of
Trebese village. View from west to east.

The Kras edge originated by underthrusting of
the southeastern part of the Istria-Friuli block. As
underthrusting experienced its maximum inten-
sity in the southeast, the maximum uplift affected
the southeastern part of the Cicarija Anticlino-
rium, to an elevation of 1394 m a.s.l. (Mt. Ucka),
whereas northwestwards the territory gradually
lowers to a few tens of meters a.s.l. at the Soca

south from Trebese village. View on
inverse calcarenite megabeds in the
footwall block of thrust. View from
northwest to southeast.

River, where the Trieste-Komen Anticlinorium
“sinks” under alluvial deposits of the Friuli Low-
land. The morphologically elevated thrust front,
however, continues also below these deposits.
With increasing underthrusting intensity to-
wardssoutheast, allto Mt. U¢ka, arises the question
of transition of the Istria-Friuli Underthrust Zone
into structures of the External Dinaric Imbricated
Belt in the Kvarner area. Genesis of the transition
structure is schematically shown in Fig. 25. We as-
sume that before the separate displacement of the
Istria-Friuli block northeastward the External Di-
naric Imbricated Belt was not deformed, and that
its strike was NW-SE oriented. The displacement
of Istria to northeast was indubitably associated
with dextral slip along the Kvarner Fault Zone,
and with the slight counterclockwise rotation of
the Istria-Friuli block. Judging from interpreta-
tion by Granpi¢ et al. (1997a, 1997b, 2004), the
Kvarner Fault Zone after reactivation never cut
and displaced the frontal thrust of the External
Dinaric Imbricated Belt, but it extended north-
eastwars below the separating plane of the imbri-
cated structure. There formed the broader dextral
strike-slip fault zone due to which an extensive S
structure was generated, which is manifested in
the Kvarner area, with clockwise rotation of is-
lands of Susak, Cres, Lo$inj and partly Krk, and,
on the other side of the Kvarner Fault Zone, as
pushing and underthrusting which were most in-
tense in the tip of the Southern Istrian Structural
Wedge. This is the reason for occurrence of ele-
ments of nappe structure in Mt. U¢ka (Fig. 3). The
distinct difference in internal structure between
the underthrust belt in Istria that consists of gent-
le dipping thrust faults with elements of nappe
structure in Mt. Uc¢ka area (Figs. 6, 22) and the
imbricated structure of Kvarner with characteri-
stic listric thrust faults (Fig. 26) illustrates the im-
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NE Fig. 18B
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portance of the Kvarner Fault Zone. The structure
in this profile has been summarized from data of
surface mapping and from deep drillings pub-
lished for Kvarner by Durasex et al. (1981), and
for the Dalmatia region by Tarr (2002) and GraN-
pi¢ et al. (2004). DEL Ben et al. (1991) presumed at
the eastern Istrian coast and in part inland north-
west of Rijeka a transtensional fault which they
named the Istrian Fault. Korsar (2009) presumes
the existence of a similar fault which he named
the Kvarner Fault Zone. On land, however, Sikié¢
et al. (1972) and Marticec (1994) were not able to
find proofs for its existence.

The Palmanova Thrust Fault cannot be con-
nected in eastern Istria with the deformed Thrust
Front of External Dinarides. The fault passes
across Uc¢ka to the Kvarner area, where according
to our hypothesis its continuation could not be ex-
pected.

Reactivation of the transversal Kvarner Fault
Zone and displacement of the Istria-Friuli block,
combined with underthrusting is the expression
of a more radical differentiation of the “Adria”
into the Padan and Adriatic parts, the same as in
WEBER et al. (2010).

Fig. 18. Simon Thrust Fault,
transversal section of part of the
fault zone.

A —Road cut above Izola in
direction of the Sared village.
Thrust zone is almost parallel to
bedding in the marlstones. View
from northwest to southeast.

B - Detail.

The Istria Pushed Area
(Miocene - Recent)

The displacement of the Istria-Friuli block
northeastwards created next to the Istria-Friuli
Underthrust Zone also a wide, northeastwards
pushed area whose boundray could not be preci-
sely determined. It comprises in general the Ex-
ternal Dinarides from the Southern Alps to Ve-
lebit Mts. and Mali Kvarner, and can be tracked
in the direction of the push all to the Zelimlje
Fault. We named it the Istria Pushed Area
(Fig. 27). The most conspicuous is the lateral
bending of older structures toward NE, and con-
sequences of the push are manifested also by se-
condary underthrusting below the Istria-Friuli
Underthrust Zone. Pushing and underthrusting
was polyphase, the two processes having taken
place, and are still taking place, in parallel and
alternatively. This mechanism is a object of future
investigations. The present state of displacements
is described in a treatise about the recent move-
ments of the “Adria” (WEeBERr et al. 2010).

Effects of push are subdivided here into:
1. Bending of the oldest structures toward NE,
2. Secondary underthrusting outside of the Istria-
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Fig. 19. Interbedding movements in
subhorizontal beds near Piran.

A — Limestone block with system
joints, which are bent due to
internal rotation. It was triggered
by bedding-plane slides. Tectonical
movement or synsedimentary slides.

Friuli Underthrust Zone, 3. Special effects, and 4.
Disintegration of the Istria-Friuli block.

1. The bended structures are developed in three
areas: A. In the core of the push area, the south-
eastern part of the Cicarija Anticlinorium and
of Brkini Synclinorium was moved farthest
northeastward. Both units are bent owing to
their position in the prolongation of bisec-
tor of the Southern Istrian Structural Wedge
(Fig. 27). Less perceptibly bent is the thrust
plane of the Sneznik Thrust Fault and the di-
naric-striking Rasa Fault. The bending is cleary
expressed on the digital elevation model of Istria
(Fig. 28A, B).

B - Oriented shear joints in sandy
marlstone bed of the cliff east of
Piran.

B. The most prominent in the northwestern side
of the pushed area is the bending of the north-
western part of the Trieste-Komen Anticlinorium
and Vipava Synclinorium.

C. In the southeastern side of the pushed area
occurs a perceptible clockwise rotation of the
Kvarner islands Susak, Cres and LoSinj what is
being interpreted as a consequence of rotation at
the dextral strike-slip Kvarner Fault Zone.

2. Secondary underthrusting at existing thrust
planes is the most explicit in continuation of the
Southern Istria Structural Wedge axis. After data
of the Basic Geologic Map (Siki¢ et al., 1972) the
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Fig. 20. Sv. Kriz Thrust Fault, part of the Strunjan Structure.
Cliff above Sv. Kriz Bay near the Strunjan village.

density of reverse faults is here significantly in-
creased. Especially illustrative is the Sneznik
Thrust Fault southeast of the Pivka structure
which shows in this segment the characteristics of
the nappe structure (Fig. 3). Here recumbent folds
can be found and erosion windows in overturned
beds (PLENICAR, 1959). Underthrusting is mani-
fested in the area of the Sneznik Thrust Fault in
addition to the mentioned nappe geometry also in
the way how the axes of folds of the Ravnik An-
ticline and Brkini Synclinorium obliquely lean to

the front of the Sneznik Thrust. The same was re-
cognized also by PrRemrU (2005). This means that in
the apical part of the Southern Istria Pushed Area
the Southern Istria Structural Wedge is pushed
under the Sneznik Thrust Unit.

Important for comparison are conditions along
the northeastern coast of Kvarner, where Braskovié
(1999) mentions underthrusting along the Vinodol
Thrust Fault. The described structures do not have
characteristics of nappe structure as observed
along the Sneznik Thrust Fault, but suggest a dif-
ferent mechanism of shortening. This is shown in
Fig. 26. Shortening due to clockwise rotation of
the Kvarner islands is here compensated by ex-
tensive anticlinal arching of the External Dinaric
Thrust Belt in the Gorski Kotar area, where as
consequence also Paleozoic beds are exposed. On
the island of Krk in the zone of maximum com-
pression occur also folds of NE vergence.

3. In addition to pushing and underthrusting
also other effects associated with one process or the
other are observable, and having specific kinema-
tics owing to various reasons. Three effects should
be mentioned, the Diva¢a Fault, blind valleys of
Matarsko podolje, and the Ljubljana Moor.

A. The Divaca Fault is a pivot fault with its
southwestern side rotated in the way to uplift
its southeastern part (JurkovSeEk et al. 1996). The
southwestern block situated closer to Istria is thus
uplifted, or in the kinematic sennse, moved to the
underthrust block that experienced a larger dis-
placement. The Diva¢a Fault was consequently
reactivated in the stage of asymmetric under-
thrusting of the Istria-Friuli block, its south-
western side having a similar symmetry as the
Kras edge which is the highest uplifted in south-
east (Mt. Uc¢ka, 1264 m).

B. The blind valleys in Matarsko podolje are
developed in axis of the Southern Istria Struc-
tural Wedge in two or three levels (MmEevc, 1994,
2007).
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Fig. 21. Folded core of the Strunjan Structure (see Fig. 6), diagonal transversal section. The cliff face in Strunjan village north of
the Stjuza Bay. The fold verges in direction opposite to vergence of the Sv. Kriz Thrust. View from west to east.
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Fig. 22. Profile Rovinj — Mount Sneznik — Ribnica (Ortnek). Position of the profile in Fig. 3: 1. Upper ductile horizon: flysch;
2. Carbonate platform; 3. Lower ductile horizon: a — Upper level: Carnian clastites, Middle Triassic clastites and vulcanites,
Anisian carbonates, Lower Triassic carbonates, marlstones and clastites and Upper Permian carbonates; b — Lower level: Middle
and Lower Permian clastites and Carboniferous, and older clastites; ¢ — Upper and Lower level ; 4. Hypothetic fault structure in
Adriatic — Dinaric Mesozoic Carbonate Platform in the continuation of the Budva Trough, see Fig. 29; 5. Thrust faults of External
Dinaric Imbricated Belt, Thrust Front of External Dinarides; 6. Thrust fault of External Dinaric Thrust Belt, thrust direction;

7. Thrust fault of Istria — Friuli Underthrust Zone, underthrust direction; 8. Push direction.
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Fig. 23. Profile boreholes Amanda-1 bis — Sistiana (Sesljan) village — Idrija Hg ore deposit — Zirovski vrh U ore deposit. Position of

profile in Fig. 3 (Explanation in Fig. 22).

C. The Ljubljana Moor formed, and is still
forming, as a result of expressing of the Ljubljana
Wedge (PLACER, 2008b, 2009) between the Zelimlje
Fault, and the faults of the series which compri-
ses the Ravne, Sovodenj, Borovnica and Ravnik
Faults. The regional frame for the expressing
mechanism is the tension state within the Istria
Pushed Area.

4. During underthrusting the Istria—Friuli block
disintegrated into three segments separated by
three transversal faults. The most important is
the bordering Kvarner Fault Zone. The second, Si-
stiana (Sesljan) Fault, passes across the Sistiana

inlet (CarurLr, 2006), and the third one is the hypo-
thetic fault along the Middle So¢a (Isonzo) Valley
between Solkan and Turriaco (Turjak), the Medea
Fault. The result of the Kvarner Fault Zone has
been discussed already. The fault across the Sis-
tiana inlet was recognized on Slovenian territory
as a fracture zone connecting the areas of arching
of the Trieste-Komen Anticlinorium and Vipava
Synclinorium, and can be followed to the Bela
Valley between Trnovski gozd and Nanos. The
fault evidently continues also under the sea, and
is connected with the paleogeographic boundary
between Istria and Friuli Platform. With regard to
intense arching of the Trieste-Komen Anticlino-
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Fig. 24. Profile borehole Amanda (A1l bis) — Cesarolo (Cel) — Cargniacco (Cal) — Bernadia (B1) — Staro selo Fault — Periadriatic

Fault Zone. Position of profile in Fig. 3 (Explanation on Fig. 22).

Fig 25. Kynematic model of Istria — Friuli Underthrust Zone.
A Position before underthrusting; B Position after underthru-
sting. 1. Frontal Zone of External Dinaric Thrust Belt, Trnovo
Thrust Series; 2. Frontal Zone of the External Dinaric Thrust
Belt, Velebit Thrust Series; 3. Thrust faults of the External Di-
naric Imbricated Belt: BJ — Buje Fault; 4. Folds of External
Dinaric Imbricated Belt: Vs — Vipava Synclinorium, Ka — Trie-
ste (Trst) - Kras Anticlinorium, Bs - Brkini Synclinorium,
Ca - Cicarija Anticlinorium; 5. Thrust faults of Istria-Friuli
Underthrust Zone: PN — Palmanova Thrust Fault; 6. Faults of
stable part of the carbonate platform: KV — Kvarner Fault, SE
— Sistiana (Sesljan) Fault, covered fault.

rium and Vipava Synclinorium we presume the
origin of deformation being located in the disinte-
grated platform, underthrust below the overthrust
block of the Palmanova Thrust Fault. Indications
for existence of the fault along the Middle Soca
(Isonzo) Valley are the orientation of the val-
ley and anomalies of the thrust structure on the
Medea Hill (Carurwr, 2006).

Boundary of underthrusting below
the Southern Alps
(Miocene — Recent)

Underthrusting of Dinarides under Southern

Alps is a complex process that started in Mio-
cene, and is still active at present in the frame of
“Adria”. The complexity of its evolution is wit-
nessed by present structure of the Southern Al-
pine Thrust Front (Fig. 3) which is divided in the
W-E direction in three segments each with distinct
characteristics.
_ The first segment of this boundary between the
Zelimlje and Ravne Faults consists of a gentle
thrust fault which dips 20°-30° to southwest and
is interrupted in several places by a younger steep
fault of transversal dinaric strike. Position and dip
of the thrust fault plane was determined during
investigations of the Knape polymetallic deposit.
Along the thrust plane outcrop Paleozoic clastic
rocks of the Trnovo Nappe, and Triassic rocks in
footwall of the Trnovo Nappe underthrust below
Mesozoic rocks of the Southern Alps, belonging to
the Slovenian Basin (Buskr, 1989).

The second segment of boundary west of the
Ravne Fault is a fault of W-E strike and 40°-50°
dip north. Between the Ravne Fault and Idrija
Fault it is named the Modrej Fault (Buser, 1986).
It is displaced to northwest at the Idrija Fault
and continues as the Staro selo Fault of the same
strike and dip. West of the Tagliamento River Val-
ley, in front of Gemona, in the W-E direction two
thrust faults pass (NicovricH et al., 2004). South of
the Modrej Fault in the Trnovo Nappe the Ponikve
Tectonic Klippe is situated, consisting of rocks
of the Slovenian Basin and therefore belonging
to the Southern Alps. Its thrust plane is subhori-
zontal, and therefore we compare it with the bor-
dering thrust plane east of the Ravne Fault.
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Fig. 26. Profile Kvarner — Gorski Kotar. Position of profile in Fig. 3 (Explanation in Fig. 22).

On relationships in third segment of the boun-
dary south and southwest of Tagliamento River
Valley, the authors of recent publications dis-
agree (NussBaum, 2000; PEruzza et al., 2002, Nico-
LicH et al., 2004), and no reliable interpretation
is available. Important is, however, that accor-
ding to NicovricH et al. (2004), the WSW-ENE stri-
king Barcis Thrust Fault leans on the W-E stri-
king thrust fault west of Tagliamento River. The
same is presumed also for the SW-NE striking
Bassano Thrust Fault. It is indicative that both
thrust faults lean on the W-E thrust fault in the
continuation of the Rasa Fault. Relation of other

SW-NE striking thrust faults southeast of the
Bassano Thrust Fault is not clear. We presume
that differences in interpretation are associated
with recent displacements. Important for expla-
nation of dynamics, however, is the fact that the
dip angle of the Barcis and Bassano Thrust Faults
is around 30° as estimated on profile in NicoricH
et al. (2004), which is significantly less than dip of
the Staro selo Fault. The roles of N-S striking si-
nistral strike-slip faults in the Tagliamento River
Valley are not considered here.

The different characteristics of the Southern Al-
pine Thrust Front in the area between the Zelimlje
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Fig. 27. Istrian Pushed Area.

1. Istrian Pushed Area: a — Initial
area; 2. External edge of carbonate
platform; 3. Platform edge towards
internal Paleogene basin;

4. Units of Adriatic - Dinaric
Carbonate Platform: IKP — Istria
part of carbonate platform,

FKP - Friuli Carbonate Platform,
FPB - Friuli Paleogene Basin;

5. Faults: KV — Kvarner Fault,

SE - Sistiana (Sesljan) Fault,

ME - Medea (Medeja) Fault;

6. Zone Sistiana (Sesljan) village
— Bela brook, the boundary belt
between Istria and Friuli structural
block; 7. A — Southern Istria
Structural Wedge; 8. B — Northern
Istria Structural Wedge;

9. T - Tinjan lateral push wedge;
10. S — Strunjan compressive
structure; 11. BJ — Buje Fault;

12. Location of microstructural
analyses: (1) — Zambratija,

(2) — Mlun, (3) — Vidikovac,

(4) — Ubeljsko; 13. Direction of
maximal underthrusting and
pushing; 14. Direction of pushing
on Kvarner area; 15. Direction of
strike-sliping; 16. Dip of beds;

17. Kras — Notranjsko Folded
Structure (Ra — Ravnik Anticline,
Ca - Ci¢arija Anticlinorium,

Ka — Trieste (Trst) - Komen
Anticlinorium, Vs — Vipava
Synclinorium, Bs — Brkini
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Synclinorium); 18. Rotation of
western flank of the Buje Anticline.
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Fig. 28. Digital elevation model of
Istria.

A Deformation of southern Ci¢arija
hills in continuation of Southern
Istria Structural Wedge (see Fig. 27);

B Detail with bent structure of
Cicarija.
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Fig. 29. Paleogeographic model of Adriatic - Dinaric Carbonate Platform; paleogeographic predisposition of External Dina-
rides tectonic model. 1. Carbonate platform; 2. Paleogene basin or trough; 3. Predisposition of Frontal Zone of External Dinaric
Thrust Belt, “Velebit Thrust Series”; 4. Predisposition of Frontal Zone of External Dinaric Thrust Belt, Trnovo Thrust Series;
5. Predisposition of Trust Front of External Dinarides; 6. Predisposition of Istria — Friuli Underthrust Zone; 7. KV — Kvarner Fault;
8. Predisposition of boundary of underthrusting below the Southern Alps.

Fault and west of Tagliamento River are an indi-
cation of different stages of its evolution.

The relation between the Southern Alps, Ex-
ternal Dinarides and Adriatic-Apulian foreland is
schematically presented in Fig. 24.

NW-SE faults

The network of NW-SE striking dinaric faults
in the study area of northwestern Dinarides is
presented schematically. The basic data sources
for this system are Basic Geologic Maps and pa-
pers by Buskir (1976), VrRaBec (1994), JURKOVSEK et
al. (1996) and Pracer (2008a, b).

In general, three groups of faults that evolved
in the course of geologic history from various

stress fields and specific conditions are important.
The first group comprises the Ljubljana - Imot-
ski Fault Zone (Tari, 2002, Miocene strike slip;
PLACER, 2008b, Ljubljana — Imotski Fault Zone) of
which is most important the Zelimlje Fault, the
second is fault zone of the Idrija Fault, and the
third is a group of faults southwest of the Idrija
Fault, with the more important Predjama, Vipava,
Rasa and Divaca Faults.

The Zelimlje Fault represents an important struc-
tural boundary. Its importance is based on the diffe-
rences in thrust structure of the Dinarides southwest
and northwest of this fault zone (PLacEgRr, 2008D).

The Idrija Fault has been relatively well stu-
died. Two kilometers of dextral displacement of
the mercury deposit at Idrija along this fault has
been determined by Mrarar (1964) and PrAcCER
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Fig. 30. Secondary thrusting of HruSica nappe toward SE.
Location 4 on Fig. 27. 1. Hrusica nappe; 2. Upper ductile ho-
rizon, flysch; 3. Thrusting direction of Hrusica nappe, Upper
Eocene — Lower Oligocene; 4. Direction of secondary thrusting,
Pliocene — Quaternary; 5. Horizontal interbed slipping.

(1982). Genesis of karst poljes southeast of Idri-
ja was investigated by Porjak (1986) and VRABEC
(1994). The displacement of the Southern Alpine
Thrust Front, however, was not reconstructed to
a more precise detail because of impossibility of
determining the intersections of the Modrej and
Staro selo Faults wih the Idrija Fault. The esti-
mate of the horizontal displacement is about
10 km. The wider fault zone of the Idrija Fault
comprises a number of parallel faults, of which the
Ravne Fault is the most important. The Sovodnje,
Borovnica and Ravnik Faults are arranged in en
echelon series between the Ravne and the Zelimlje
Faults. Farther southeast they lean on the Zelimlje
Fault, respectively the Ljubljana — Imotski Fault
zone also the Idrija Fault (PLacERr, 2008b). In 1998
(Zupancic et al., 2001) and 2004 (Vipriz & RIBICIC,
2004) occurred earthquakes with horizontal focal
displacement at the Ravne Fault.

For understanding the dynamics of the consi-
dered region also the Predjama, Vipava, Rasa and
Divac¢a Faults are important. These faults were
variously deformed after the disintegration of the
“Adria” into the Padan and Adriatic parts, and
formation of the Istria Pushed Area. From the
temporal succession and type of these deforma-
tions, the deformation model for the northeastern
corner of the “Adria” will have to be constructed.

Discussion

On the basis of the above presented structure of
the northwestern part of External Dinarides the
following should be underlined:

Adriatic-Dinaric Mesozoic Carbonate Plat-
form (Fig. 29). The initial structure of the thrust
and nappe structure of External Dinarides is the
paleogeography of the Mesozoic Carbonate Plat-
form and its internal structure. With regard to
the present structural relations in northwestern
part of External Dinarides, the most suitable is
the conservative concept of an Adriatic-Dinaric

Mesozoic Carbonate Platform consisting of a Di-
naric and an Adriatic segment of the platform,
between which the Budva Trough is situated. In
northwest these segments have to merge into a
single carbonate platform. In prolongation of the
Budva Trough, the existence of a shallow Paleo-
gene trough, or semi-trough, is not excluded. Is-
tria and Friuli are parts of the Adriatic-Dinaric
Carbonate Platform. They are separated from its
central part by shallow Friulan Paleogene Basin.
Friuli is separated from Istria by a shallow Paleo-
gene passage. Istria is separated from the Adri-
atic segment of the Adriatic —-Dinaric Carbonate
Platform by a fault zone originating according
to GranpI€¢ (1997b) most probably already in the
Middle Triassic, and having been later reactivated
as the Kvarner Fault Zone.

Differences in development of the Upper Trias-
sic, Upper Cretaceous and Paleogene beds on the
carbonate platform are a consequence of its inci-
pient disintegration to Dinaric striking troughs
and horsts (SrmBar, 1995), and smaller shallow
basins with a more or less continuous sedimenta-
tion in subsided parts, and various levels of ero-
sion in the uplifted parts. Therefore differences
in the upper part of platform cannot be used for
establishing large tectonic displacements with-
out objective material proofs for them. Also the
differences in development between the Adriatic
and Dinaric segment of platform cannot serve as a
realistic base for extreme mobilistic explanations,
but rather as stimulation for careful structural
mapping of the contact areas. In this light the
ideas of Herak (1999), Tarr (2002) and KOoRBAR
(2009) should be considered.

2. Nappe structure of External Dinarides
(Figs. 27 and 29). External Dinarides were formed
in thrust processes in Paleocene and Eocene, and
in the underthrusting stage of the “Adria” from
Miocene on. The External Dinaric Thrust Belt de-
veloped predominantly from the Dinaric segment
of platform and its prolongation toward north-
west, where the Dinaric and Adriatic segments of
platform were merged, which is the reason for exi-
stence of two areas of different internal geometry.
In northwest, where the platform is uniform, the
southwestern part of the External Dinaric Thrust
Belt consists of the Trnovo Thrust Series, known
from the analysis of nappe structure of the Idrija
area and its wider surroundings. All mentioned
units in it, the Trnovo and Hrusica Nappes and the
Sovi¢ Thrust Unit, have an identical geometry. To-
wards southeast, where the External Dinaric Thrust
Belt consists of the Dinaric platform segments, ex-
tend from northwest to southeast the Sneznik, and
Vinodol and Velebit Thrust Units. According to the
structural data, inferred from situation on the sur-
face, the exent of displacement increases from the
Sneznik Thrust Unit southeastwards, and there-
fore we facultatively speak of the “Velebit Thrust
Series”. The Trnovo Thrust Series covers the “Ve-
lebit Thrust Series”, so that the Frontal Zone of the
External Dinaric Thrust Belt comprises the Fron-
tal Zone of the “Velebit Thrust Series”, which is
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Fig. 31. Recent dynamic model. 1. Thrust faults of Southalpine Thrust Boundary; 2. Important strike-slip faults; 3. Transpressive
faults; 4. Seismic active zone Ilirska Bistrica — HruSevje; 5. Direction of relative movement of Southern Istria Structural Wedge;
6. “Adria”; 7. Imbricated margin of “Adria”; 8. Neotectonic-recent segment incorporated in external edge of margin of “Adria”;
9. Thrust Front of External Dinarides; 10. Border faults of Ljubljana Wedge; 11. R,, R,, R;-relative vectors of resultant movements,
Css — strike slip component of displacement (Cgg; = Cgsa = Css3), Cup — sum of underthrusting and pushing displacement component

(Cup1> Cuypz> Cypsy).

linear, and the Frontal Zone of the Trnovo Thrust
Series, which is, owing to the northwest regional
dip of the units, segmented according to fronts of
individual thrust and nappe units.

The External Dinaric Thrust Belt is overthrust
in southeast, in the area of the “Velebit Thrust
Series”, across the Budva Trough on the north-
eastern margin of the Adriatic platform segment

which became therefore folded and partly imbri-
cated. In northwest, where the platform segments
are joined, predominate en echelon arranged folds
of the Kras-Notranjsko Folded Structure.
Decreasing of displacements in front of the
“Velebit Thrust Series” towards northwest is con-
nected with pinching out of the Budva Trough.
The difference in development of Cretaceous and
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Paleogene between the Sneznik Thrust Unit and
its basement is connected with structural diffe-
rentiation of the platform and the resulting con-
sequences.

3. Underthrusting below Southern Alps caused
beside formation of the Southern Alpine Thrust
Boundary also existence of the accompanied
structures in Dinarides. They are well defined in
the ductile formations of the lower and upper de-
tachment horizon. Folds in the W-E direction in
the Permocarboniferous clastites of the Trnovo
Nappe are observable in the lower and folds in
the SW-NE direction in the flysch of the upper
detachment horizon under southeastern or left
flank of the HruSica Nappe near Ubeljsko (point
4 in Figs. 27 and 31). W-E directed folds are po-
sitioned east from Idria Fault and were formed
in the first phase of the post-Sarmatian under-
thrusting. Younger, SW-NE directed folds are
positioned west from Idria Fault. They formed
as consequence of the contemporaneous lateral
movement along Idria Fault and underthrusting
below Southern Alps. Gentle secondary thrusting
of the Trnovo and Hrusica Nappe in the southeast
direction is also the effect of the above mentioned
folding. PREMRU (1980) believed that Trnovo and
Hrusica Nappes, as they are treated in our article,
were secondary thrusted to the south, and argu-
ments this with W-E directed folds. He didn’t dis-
cuss the extent of thrusting.

4. The Istria-Friuli Underthrust Zone (Figs. 4
and 25) and the Istria Pushed Area (Fig. 27) are
two phenomena that in sense of dynamics can-
not be separated. Both phenomena are connected
with formation of the “Adria” and its separation
by the Kvarner Fault Zone into the Padan and
Adriatic part. The movements started in Miocene.
Already during the first displacement stage the
dextral strike-slip movements along the Kvarner
Fault Zone had to occur, and underthrusting un-
der the frontal part of the SneZznik Thrust Fault,
as evidenced by dipping of the Ravnik Anticline
and Brkini Synclinorium axis under the Sneznik
Thrust Unit. Underthrusting resulted also in de-
formation of the front of the HruSica and Trnovo
Nappes. We see the reasons for such interpreta-
tions in the lateral displacement between beds
of the secondary fold (point 4 in Fig. 27, detail
in Fig. 31). We presume that the Istria-Friuli Un-
derthrust Zone started forming at a time when
further underthrusting below the Sneznik Thrust
Unit was not possible any more. It developed after
the weakened part of platform in the place of the
Friulan Paleogene Basin. In principle the Istria-
Friuli Underthrust Zone accepted the displace-
ments that were not possible any more in hinter-
land of Istria in the Frontal Zone of the External
Dinaric Thrust Belt. Extensive underthrusting be-
low the Sneznik Thrust Unit was probably limited
to a narrow space between the apical part of the
Southern Istrian Structural Wedge and the Kvar-
ner Fault Zone in the depth. The limited capabi-
lity for underthrusting below the Sneznik thrust
block is associated with the unique platform.

The effect of push, expressed in deformation of
the frontal part of HruSica and Trnovo Nappes,
can be recognized by disability of reconstructing
the thrust planes of the both nappe units in flysch
according to principles of expected geometry of
the overthrust units.

Formation of the Istria-Friuli Underthrust
Zone and of Istrian Pushed Area was a polyphase
process. The polyphase character can be observed
e.g. in internal structure of the Istria — Friuli
Underthrust Zone, in which alternate phases of
underthrusting and folding, and also in relation
between the Dinaric striking faults and laterally
deformed arcuate structures, as in continuation of
the Southern Istrian Structural Wedge in which
the RaSa Fault and Cicéarija Synclinorium are
arched, whereas the fault itself together with the
Trieste-Komen Anticlinorium and Vipava Syncli-
norium are not arched, etc.

5. “Adria” (Fig. 30). If accepting the hypothesis
that the original structure of the rigid indenter
of “Adria” has been the Adriatic segment of the
Adriatic — Dinaric Mesozoic Carbonate Platform,
it could be deduced from interpretation of the
present structure of the External Dinarides that
the boundary of the “Adria” is identical with
the Frontal Zone of the External Dinaric Thrust
Belt. However, this impression is only apparent,
more acceptable seems the hypothesis that the
original structure of the rigid indenter of micro-
plate is identical with the lithologic boundary of
the northeastern margin of the Adriatic segment
of carbonate platform in the depth, which in pla-
ces coincides spatially with the Frontal Zone, and
with fault deformations that have arisen along
this boundary. In northwestern part of External
Dinarides, where the Adriatic and the Dinaric
segment of carbonate platform should have been
joined, the original structure should have been
subjected to other criteria. We presume on the
basis of deformation geometry at least two prin-
cipal phases of evolution of northwestern boun-
dary of the “Adria”, accompanied with interphase
events as sketched under point 3. Two phases are
presumed with respect to segmentation of un-
derthrusting boundary of the External Dinarides
under Southern Alps west of the Ravne Fault,
which is attributed to the broader zone of the
Idrija Fault (Fig. 3). It is subdivided into the Mo-
drej Fault, respectively Staro selo steep Thrust
Fault of W-E strike, and a zone of gently inclined
thrust faults striking ENE-WSW to NE-SW west
of Tagliamento that lean on the W-E striking faults.
The area of the intersecting line of SW (WSW)-NE
(ENE) and W-E striking thrust faults lies, at least
theoretically, in the structural prolongation of the
Budva Trough below the Trnovo Thrust Series.
The area of actual displacements along the Ravne
Fault, respectively the broader fault zone of the
Idrija Fault, lies on the trace of a wider zone of en
echelon arranged dinaric, NW-SE striking faults,
that passes from tip of the Kvarner Bay to central
Soca River area. The zone is defined by the Rasa
Fault at the segment from eastern Kvarner coast
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to the Ilirska Bistrica, active seismic zone Rupa
— Postojna, Predjama Fault and the northwestern
section of the Idrija and Ravne Faults. The con-
nection between Kvarner and central Soc¢a River
area seems to be of a younger date. It formed after
deformation of the Rasa Fault in prolongation of
the tip of Southern Istria Structural Wedge. For-
mation of this zone is conspicuously indicated by
the linear arrangement of earthquake hypocen-
ters in the Ilirska Bistrica — HruSevje zone. The
mentioned boundaries of the “Adria”, older and
younger, reflect the subrecent and recent fragmen-
tation process of northeastern part of the “Adria”.
The mechanism of this process is suggested by
results of GPS measurements in the considered
area (WEBER et al., 2010) that was generated by
separate rotation of the Padan part of the “Adria”
in whose edge Istria is situated opposite to the
southern or Adriatic part. The rotation genera-
tes pushing of Southern Istria Structural Wedge
northeastwards and strike-slip along faults of en
echelon zone between Kvarner and the central
Soca River area. Recent displacements along the
Crni Kal Thrust Fault (Riznar et al., 2007) indicate
integral displacement of smaller structural blocks
that will have to be determined by measurements.
Such blocks are in addition to the Southern Istria
Structural Wedge also the Northern Istria Struc-
tural Wedge, the Istrian block with respect to the
Friulan block, etc..

An idea about incorporation of the new segment
of the crust in the “Adria” opens the question
about its northern boundary. It is positioned in the
western continuation of the Idria or Ravne Fault
respectively. From this point of view, the South
Alpine Thrust Front Boundary west from Idrija
Fault and original NW boundary of the “Adria”
in the structural continuation of the Budva trough
under the Hru$ica and Trnovo nappe plain has to
be newly defined.

The kinematics of the eastern part of the Padan
segment of the “Adria” is represented with resul-
tant vectors of single parts of its boundary belt
movements. According to the most intensive un-
derthrusting and pushing in the Istria and gradu-
al declining to the northwest, which is represented
on the profiles across Istria (Fig. 22, Cyp; compo-
nent), across Trieste — Karst Plateau (Fig. 23, Cyp,
component) and Friuli (Fig. 24, Cyp; component),
the relation between relative components of the
underthrusting and pushing is as follows: Cyp, >
Cups > Cyps. If we presume that the component of
displacement owing to the strike slip in the north-
eastern direction (Cgs) is roughly the same in the
whole area, then Cgg; = Cgg, = Csg3 Relative resul-
tant movements R,, R, and R, are therefore distor-
ted in the counter-clockwise direction as deduced
from reduced movements based on the GPS mea-
surements (WEBER et al. 2010).
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Abstract

The Trepca Belt of Pb-Zn-Ag mineralization is located within the NNW-SSE trending Vardar zone. The Belt
extends for over 80 km, and supported five mines during the period 1930-2008. It contains a number of the other
Pb-Zn occurrences too. The replacement and vein type mineralization is hosted primarily by Mesozoic carbonates,
but also occasionally by amphibolites, and displays a clear structural control. Mineralization is spatially and gene-
tically related to Neogene andesite-dacite extrusives and sub-volcanic intrusives. Only Stan Terg mine is presented

in this paper.

Introduction

The history of silver, lead and zinc mining in
Kosovo is woven into with the history of Kosovo
itself. In the modern era, the production of silver,
lead and zinc has been synonymous with Trepca.
This briefing note describes the current situation
at Trepca and examines its future outlook.

Mining activities and smelting of the silver-
bearing lead-zinc ore in Kosovo has a long history
and can be dated back to even pre-Roman times as
the relics of tools and diggings show. From the Ro-
man period to the Middle Ages, the area between
Serbia and Greece especially the southern part of
Kosovo was intensively exploited for its lead-zinc
and silver ores and at that time was one of most
important sources ofits kind. The Roman and Otto-
man Empires fought to take control of the silver
mines in Kosovo and at a later stage the Serbian
Middle Kingdom produced much of its coinage
from silver mined at Artana/Novo Berdo.

The British company Seltrust, founded at one
stage, operated nine mines in Trepca as shown on
the map (Fig. 1). Currently, only five of these have
significant remaining resources, although all have
the potential for extensions to the known minera-
lization. The mining and processing infrastructure
following the conflict was in a very poor condi-
tion. However, after major effort and significant
investment, four of the mines have recommenced
limited production.

The successful industry of the 1960s and the
historic mines were founded on the quality of
the lead-zinc deposits that occur in the Trepca
Mineral Belt running in a NW-SE direction from

Kapaonik (Beloberdo) in the north to Kizhnica in
the south. Whilst the 80s and 90s were characteri-
zed, at least partly, by a lack of exploration, the
known deposits are not exhausted and mineable
reserves and measured resources (Adam Wheeler

Geotectonic Units of Central Balkan. Scale: approx. 1 : 1,000,000.
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study) at the five key mines total 7,068,000 tonnes
of 5.46 wt% lead, 5.64 wt% zinc and 116 g/tonne
silver. All deposits are open at depth or extend on
strike. Recent geological work strongly indicates
that the deposits within the Trepca Mineral Belt
are considered highly prospective with regard to
additional reserves and resources as the minera-
lization is structurally and/or fault controlled.
Consequently, the Trepca Mineral Belts (HyseEnt
& LARGE, 2003) hold great potential, not only for
lead, zinc and silver, but also for copper and gold.

Trepca Mineral Belt regional geology

The linear Trepca “Belt” of lead-zinc minerali-
zation extends for over 80 km in northern Kosovo,
and includes numerous mines and occurrences
(Figs. 1, 2). Although evidence of mining dates
back to the Romans, who were primarily intere-
sted in small gold occurrences, modern mining
began in 1930 at the Stan Terg lead-zinc mine,
which is located on the Trepca stream.

The Trepca Belt, which comprises part of what
has been previously described as the Kapaonik
District (Forcan, 1948; Jankovic et al., 1997), in-
cludes numerous lead-zinc deposits. On a regional
scale, the Trepca Belt belongs to the Kosovo sec-
tor of the Serbo-Kosovo-Macedonian-Rhodope
metallogenic belt of Oligocene-Miocene age. This
includes the base and precious-metal districts in
Kosovo, southern and western Serbia, Macedonia,
northern Greece and southern Bulgaria (HEINRICH
& NEUBAUER, 2002).The Trepca Belt lies within the
NNW-SSE trending Vardar tectonic zone (Fig. 2).

The regional structure marks the fundamental
suture between the Serbo-Kosovaro-Macedonian
Massif, which is underlain by late Proterozoic me-
tamorphic successions, and the Dina rides, which
are comprised of Mesozoic ones with typical Al-

Fig. 2. Vardar zone and position of Pb-Zn-Ag mineralization
in Kosovo

pine deformation. The Vardar Zone contains frag-
ments of Paleozoic crystalline schist and phyllite,
with unconformable overlying Triassic clastics,
phyllites, volcanoclastic rocks and Upper Trias-
sic carbonates. Serpentinized ultrabazik rocks,
gabbros, diabases and sediments of the ophiolite
association characterize the Jurassic. The Creta-
ceous sequence consists of a complex series (some-
times described as mélange) of clastics, serpenti-
nite, mafic volcanics and volcanoclastic rocks, and
carbonates. The Tertiary (Oligocene-Miocene) an-
desite, trachyte and latite sub-volcanic intrusives,
volcanics and pyroclastic rocks occur at several
centres within the Trepca Belt, covering large
areas (MrLeTic, 1997). They are particularly well
developed in the eastern sector (the so-called Inner
Vardar sub-zone) of the Vardar zone. Miocene and
Pliocene shallow water sediments fill the Kosovo
Basin, which borders the central and southern
sectors of the Trepca Belt to the west.

The structure of the Trepca Belt is dominated by
NNW-SSE trending structures. Overthrusts with
SE vergence are dominant, some of which are de-
monstrably post-Oligo-Miocenein age while others
are clearly older. Congruent WSW-ENE structures
link the dominant NNW-SSE trending structures.
It is considered that many of the Vardar structures
may be reactivated Variscan structures marginal
to the Serbo-Kosovaro-Macedonian Massif. The
possible influence of the NW-SE structures in the
Drina-Ivanjica (Drenica) structural block, which
is an external unit of the Dinarides and forms
the western margin of the Vardar zone, are over-
printed on the dominant NNW-SSE trend.

Trepca geologists recognized three regional
(NNW-SSE) trending zones of mineralization
within the Belt (Fig. 3).

Zone I includes Artana-(Novoberdo-)Batllavé.
Zone I follows the boundary between the Kosovo
sector of the Serbo-Kosovaro-Macedonian Massif,
which is marked here by extensive Neogene calc-
alkaline volcanics and intrusives, with the Vardar
Zone.

Zone II extends from the Hajvalia-Kizhnica dis-
trict in the south to Belo Berdo in the north, and
includes the Stan Terg mine and numerous other
occurrences. Zone II follows the major fault that
marks the eastern margin of the Miocene Prish-
tina basin, and its extension to the NNW and the
intrusive and volcanic complexes (Fig. 3) in nort-
hern Kosovo.

Zone III includes the Crnac mine, and extends
along a number of lead-zinc occurrences on the
western border of the Vardar Zone, where it is in
contact with the Dinaride-Drina-Ivanjica (Dreni-
ca) structural block.

Stan Terg mine
Exploration and mining history

The Stan Terg mine, which has been conside-
red one of the best lead, zinc and silver mines in
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Europe, was initially explored by Selection Trust
Ltd in 1925. The deposit was discovered after ex-
ploration in the vicinity of mediaeval workings.
Development commenced in 1927, and produc-
tion in 1930. Production was maintained during
the German-Italian occupation (1941-1945), and
then continued until 1999 under state ownership.
Mining has been performed from the surface down
to Level 9 at a depth of 600 m below the surface.
Average annual production from 1945 to 1990 was
580,000 tonnes, and it is estimated that total pro-
duction has been approx. 32 million tonnes. The
highest annual production was 704,000 tonnes in
1984.

In the vicinity of the Stan Terg deposit there are
several occurrences of Pb-Zn ore bodies, such as
Didoma, Meljenca, Rasane, Terstnea and Zijaca
with all of the Stan Terg style of mineralization,
holding economic potential and further resources.

Stan Terg regional geology

The Stan Terg Pb-Zn-Ag deposit is located
within the Vardar zone of the Dinaride Alpine Belt,
consisting of Paleozoic basement rocks, Jurassic-
Cretaceous sediments and rocks of ophiolitic af-
finities. These rock units have been foliated during
the early Tertiary (Fig. 4). During the late Tertiary,
the Balkan Area was heavily affected by plutonic,
sub-volcanic and volcanic processes with the de-
position of mainly granodioritic magmas at depth,
andesites, dacites and quartz latite flows and
dykes as well as pyroclastic rocks, mostly tuffs, la-
pilli tuffs and ignimbrites. Structurally, the Stan
Terg deposit is situated in the centre of the so-
called Trepca Mineral Belt (Kapaonik Zone). This
tectonic zone, within which the Balkan Pb-Zn-Ag
deposits are located, is marked by very strong li-
neaments and a fracture zone striking NW-SE.
It can be followed from Bosnia, through Kosovo
and Macedonia to the Gulf of Selanik in Greece
and varies in width from 40 to 60 kilometres.

Fig. 3. Trebca mineral belt
Mine Geology

The overall geological structure at Stan Terg
is complex, consisting of an anticline plunging at
about 40° NW, with a prominent volcanic breccia
pipe along the hinge of the asymmetric anticline.
The core of the anticline consists of Triassic car-
bonates surrounded by sericite schist (Fig. 5).
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Fig. 4. Stan Terg regional Geology
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Low-grade mineralization occurs along elon-
gated paleo-karst features and cavities, commonly
associated with skarn-type alterations.

Massive sulphide ore of economic importance
forms continuous, columnar shaped ore bodies of
the carbonate replacement type. These are loca-
ted along the carbonate-schist contact and dip pa-
rallel to the plunge of the anticline and structural
fabric and the dip of the flanks. The ore bodies
along this contact extend along a strike length
of 1,200 m, and have been explored to a depth of
925 m below the surface (11 levels - Fig. 6).

The ore mineralogy of the deposit is dominated
by pyrite, pyrrhotite, sphalerite and galena, with ty-
pical carbonate gangue minerals and minor quartz.

In detail, the ore mineralogy is very varied and
includes a number of primary Pb-Zn- as well as
secondary sulphides in cavities and vugs, inclu-
ding rare minerals such as boulangerite.

The large ore bodies along the footwall are in
contact with the volcanic breccia pipe and con-
sist of massive Pb-Zn sulphides of lower grade,
including ilvaite and hedenbergite garnet as well
as -magnetite, - pyrite and- chalcopyrite skarn
together with Fe-rhodochrosite, siderite, ankeri-
te and dolomite. This skarn-type mineralization
also occurs together with smaller ore bodies and
sub-economic pockets associated paleo-karst
cavities.
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Reserve estimation

These figures are derived from detailed reviews
of previous estimates, 3D modelling using Data
Mine software (WHEELER 2003), re-evaluation and
re-assaying of production stops (Table 1). The
resource figures pertain to 22 stopes within the
bottom three levels (8-9) and have had economic
cut-off calculations and mining factors applied.
The figures given as probable and proven refer
mainly to production stopes on Level 10 and mi-
nor to Level 9 and 11 stopes. Fig.7 does not strict-
ly comply with CIM reporting standards due to a
lack of reconciliation data.

Table 1. Stan Terg mine reserves and resources:

Tonnes %Pb  %Zn gltAg
120,340 5.14 5.13 88.0
311,660 5.10 3.17 80.5
432,000 5.10 3.17 80.5

12,488,000 3.21 2.21 56.4

Proven reserves:
Probable reserves:
Total mine able reserves:

Total resources:
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Izvlecek

Sistemati¢nega poucevanja geologije v osnovni in srednji $oli v Sloveniji (Se) ni. V osnovni $oli so geoloSke teme
razdrobljene med vec predmetov in razredov, zato jim je ve¢ pozornosti namenjene le v primeru izvajanja izbirnega
predmeta ali geoloskega krozka. S pomocjo Geoloskega zavoda Slovenije Ze nekaj let uspesno izvajamo delavnico
za osnovnosSolce, ki je namenjena popularizaciji geologije. Z njo se ucenci seznanijo s prepoznavanjem kamnin, mi-
neralov in fosilov ter z lastnostmi vode.

Abstract

Systematical teaching of geology is (yet) not established in primary and secondary school in Slovenia. In primary
school, geological topics are divided among numerous subjects and levels therefore they receive more attention only
if alternative courses or geological circles are realized. With help of the Geological Survey of Slovenia we have been
successfully performing a geological workshop for primary school pupils aiming to popularize geology. With it pu-

pils are acquainted with methodologies for identification of rocks, minerals, fossils and properties of water.

Uvod

Spoznavanje geologije v osnovni $oli v Slove-
niji je razdrobljeno med ve¢ predmetov (MAJCEN,
2003), geoloske vsebine pa se izvajajo tudi v neka-
terih Centrih $olskih in obsolskih dejavnosti. Prve
informacije o kamninah in mineralih ucenci pri-
dobijo v 6. razredu pri naravoslovju, nadaljujejo
v 7. razredu pri geografiji (vulkani, potresi, kras),
v 8. razredu pri geografiji (tektonika, rude, pod-
zemne vode) in biologiji (fosili) ter v 9. razredu
pri geografiji Slovenije (kamnine, kras, geoloska
karta, tektonika). Zaradi uvrstitve v tretjo triado
se zanimanje in sposobnost opazovanja narave
ucencev predolgo zanemarja, medtem ko nesiste-
mati¢no podajanje snovi otezuje nadgrajevanje
ze dosezenega geoloSkega znanja. Kjer v uéni li-
teraturi obstaja neusklajena in neprimerna raba
geoloskih terminov (Porrt, 2005), bi jo morali na
podlagi obstojecega GeoloSkega slovarja (Pavsic,
2006) odpraviti. Za primerjavo naj omenim, da se
v Mednarodni OS Danile Kumar v Ljubljani ze
ucenci 2. razreda pri temi How the world works
seznanijo s kamninami in minerali, njihovim na-
stankom in uporabo, v 5. razredu pri spoznavanju
evolucije pa s fosili (INTERNETNI VIR 1).

Predstavitev geologije je v veliki meri prepu-
S¢ena iznajdljivosti in razgledanosti uciteljev, ki

se pogosto ne ¢utijo dovolj strokovno podkovani
za uporabo prakti¢nih pripomockov (npr. zbirk
kamnin in mineralov, pH metra) ali nimajo znanja
za prikaz dolocenih geoloskih pojavow.

Namen predstavljene delavnice je pokazati, da
lahko s preprostimi metodami in relativno poce-
ni pripomocki opazujemo, poskuSamo in doloca-
mo najrazliénejSe naravne snovi. Primerna je za
osnovne $ole brez geoloskih krozkov, a tudi takim
morda poda kaksno idejo. Sluzi kot dopolnilo red-
nega pouka in izkustveno sredstvo za spoznavanje
pestrosti narave.

Izvedba delavnice

Delavnica je primerna za uéence od 3. do 9. raz-
reda osnovne Sole, pri ¢emer se zahtevnost nalog
in razlaga opazovanih pojavov prilagodi njihovi
sposobnosti. Zasnovana je tako, da jim pribliza
delo terenskega geologa, torej osnove petrologije,
mineralogije, paleontologije in hidrogeologije. Za
izvedbo potrebujemo dovolj vzorcev kamnin, mi-
neralov in fosilov ter nekatere tehni¢ne pripomo-
¢ke (10% raztopino HCI, povecevalna stekla, pH
listice, pH meter, merilec prevodnosti vode ipd.).
Delavnico lahko izvedejo ucitelji sami, zaradi raz-
polaganja s primernimi vzorci in drugo opremo pa
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je priporocena prisotnost $tudentov geologije ali
geologov. Trenutno delavnico izvajamo pod okri-
ljem Geoloskega zavoda Slovenije in s pomocjo
Studentov geologije, ki tako opravijo del Studijske
prakse. Izvedenih je bilo ze 15 delavnic na osmih
Solah, od tega 3 v angleskem jeziku na mednarod-
ni Soli v Ljubljani.

Namen geoloske delavnice je, da ucenci osvojijo
osnovne pojme o poimenovanju in dolo¢anju kam-
nin, mineralov in fosilov ter postanejo pozorni na
kvaliteto pitne vode. Metode dela so opazovanje,
primerjanje, opisovanje, merjenje, itd., opazanja
pa ucenci vpisujejo na delovne liste. Poudarek je
na neformalnem podajanju snovi in subjektivnem
izkustvu, saj tako ucenje poteka lazje in boljSe.

Na zacetku delavnice ucence seznanimo z osnov-
nimi terenskimi pripomocki geologov, izmed kate-
rih nekatere kasneje uporabijo za reSevanje nalog.
Vsekakor pokazemo posebno oblikovano geolosko
kladivo, lupe z razli¢no povecavo, geolosko karto
(Buskr & DRrAKSLER, 1999), geoloski kompas in var-
nostno opremo (ocala, rokavice, ¢elada) ter kako
se ravna z nabranimi vzorci. Po predstavitvi u¢en-
ci, razdeljeni v §tiri skupine, spoznavajo posame-
zni tematski sklop, npr. 20-30 minut za vsakega.
Zadnjih 20 minut delavnice namenimo utrjevanju
opazovanega. Ucenci naj skupaj ali po skupinah
kriti¢no razmisljajo o novih spoznanjih, pri c¢emer
jih usmerjamo z vprasanji, kot so:

- Kako vemo, da je vzorec stalagmit in ne stalak-
tit?

- Razvrsti kamnine po $tevilu in velikosti mine-
ralov,

- Kateri mineral reagira s kislino, ali razi steklo,
ali je magneten?

- Kateri deli organizmov se pri fosilih najveckrat
ohranijo?

- Kako se obarva indikatorski papir v kisli in
kako v alkalni raztopini?

Petrologija

Osnovno delo geologa je prepoznavanje kamnin,
zato za delovni sklop o petrologiji potrebujemo vsaj
10 razli¢nih vzorcev kamnin. Predstavljajo naj vse
glavne skupine, torej magmatske, metamorfne in
sedimentne kamnine. Naslednji predlogi so kam-
nine, ki jih lahko naberemo v Sloveniji. Magmat-
ske globo¢nine predstavljata granodiorit ali tona-
lit s Pohorja, predornine andezit s Smrekovca ali
keratofir z Jezerskega, zilnine pa pegmatitne ali
aplitne zile v tonalitu. Metamorfni gnajs in skrila-
vec najdemo v okolici Crne na Koroskem, medtem
ko blestnik na Pohorju. Sedimentne kamnine so
v Sloveniji zelo dostopne. Apnenec s fosili je za-
nimiv na Krasu, dolomit je tipi¢en v Baski grapi,
klasti¢ne kamnine kot npr. muljevec in pesc¢enjak
na Obali ali v Halozah, bre¢a v DovZanovi soteski
in konglomerat v terasah ob reki Savi. Dolo¢enih
kamnin, npr. bazaltne lave, obsidiana in plovca, v
Sloveniji ni. Zato jih kupimo na sejmu ali napro-
simo kamnoseka za ostanke pri izdelavi okenskih
polic, nagrobnih kamnov ali tlakovcev.

Vsak vzorec kamnine naj bo opremljen z ime-
nom in vrsto nastanka (npr. apnenec, sedimentna
kamnina). Kamnine se makroskopsko razlikuje-
jo predvsem po barvi in strukturi, uéenci pa naj
spoznajo tudi njihove druge fizikalno-kemic¢ne
lastnosti. Opisejo naj barvo, specificno tezo, hra-
pavost, odpornost proti lomljenju, $tevilo mine-
ralov, njihovo obliko in velikost. Preverijo naj ali
kamnina plava na vodi, vsebuje fosile in reagira z
10 % raztopino HCI.

Barvo kamnin in mineralov ucenci doloéijo
subjektivno (npr. temno zelena), v kolikor pa je
na voljo Munsellova barvna karta (BouLpER, 1995)
naj ucenci visjih razredov poskusijo doloc¢iti vsaj
en vzorec po karti. Pomen barvne karte je v njeni
objektivnosti, saj so barve standardizirane gle-
de na ton, nasi¢enost in svetlost. Specifi¢cno tezo
vzorca je najpreprosteje dolociti s subjektivnim
‘tehtanjem’ na roki in primerjanjem z drugimi
vzorci, kajti izrazito lahki vzorci (plovec) in tezki
vzorci (cinabarit, galenit) jasno odstopajo. V ko-
likor je na razpolago dovolj ¢asa, se lahko izve-
de preprost poskus z newtono metrom (FARNDON,
2007, str. 47). Stevilo mineralov v kamnini ucenci
doloc¢ijo okvirno, glede na koli¢ino razli¢no obar-
vanih zrn (npr. bela, zelena, ¢rna), pri ¢emer kot
obliko opisejo: okrogla, oglata, 6-kotna, ipd. Pri
velikosti zrn ponudimo moznosti: zrna niso vidna
(steklena osnova kot pri obsidianu in plovcu, ali
pa so mikroskopska), enako ali razli¢no velika (iz-
merijo, podajo razpon). Razred¢ena kislina HCI
reagira le s kalcitom, zato so Sumenje in mehurcki
dokaz, da kamnina vsebuje mineral kalcit. Burna
reakcija je znacilna za apnenec, manj burna za la-
porovec. Ker kislina poskoduje sluznico in drazi
kozo, naj z njo ravnajo le odrasli. Shranjena mora
biti v kapalki, na vzorec naneSena previdno in po
oceni reakcije obrisana s papirnato brisacko.

Poleg opisovanja kamnin poudarimo pomen
njihovega pravilnega in sistemati¢nega zbiranja.
Ucence spodbudimo, da za izbran vzorec napisejo
kartotecni listi¢ za zbirko, ki mora vsebovati po-
datke o: zaporedni $tevilki vzorca, imenu in tipu
kamnine, lokaciji najdi$c¢a, geoloski starosti kam-
nine, kdaj in kdo je nasel vzorec ter opis morebit-
nih posebnosti.

Mineralogija

Zbirko lahko ucenci ustvarijo tudi z minerali, a
najprej morajo le-te med seboj locevati. Tudi pri
tej skupini potrebujemo vsaj 10 razli¢nih, dovolj
velikih (vsaj 1-2 cm) in ne dragocenih vzorcev.
Zaradi barve in sijaja priporoc¢am pirit in gale-
nit, zaradi barve ¢rte na porcelanu realgar, kuprit,
malahit in baker, zaradi specifi¢ne teze cinabarit,
zaradi trdote lojevec, halit (kameno sol), fluorit,
ortoklaz, kremen in korund, zaradi prosojnosti sa-
dro in muskovit, zaradi reakcije s kislino pa kal-
cit. Kot primer organskega minerala sluzi jantar,
ki plava v slani vodi, se ob drgnjenju naelektri in
ob gorenju sprosc¢a diSe¢ vonj po iglavcih.

Preprosto dolo¢ljive so naslednje fizikalne last-
nosti mineralov: magnetnost, specifi¢na teza in tr-
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dota. Tudi opti¢ne lastnosti, kot so barva, barva
¢rte na porcelanu, prosojnost in sijaj, so primer-
ne za opisovanje. Seveda vedno poskusijo reakcijo
minerala s kislino.

Magnetnost ucenci dokazejo, ¢e se vzorec in
magnet privlacita. Trdota mineralov je opisana s
primerjalno Mohsovo lestvico. Za okvirno doloca-
nje trdote zadostujejo bakren kovanec, steklena
ploscica, (svoj) noht in kristal kremena. Najpre]
poskusijo ali noht, kovanec in kremen razijo vzo-
rec ter ali vzorec razi stekleno plos¢ico. V prvem
primeru je trdota najve¢ 2, v drugem 3, v tretjem 7,
Ce pa vzorec razi steklo ima trdoto 7 in ve¢. Vzor-
ce razijo tudi med seboj, vedno domnevno mehkej-
Sega s trsim. Na podlagi ugotovitev jih razvrsti-
jo od najmehkejsega do najtrSega. Barva ¢rte na
porcelanu je pomembna, ker je enoznacna tudi za
razli¢no obarvan mineral. Dolo¢ijo jo tako, da po
njem podrgnejo z vzorcem. Za porcelan lahko upo-
rabimo keramic¢ne elektri¢ne izolatorje, nebrusen
del porcelanastih stenskih plos¢ic ali kuhinjskega
porcelana. Mineral opiSejo kot prozoren, ¢e sko-
zenj vidijo (berejo) ne glede na njegovo debelino.
Prosojen preseva svetlobo, skozenj pa vidijo le,
kadar je dovolj tanek. Skozi neprosojne minerale
ne vidijo. Pri sijaju je dovolj, da razlikujejo med
oCitnimi: steklast, kovinski, pescen, masten,...

Minerali so zaradi znacilnih pojavnih oblik in
barv zelo primerni za urejanje v zbirke, zato ucen-
ce seznanimo, da mora dobra zbirka za vsak vzo-
rec posebej vsebovati podatke o: zaporedni Ste-
vilki vzorca, imenu in mineralni skupini, njegovi
kemijski sestavi, nahajalis¢u in imenu formacije
v kateri je najden, kdaj in kdo ga je naSel ter opis
morebitnih posebnosti.

Paleontologija

Se bolj kot bles¢e¢i minerali u¢encevo domi-
§ljijo burijo fosilizirani organizmi. Zelo tezko jim
bomo pokazali prave dinozavrove stopinje, a ka-
ksna kost paleolitskega medveda ali zob morske-
ga psa sta prav tako zanimiva. Za ta sklop tore]
potrebujemo vsaj 10 primerkov fosilov v razli-
¢nih sedimentnih kamninah. Morda jih naberemo
in dolo¢imo sami (pri Cemer ne ropamo zasScite-
nih najdi$¢ in redkih fosilov!!!), najlaze pa se je
z njimi oskrbeti na sejmih. Izmed fosilov izbere-
mo razli¢ne preseke $koljk, polZzev, amonitov, ko-
ral, morskih lilij,... Zanimivi so tudi planktonski
organizmi, foraminifere, alge, mahovi in drevesni
listi v lehnjaku ter najrazli¢nejsi deli rastlin v pre-
mogu. Pokazemo lahko tudi ihnofosile oz. sledove
Zivljenja (ostanki lazenja, hoje, prehranjevanja),
jantar z ujetimi Zuzelkami in dendrite/psevdo-
fosile/lazne fosile (mineralne tvorbe podobne fo-
silom). Za primerjavo naj kakSen vzorec vsebuje
mikrofosile (vidni le z lupo), preostali pa naj bodo
dovolj veliki za opazovanje.

Pri vzorcih je pomembno, da poleg imena fosila
napiSemo tudi vrsto kamnine. S tem ucenci spo-
znajo, da se fosili nahajajo v raznovrstnih sedi-
mentnih kamninah ter da so apnenci v Sloveniji
najpogostejsi nosilci fosilov in izredno razli¢ne-

ga videza. Ucenci doloc¢ijo vrsto fosila, zivljenj-
sko okolje organizma, starost kamnine ter ostale
lastnosti fosila (velikost, barvo, prerez, hrapavost,
reakcijo s kislino) ter kamnine (barvo, hrapavost,
reakcijo s kislino).

Vrsto fosila dolocijo na podlagi oblike, velikosti
in ohranjenosti lupine. Locujejo med odtisom oz.
kamenim jedrom (ohranjen odtis notranje ali zu-
nanje lupine), lupino, sledovi fosilov (oblika kaze
na lazenje, plazenje ipd.), inkrustacijo (organizmi
so prevleceni s skorjo — lehnjak), ... Za velikost iz-
merijo njegov najdaljsi presek. Za lazjo predstavo
najuporabijo priro¢nike, ki prikazujejo fosile (Pav-
$1¢, 1995).

Namen te skupine je, da ucenci spoznajo enkrat-
nost in neponovljivost fosilov ter njihovo vlogo za
dolocanje starosti kamnin in zivljenjskega oko-
lja (Bavec, 1999). Poudarimo tudi pomen njihove
ohranitve za naravno dedis¢ino. Zbirka mora vse-
bovati podatke o: zaporedni Stevilki vzorca, vrsti
in rodu fosila, njegovi starosti, natanénem opisu
nahajalis¢a, kamninski formaciji, ¢asu najdbe in
najditelju ter morebitne posebnosti.

Hidrogeologija

Ko ucenci izvedo, da se geologi ukvarjamo tudi
z raziskovanjem (podzemne) vode, so nemalokrat
preseneceni. Vendarle pa je zaradi zanimive meto-
dologije dela hidrogeoloska skupina obic¢ajno naj-
bolj priljubljena. Na voljo naj bodo vzorci vode,
ki se uporablja v gospodinjstvu in je nenevarna za
zdravje. To so npr. slana in sladka voda, voda s sodo
bikarbono, voda s citronko, alkoholni ali jaboléni
kis, voda iz pipe, dezevnica, sneznica ali destilira-
na voda ter nekaj pija¢, tudi gaziranih (npr. voda z
limono, ledeni ¢aj, kokakola, fanta, jaboléni sok).
Dodamo tudi neoznacen vzorec (enak enemu iz-
med oznacenih), ki ga ucenci s pomocjo rezultatov
preostalih testov doloc¢ijo sami.

Ucenci sprva opiSejo vonj, barvo in motnost
vzorca, in Ce je le mogoce Se okus. Sledi dolo¢anje
temperature, elektroprevodnosti in kislosti vzor-
ca. Zadnja dva parametra glede na razumevanje
doloéijo z razliéno natanénostjo (indikatorski li-
sti¢i, pH meter).

Vonj doloc¢ijo kot: brez vonja, oster, dise¢, ‘po
kisu’,... Barva in motnost sta subjektivni oceni,
opozorimo pa na vpliv debeline kozarca. Doloca-
nje okusa je izredno dobro sprejeto, a se zaradi ve-
likega Stevila ucencev le redko izvaja. Ker so ne-
katere raztopine in alkoholni Kkis izrazitega okusa,
ucence izrecno opozorimo, da vzorcev ne pijejo ter
usta poplaknejo s pitno vodo. Temperaturo vode
merijo socasno s prevodnostjo raztopine, saj sta
obe vrednosti podani na merilcu elektroprevodno-
sti vode. Visoka prevodnost vzorca kaze na veliko
raztopljenih snovi (elektrolitov). Manj natancen,
a ni¢ manj zanimiv je poskus penjenja milnice
(INTERNETNI VIR 2). V posamezno epruveto nalije-
mo nekaj centimetrov vzorca (volumen oz. vi§ina
naj bo v vseh epruvetah enaka) in vanjo dodamo
po eno kapljico detergenta za pomivanje posode.
Epruveto zamasimo, ucenci pa jo stresejo in iz-
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merijo visino pene. Vi§ja kot je pena vzorca, manj
raztopljenih snovi vsebuje oz. mehkejsa je voda.
Najpomembnejsi pojem, ki ga ucenci osvojijo pri
tem sklopu je kislost vzorca. Tisti, ki $e niso se-
znanjeni s pojmom pH, naj za dolocanje kislosti
uporabijo indikatorske listi¢e s pripadajoco ska-
lo. Najprej doloc¢ijo barvo listic¢a, zatem iz barvne
skale od¢itajo vrednost pH. Tisti, ki pojem kislosti
in alkalnosti vode ze poznajo, lahko uporabijo pH
meter, s ¢imer vrednost pH doloc¢ijo zelo natan¢no,
in jo primerjajo z natanc¢nostjo dolo¢itve z barvni-
mi indikatorji. Pri meritvah poudarimo, da je za
pitje priporocljiva nevtralna pijaca, medtem ko
imajo gazirane pijace obi¢ajno zelo nizek pH.

Diskusija

Opisana delavnica je nastala na zeljo uditelji-
ce razrednega pouka, ki je hotela svojim u¢encem
pokazati kamnine iz uénega nacrta. Z njo ucence
seznanimo s §tirimi pomembnimi vejami geologije:
petrologijo, mineralogijo, paleontologijo in hidro-
geologijo. S prikazom ‘osnovnega znanja in delo-
vanja’ geologov se poznavanje geologije kot véde
$iri in popularizacija lahko le pozitivno pripomo-
re k spoznavanju njenega pomena za raziskovanje
in ohranjanje naravnega okolja.

Preproste raziskovalne metode ter dostopni
pripomocki so primerni, da jih uéenci uporabijo
pri svojem raziskovanju tudi kasneje. Zahtevnost
opazovanja pri posameznem sklopu je potrebno
prilagoditi starosti in znanju uc¢encev. Na podlagi
izkusenj menim, da je pri mlajsih najbolje spod-
bujati subjektivno opisovanje lastnosti. Ce opiSejo
plovec kot lahek luknjicast bel kamen, ki plava na
vodi in ne reagira s kislino ter ga narisejo, si ga ta-
koreko¢ za vedno zapomnijo. Nasprotno so u¢enci
zadnje triade sposobni bolj kriti¢nega in natan-
¢nega razmiSljanja, zato jih motivira znanstveno
opisovanje kot lahka kamnina bele (5 B 9/1) barve
s stekleno osnovo, plava na vodi zaradi nepove-
zanih por in ne reagira s kislino, ker ne vsebuje
kalcita. Spodbujati je potrebno tudi uporabo pri-
ro¢nikov, s katerimi lahko dolo¢ijo npr. starost fo-
sila (Pavsic, 1995), vrsto minerala (Vipria & MIKUZ,
1995), ipd. Pri hidrogeoloski skupini spodbudimo
razmisljanje o kemijski sestavi vzorcev, tako da na
kozarce napiSemo kemijske formule raztopljenih
snovi in z danimi vzorei prikazemo mehcanje vode
ter preproste reakcije nevtralizacije. Poleg pred-
stavljenih poskusov je na voljo Se veliko drugih,
ki ponazarjajo razliéne mineraloske pojave, kot so
npr. raztapljanje apnenca v kokakoli/vodi iz pipe,
sedimentacija tal v kozarcu za vlaganje, izdelava
‘sobnega vulkana’ (INTERNETNI VIR 3), rast minera-
la iz raztopine (Bavic, 1998). Ce je na voljo dovolj
¢asa, jih lahko tudi vklju¢imo v delavnico.

Najvecjo tezavo pri izvedbi delavnice obicajno
predstavljajo primerni in raznoliki geolo$ki vzorci.
Kot omenjeno, jih z malo angaziranosti naberemo
sami v naravi ali kupimo na sejemskih dogodkih
(marcevska Collecta v Ljubljani, majski MINFOS
v Trzi¢u, novembrski Mineralien Tage v Miinchnu)
ali pa se obrnemo na kamnoseke. Velikost delav-

nih skupin je posledi¢no omejena predvsem s Ste-
vilom vzorcev za opazovanje. Za optimalen potek
delavnic je priporoc¢ljivo 5 ucencev na skupino.
Seveda jih je lahko tudi ve¢, a v tem primeru naj
ima vsaka skupina svojega demonstratorja.

Zakljucek

Na mladih svet stoji, zato je pomembno, da
ucenci spoznajo pomen geologije za vsakdanje
zivljenje. Naj izvedo, kdo re$uje probleme s pla-
zenjem zemljin, iskanjem mineralnih surovin, raz-
lago okamenelih $koljk ali upravljanjem s pitno
vodo. Ce bodo prepri¢ani o enkratnosti geoloskih
pojavov, geoloskem bogastvu Slovenije in pomenu
njihovega varovanja, bo cilj delavnice izpolnjen.
In kdo ve, morda kateri izmed ucencev postane
geolog(-inja).
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v Evropi, pridobavanje in uporaba sedimentnih kamnin (skrilavec, pe$¢enjak in apnenec), Lei (=skrilavec, kamen
in/ali skala).

Key words: Origin and meaning of the word Leibach, Linguistic development of the word Ljubljana, Bronze Age
and Middel Ages in Europe, Quarry and use of sediment rock (schist, sandstone and limestone), Lei (=schist, stone
and/or rock).

Zusammenfassung

Die Hauptstadt Ljubljana (Romische Kolonie Aemona Julia, Laybacum, Laibacensis, Labacensis, Lungan, Lei-
bach, Luwigana/Lubigana und Lublana) trug in ihrer langen Geschichte einige Namen. In der deutschen Ausgabe
des Stadtfiihrers von Ljubljana wird auf das deutsche Wort Leibach hingewiesen. Der Name taucht von 1122 bis
1125 in den historischen Schriften der Stadt auf.

Die ersten Ansiedler aus den deutschen Lindern kamen in den stidlichen Raum der Karawanken zur Mero-
winger- und Karolingerzeit (ca. 450 bis 900 nach unserer Zeitrechnung). Sie wanderten moglicherweise von dem
Sprachgebiet Westfalen/Rheinland oder eventuell von dem Séchsischen Erzgebirge zu.

Das deutsche Wort Leibach setzt sich aus zwei Wortern zusammen, namlich aus ,,Lei“ und ,,Bach® (=slowenisch:
potok). Das erste Wort stammt von dem im Rheinland benutzten Wort Lei, das sich nach dem neuesten Kenntnis-
stand vom keltischen Wort , Ley“ ableitet. Die Bedeutung des niederdeutschen Wortes Lei haben die Gebriider
Grmmm im 19. Jahrhundert ins Hochdeutsch tibertragen. Danach bedeutet diese alte rheinische mundartliche Be-
zeichnung in Hochdeutsch ,Schiefer“ (skrilavec), Stein (kamen) und Fels (skala). Die wortwortliche Ubersetzung
des deutschen Wortes Leibach in die slowenische Sprache bedeutet schlicht und einfach , skrilavec ob potoku“.

Das rheinische Wort Lei lokalisiert und beschreibt hier nur eine Landfliche mit anstehenden Gesteinen (Schiefer,
Stein und Fels = Lei) im Verlauf eines kleineren oder groBeren Baches (Leibach). Demgem&8 entspricht die Bezeich-
nung Leibach exakt der allgemeinen Vorstellung des alten rheinischen Wortes Lei. Es wire durchaus moglich, dass
die ersten Einwanderer deshalb aus dem Bereich der Gemeinde Halle in Westfalen stammten, die der damaligen
Siedlung Lubigana den deutschen Namen Leibach aufgrund der dhnlichen Gesteinsvorkommen aus ihrer alten
Heimat gaben.

Izvleéek

Prestolnica Ljubljana (rimska kolonija Aemona Julia, Laybacum, Laibacensis, Labacensis, Lungan, Leibach,
Luwigana/Lubigana in Lublana) je bila poimenovana v njeni dolgi zgodovini z ve¢imi imeni. Nems$ka izdaja mest-
nega vodic¢a za Ljubljano omenja nemsko besedo Leibach. Ime se pojavi v letih od 1122 do 1125 v pisanih listinah.

Prvi naseljenci iz nemskih dezel so prisli na juzni prostor Karavank v merovinsko-karolinski dobi (med leti 450
in 900 nasega Stetja). Raziskave kazejo, da so prispeli iz Vestfalije, Porenja ali morda iz saskega Rudogorija.

Nemsko ime Leibach je sestavljeno iz dveh besed, in sicer , Lei“ in ,,Bach® (= potok). Prva beseda prihaja iz
Porenja in izvira po novejsih dognanjih iz keltske besede , Ley“. Pomen besede Lei iz dolnjenemskega jezika sta
prevedla brata Grimm v 19. stoletju. Po njima pomeni ta stara oznacba v visokonemskemu jeziku Schiefer (skrila-
vec), Stein (kamen) in Fels (skala). Dobesedni prevod nemske besede Leibach torej pomeni v slovens¢ini preprosto
skrilavec ob potoku.

Beseda (Leibach) v Porenju oznacuje in opisuje pokrajino, kjer je razkrita sedimentna kamnina (=Lei) ob stru-
gi manjSega ali ve¢jega potoka (=Bach). Potemtaken ime Leibach dobro ustreza pomenu stare besede iz Porenja.
Zato je, morda tudi mogoce, da prvi tukaj$ni nemski naseljenci izvirajo iz sedajne ob¢ine Halle v Vestfaliji, in da so
poimenovali takratno naselje Lubigana z nem§kim imenom glede na podobne sedimentne kamnine kakor v njihovi
stari domovini.
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Summary

The capital of Slovenia Ljubljana (Roman colony Aemona Julia, Laybacum, Laibacensis, Labacensis Lungan,
Leibach, Luwigana/Lubigana, and Lublana) was known under several names during its long history. In German
version of the guide-book of Ljubljana the German name Leibach is mentioned. The name occus from 1122 to 1125
in historic documents of the town.

The first settlers from German lands come to the southern region of the Karawanken Mountains during the
Merowingian/Karolingian times (450 to 900 of our counting). They arrived possibly from the West-falian respec-
tively Rheinlandian language area, or eventually from the Saxonian Ore Mountains.

The German expression Leibach consists of two elements, namely of the words ,,Lei“ and ,,Bach“= brook (=in
Slovenian: potok). The first word could originate from the term , Lei“, used in Rheinland and derived according to
newer understanding from the Celtic word ,,Ley“. The meaning of the Lower German word ,,Lei“ was transferred
by the Grimm brothers in 19th century into the High German. Accordingly, this old Rhenan dialectal term means in
High German Schiefer, (schist), Stein, (stone) and Fels (rock). The word-to-word translation of the German word
Leibach in the Slovenian language means simply ,,skrilavec ob potoku”, “shale at the brook”.

By the Rhenan word ,,Lei“ here only a locality with exposed rocks, Gesteinen (schist, stone and rock = Lei), along
the course of a smaller or larger Bach - creek or brook — (Leibach) has been localized und described. In this sense the
term Leibach corresponds exactly to the general idea of the old Rhenan word , Lei“. It could have been possible that
the first immigrants to this area originated in the Halle community in Westfalia, and that they gave the ancient settle-
ment of Lubigana the German name Leibach owing to outcrops of the rocks similar to those in their old country.

Einleitung

Die Menschen des Mittelalters breiteten sich
im Allgemeinen immer weiter von dem Mittel-
punkt ihres Ursprungsgebietes aus und drangen
nach und nach immer tiefer in die unbekannten
européischen Urwélder hinein, um sie sich fur ihr
Siedlungswerk dienstbar zu machen (KNOCHEN-
HAUER, 1928). An der neu gegriindeten Niederlas-
sung und in der ndheren Umgebung rodeten sie die
Walder, um brauchbares Ackerland zu gewinnen.
Weiter untersuchten sie dann besonders im Winter
entlang der Fluss- und Bachsysteme der weiteren
Gegend nach verborgenen Erzen in anstehen-
den Gesteinen [daher Bezeichnung wie Bleibach
(= svin¢eni potok), Silber- (srebrni-), Goldbach (zlati-)
und Schwarzbach (¢rni potok) und in verschiedenen
Gesteinsarten Kalkbergweg (pot na apnencev hrib),
mberg (skrilavi hrib) und Leienfels (skrilava skala)].
Die Siedler bezeichneten die erschlossene Land-
schaft auch nach den in freier Wildbahn ange-
troffenen Tieren [Hirsch- (jelenov-) und Fischbach
(ribji potok)] und nach Friichten [Brombeerbach
(robidnigki potok) und Kastanienhain (kostanjev gaj)].
Die ersten Ansiedler benannten somit alle wichti-
gen morphologischen Standorte ihrer neuen Um-
gebung mit eigenen, mitgebrachten Begriffen aus
der alten Heimat. So erhielten viele Orte, kleine
Siedlungen und bedeutende Mineral-Fundpunkte
nach oben genannten Kriterien ihren neuen Lo-
kal-Namen. Als Beispiel soll das Wort ,,Buche®
(bukev) dienen: Buchenbach (-potok), Buchenwald
(- gozd), Buchenberg (- hrib). Die é&ltesten Orts-
und Flurnamen beschreiben somit die Eigenart
der Landschaft (z. B. Schlesien, Steiermark und
Tirol), die geographische Lage der Ansiedlung
(Rheinland-Pfalz) sowie die gefdhrlichen Orte z.
B. Teufelsgraben (hudicev jarek) und die besten son-
nigen Wachstumslagen fiir den Weinanbau z. B.
Goldener Hiigel (zlati gri¢). Diese dltesten Beschrei-
bungen von Orts- und Flurnamen werden urkund-
lich aus dem Mittelalter datiert. Die Schreibweise
der einzelnen alten Lokal-Namen ist nicht immer
einheitlich. Die Ubersetzung der einzelnen Wor-
te in die slowenische Sprache erfolgt nach Towmsi¢
(1964) und Anonym (2009).

In den Sagen und Maéarchen aller europiischen
Volker des fritheren Mittelalters gibt es reichliche
Hinweise auf die Volkerwanderungen, Erzahlun-
gen mit tragischem Ende, Geschichten tiber Gold-
und Silberschitze (Erzbergbau) sowie Beschrei-
bungen der Schmiedearbeiten (Metallkunst). Es
wird angenommen, dass die ersten in Deutschland
tatigen Bergleute Fremdleute waren. Sie werden
als kleine, schmale Personen beschrieben, weil
nur sie sich in den im Querschnitt sehr eng ange-
legten Schéichten und Stollen bewegen konnten.
Diese Bergleute kamen wahrscheinlich in der
Bronzezeit aus Spanien, England oder aus dem
Alpenraum. Sie finden sich in den Marchen-Figu-
ren wieder wie z. B. die sieben Zwerge in Schnee-
wittchen (QuiriNg, 1929, 1935).

Uberall da, wo die Natur der Erzvorkommen
(besonders im spéteren 13. und 14. Jahrhundert)
eine lohnende und léngere Betriebsdauer beim
Abbau verschiedener Bodenschétze versprach,
beriefen die Landesfiirsten die Bergleute aus dem
Ausland ein. Solche Ansiedlungen standen sehr
schnell im Mittelpunkt der Einwanderung und
beschleunigten den Reichtum der méchtigen Lan-
desfirsten sowie das Wachstum der Bevolkerung
(KIRNBAUER, 1941; QUIRING, 1941).

Vorliufige Auswertung der erzielten Ergebnisse

Die giinstige geographische und geopolitische
Lage der heutigen Hauptstadt Ljubljana als Sied-
lungsgebiet (Aemona Julia, Luwigana/Lubiga-
na, Lungan, Leibach, Laibach, Laybach, Layba-
cum, Laibacensis, Labacensis und Lublana) bot
in ihrer langen Geschichte den Bewohnern einen
sicheren Standort, allgemeine Biirgerrechte mit
zusétzlichen Freiheiten und schwunghaften Han-
del mit den Nachbarliandern. Das Stadtgebiet ist
aber auch als Naturkatastrophengebiet in die Ge-
schichte eingegangen: mehrere starkere Erdbeben
(Vipra, 2009), zwei verheerenden Pestepidemi-
en mit mehreren tausend Toten (1006 und 1586),
GroBbrande in den Jahren 1511 und 1548 sowie
am 28. April 1680 eine furchtbare Explosion des
Pulverturmes (500 Zentner Schwarzpulver) mit
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furchtbaren Folgen fiir die Bevolkerung (VRHOVEC,
1886).

In der Siedlung AEMONA JULIA - so hief3 die
Hauptstadt des heutigen Sloweniens im Romi-
schen Reich vom 1. bis 5. Jahrhundert nach un-
serer Zeitrechnung — benutzten die Romer bereits
die Sandsteine des Karbons als Bausteine. Nach
Scamip (1913) soll sich der Steinbruch am Schloss-
berg hinter dem Rathaus der Stadt Ljubljana be-
funden haben und VruovEc (1886) berichtet nach
einem Gerichtsprotokoll (1548, Fol. 98), dass die-
ser Steinbruch bis 1548 in Betrieb war. Die beno-
tigten Kalksteine wurden in der Umgebung von
Golovec (Kahlenberg) sowie in Podpe¢ gebrochen
und auf dem Laibach-Fluss (Ljubljanica) in die
Stadt gebracht. Der Ort Podpec¢ liegt ca. 11 km
stidwestlich von Laibach am stidlichen Rand des
Laibacher Moores.

Die erste deutsche Bezeichnung Laibach soll
im Jahr 1144 erfolgen und der slowenische Name
Luwigana wird zwei Jahre spéter registriert (Ano-
nyM, 1990). Dagegen gibt VruOvEC (1886: 6) aber
den slowenischen Namen als Lubigana an. Die
weitere sprachliche Entwicklung dieses sloweni-
schen Namens wird in der topographischen Karte
von Vaivassore (1539) als Lublana festgehalten
und entspricht beinahe heutiger Schreibweise.
Die Originalarbeit von Vavassore ist nicht zugan-
gig, deshalb ndheres bei Korosec (1978: 30). Wie
bereits oben erwihnt, ist die Schreibweise der
Ortsnamen und Jahreszahlen in der Literatur oft
nicht immer identisch. So heit das stidéstliche
Hochland von Ljubljana (ca. 420 m . NN) zuerst
, Volone“, spater im 16/17 Jahrhundert ,,Volovec-
Berge“ (Freudenberg) und im 18. Jahrhundert er-
folgt eine Verdnderung mit heutiger Bezeichnung
,Golovec” (Kahlenberg). Den Grund fiir diesen
,schnellen“ Wandel des Namens in der , kurzen“
Zeit teilt VrRHOVEC (1886) nicht mit.

Im Stadtfihrer von Ljubljana wird auf den
deutschen Namen Leibach hingewiesen, der von
1112 bis 1125 in den historischen Schriften der
Stadt auftaucht, aber ohne zusatzliche Erklarung
zu den folgenden Fragen: Woher stammt denn die
deutsche Benennung der heutigen Hauptstadt
Sloweniens und welche Bedeutung verbirgt sich
eigentlich dahinter? Woher sind die Menschen in
die Gegend von Ljubljana gekommen? Da diese
Fragen bis heute anscheinend in Slowenien nicht
geklart sind, ist es angebracht, diesen interessan-
ten Fragen nachzugehen. Diese Fragen sind erst
teilweise in der Brockhaus Enzyklopédie (ANoNYM,
1990) erlautert worden. Sie konnen aber mit Hil-
fe der allgemeinen geologischen Begriffe weiter
erforscht und teilweise begriindet werden. Uber
die geschichtliche Entwicklung der Siedlungen,
Markte und Stadte auf dem heutigen sloweni-
schen Staatsgebiet wird auf die Arbeit von Kosr
(2009) verwiesen.

Das deutsche Wort Leibach (auch Leybach,
Laibach und Laybach) setzt sich aus zwei Wor-
tern zusammen, namlich aus ,Lei“ und ,Bach“
(slowenisch: potok). Das erste Wort stammt von
dem im Rheinland benutzten Wort Lei, das sich
nach dem neuesten Kenntnisstand vom keltischen

Wort ,,Ley“ ableitet. Die Bedeutung des nieder-
deutschen Wortes Lei haben die Gebriider GrRimm
(1984b) ins Hochdeutsche tiibertragen. Danach
bedeutet diese alte rheinische mundartliche Be-
zeichnung in Hochdeutsch Schiefer (skrilavec),
Stein (kamen) und Fels (skala). QuiriNnG (1932)
mahnt zur vorsichtigen Deutung der bergmén-
nischen Ausdrucke Ley und/oder Lei, weil die
Bezeichnung ,Leyer” (=Gesteinshauer, Gesteins-
bergmann) sowohl im Dachschieferbergbau als
auch bei der altesten Basaltlavagewinnung vor
5000 Jahren in Mayen und Niedermendig (Eifel)
gebrauchlich war.

Die Aussprache und die Schreibweise des Wor-
tes Leibach sind nicht identisch, weil das ,ei“
im Deutschen als ,ai“ ausgesprochen wird. Die
Fremdworter werden in slowenischer Sprache ent-
weder in ihrer Fremdform oder nach der heimat-
lichen Aussprache geschrieben. Die Doppellaute
,€1“ (deutsche Aussprache: ai) und ,,eu” (deutsche
Aussprache: ,,0i“) sind der slowenischen Sprache
fremd. Das deutsche Wort Leibach wird in slowe-
nischer Sprache als ,, Laibah* aufgeschrieben und
als ,,Lajbah“ ausgesprochen. Die wortwortliche
Ubersetzung des deutschen Wortes Leibach in die
slowenische Sprache fiir die geographische Lage
der bereits bestehenden Siedlung Lubigana am
Laibacher-Fluss bedeutet ,skrilavec ob potoku*
(oder vielleicht richtiger: skrilavi potok?).

Uber die Bedeutung und Verwendung der kar-
bonischen, feinkérnigen Sandsteine und dunkel-
grauen Tonschiefer berichtet ausfiihrlich Rakovec
(1955). Die hellgrauen Sandsteine sind fiir die ver-
schiedenen BaumafBnahmen (Briicken-, Haus- und
Straflenbau) in der Stadt und Umgebung verwen-
det worden. Die groflen Tonschiefer-Platten wur-
den anfénglich fiir die Schultafeln bzw. spater fur
die Bedachung (Bedeckung) der Héuser benutzt.
So sind viele Dacher der Héuser in der Nachbar-
schaft von Ljubljana mit Tonschiefer-Platten be-
deckt. Weiterhin macht er wahrscheinlich, dass
der heute stark eingeschnittene steile Laibacher
Burghang urspriinglich flacher zum Fluss Lju-
bljanica verlief. Diese steil stehenden Abbaufla-
chen des groBen Steinbruches dienten bzw. bilde-
ten beim spiteren Bau der Stadth&user als hintere
Hauswand bis zum Erdgeschoss.

Die geologischen Ausfithrungen von Profes-
sor I. Rakovec unterstiitzen die Interpretation
des deutschen Wortes Leibach in diesem Aufsatz.
Das rheinische Wort Leyendecker trigt auch zum
Verstandnis und zur Richtigkeit der oben ausge-
fihrten Begrindung bei. Denn ein Leyendecker
[Schieferdecker und/oder Dachdecker (krovec)]
ist ein Fachmann, der die gebrochenen Rohschie-
fer bearbeiten und das Dach eines Hauses mit den
selbst angefertigten Schiefer-Platten bedecken
kann.

Die deutschen Dichter Clemens Brentano
(1778-1842) und Heinrich Heine (1797-1856) be-
nutzten als Grundlage fiir ihre Gedichte den Stoff
aus dem Mittelalter tiber die tragisch endende
Handlung von Lore Ley. Es ist interessant, dass
die Schreibweise des Wortes Lei bei den Dichtern
nicht identisch geschrieben ist. Clemens Brenta-
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no benutzt das Wort Lay und Heinrich Heine ver-
wendet das Ley.

Nach der Sage handelt es sich um eine hiibsche
Jungfrau mit blonden, langen Haaren. Sie zeigte sich
singend und Haare kidmmend den vorbeifahrenden
Schiffern im Mittelrheintal. Sie bezauberte die Rhein-
schiffer durch ihre wunderbare Stimme, so dass sie
nicht mehr auf das wilde Rheinwasser bzw. auf das ge-
fahrliche Felsenriff Acht gaben, sondern vor Staunen
auf den Felsen hoch starrten, auf dem die Jungfrau saf3
(siehe Abb. 1). Nach der Erziahlung wurden vorbeifah-
rende Schiffer und kleine Schiffe von den wilden Was-
serwellen verschlungen und die Schuld dieser Tragodie
trug die hiibsche Lore Ley. Die Bevolkerung hielt sie
fiir eine gemeine Zauberin, weil sie den Mannern viel
Schaden, Ungliick und Unheil brachte. Da der Bischof
in ihr eine ungliicklich verliebte und von ihrem Ritter
verschméhte Jungfrau erkannte, wurde sie in der geist-
lichen Gerichtsverhandlung gegen ihren Willen von der
Anklage freigesprochen. Sie wurde aber ins Kloster ge-
schickt, um dort als Nonne Gott zu dienen. Unterwegs
zum Kloster bat sie ihre Bewacher, dass sie ihr erlauben
mogen, ein letztes Mal das Schloss ihres Geliebten am
Rhein zu sehen. Sie kletterte die hohe, steile Felswand
hinauf, bis sie oben an der Felskante stand und auf den
tiefen Rhein sehen konnte. Sie erblickte auf einem der
kleinen Boote ihren fortgegangenen und verschollenen
Liebsten. Da sie sich zu weit tiber den Schieferfelsen
hinauslehnte, rutschte sie ab und stiirzte in den toben-
den Rhein. Dieser Schieferfelsen im Mittelrheinab-
schnitt heift noch heute ,,im Tal der Lore Ley“ und ist
UNESCO-Welterbe.

Dieser Aufsatz kann moéglicherweise auch tiber
die Herkunft der Einwanderer aus damaligen
deutschen Liandern Auskunft gegeben. Die ersten
Ansiedler aus den deutschen Lindern (wie z. B.
Bayern, Franken, Hessen, Schlesien, Sachsen,
Preullen, Salzburger Land und Steiermark.) ka-
men in den slidlichen Raum der Karawanken in
der Merowinger - und Karolingerzeit (450 bis 900
nach unserer Zeitrechnung). Sie stammen méog-
licherweise aus dem Sprachgebiet von Westfalen
bzw. Rheinland oder eventuell aus dem Sé&chsi-
schen Erzgebirge (siehe weiter unten).

In Deutschland leben zurzeit nach Schatzung
der freien Enzyklopaddie Wikipedia ca. 483 Per-
sonen, die den Familien-(Nachnamen) Laibach
tragen. Das Wort Laibach driickt aber auch fol-
gendes aus:

e Der Name eines Ortsteils von Dérzbach im Ho-
henlohekreis in Baden-Wirttemberg. Im Jahr
1307 wird dieser Ort als ,,Lutbach“ zum ersten
Mal urkundlich genannt. Tyrolf Von Torcebach
als Besitzer des alten Dorfes stammt von dem
Hof Bichelich bei Laibach. Die Ortsbezeich-
nung Lutbach hat mit dem hier erforschten Na-
men nichts zu tun.

e Der Name eines Ortsteils von Bad Berleburg in
Nordrhein-Westfalen.

e Ein Bach auf dem Gebiet der heutigen Gemein-
de Halle (Nordrhein-Westfalen) nordwestlich
Bielefeld am Studhang des Teutoburger Waldes
(120 m tiber NN), zurzeit ca. 18 000 Einwohner.
Die erste urkundliche Erwédhnung wird mit dem
Jahr 1241 datiert.

e Der Familienname des deutschen Botanikers
Friedrich Laibach (1885-1967) aus Koblenz
(Rheinland-Pfalz).

e In neuester Zeit nennt sich eine slowenische
Musikgruppe ,,Laibach Band“.

Aus den oben genannten Fakten iiber die heu-
tige Gemeinde Halle/Nordrhein-Westfalen (NRW)
geht hervor, dass das Wort Leibach hier exakt der
allgemeinen Vorstellung des alten rheinischen
Wortes Lei entspricht. Hier stehen laut Geolo-
gischer Ubersichtskarte von NRW (1 : 500 000)
Schichten aus der Unterkreide (Osning-Sandstein)
an. Dieser Sandstein ist morphologisch aufgrund
der Gesteinshirte deutlich als Fels zu erkennen,
der jedoch niemals zum bedeutenden Abbau bzw.
zur groBeren technischen Verwendbarkeit gelangt
ist, so dass hier keine groB3e mittelalterliche Sied-
lung entstehen konnte. Das rheinische Wort Lei
lokalisiert und beschreibt nur eine Landfliche mit
anstehenden Gesteinen (Schiefern, Steinen und
Felsen = Lei) im Verlauf eines kleineren oder gro-
Beren Baches. Es wire durchaus moglich, dass die
ersten Einwanderer aus dem heutigen Bereich der
Gemeinde Halle/NRW stammten, die der dama-
ligen slowenischen Siedlung Lubigana den deut-
schen Namen Leibach aufgrund der ahnlichen
Gesteinsvorkommen und morphologischen Gege-
benheiten gaben.

Das gezielte Literaturstudium brachte aber
auch neue Einblicke zum Problem des uralten
indogermanischen Mischwortes Luwigana/Lubi-
gana. Es kann auf die lange, allméhliche Sprach-
entwicklung des indogermanischen Mischwortes
Lubigana vom Jahr 1146 tiber den bereits mit
slowenisch klingenden Namen Lublana aus den
16. und 17. Jahrhunderten bis zur heutigen Be-
zeichnung Ljubljana hingewiesen werden. VrHO-
vEc (1886) schreibt das Wort Lubigana mit dem
Buchstaben ,,b“ und nicht wie die Brockhaus En-
zyklopéadie (AnonyMm, 1990) mit dem ,,w*. Durch
die phonetische Transkription der Bezeichnung
,Luwigana“ stellte man eine Ahnlichkeit mit dem
slowenischen Wort ,ljubljena“(f) =, Geliebte“(f)
fest. Eine andere Sprachforscher-Gruppe leitet
den Namen Ljubljana von dem lateinischen Wort
L2Alluvion“ (f) ab und meinten damit das ange-
schwemmte Land um den heutigen Bach (Fluss)
Ljubljanica (alluviana).

Die Lubigana ist ein Mischwort und besteht aus
einem urslawischen Teilwort ,,lubi“ und einem in-
dogermanischen Restwort ,,gana“. Der Buchstabe
»,a‘“ kann vom Restwort gana weggelassen wer-
den, weil das Wort Lubigana den femininen Ar-
tikel (f) tragt. Nun ist es interessant, die beiden
Worte aufzuhellen. Das urslawische Wort ,,lubi“
bedeutet in modernem Slowenisch ,ljub“, ,lju-
bezen“ und ,,ljubezniv“ (in Reihenfolge tibersetzt
Hlieb“, ,Liebe“, ,liebenswiirdig”). Das zweite
Wort ,,gan“ ist wegen seiner Schlichtheit vermut-
lich uralt (Grmum (1984a). Die Gebriider Grimm
verstehen unter dem Wort ,gan“ (f) die funke
=[Funke (m) = iskra (f)] und verweisen zusatzlich
auf die Mundarten in Bayern und Tirol. Aus die-
sem Sprachgebiet wird ein erlduterndes Beispiel
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uber das Wort ,,gan® (f) angegeben: ,,es seinen so-
wol die unter der asche glimmenden funken als
die von einem brenneden korper ausspriihenden“
(= to je, kot tlenje isker pod pepelom kakor tudi
razprSene iz gorecega telesa). Im Gegensatz dazu
wurde in Kérnten das Wort ,,gan“ (m) hauptsich-
lich in der Mehrzahl ,,ganen® benutzt und bedeu-
tete ,funken sprithen“ (= metati iskre). Das Wort
»,gan‘“(f) kann im tibertragenen Sinn durch zwei
unterschiedliche Moglichkeiten gedeutet werden.
Demnach steht die Bedeutung von ,,glimmen* als
Ausdruck von Passivitdt (verborgen, heimlich,
nichtdurchschaubar und nichteinschatzbar) der
Bedeutung von ,aussprithen“ aber als Ausdruck
von Aktivitiat (freudestrahlend, charmant, froh-
lich und entgegenkommen) gegeniiber.

Aus dem Gesagten kann eine vorlaufige und
sehr vorsichtige Interpretation der alten Bezeich-
nung Lubigana fiir diesen Zeitraum gegeben wer-
den. Dabei handelt sich um eine wortwortliche
Ubersetzung mit sinngemiBer Formulierung: Ort
,liebeswiirdiger Funken‘ (= ljubeznivi kraj isker).
Alle Bewohner der damaligen Ortschaft (Markt
und/oder Stadt) nannten sich Lubiganer (Liebes-
wiirdige Funken = ljubeznive iskre).

Es ist hoch interessant, dass sich das indoger-
manische Wort ,gan“ (m/f) in den noch heute
gebrauchten slowenischen Worten cigan (m) - Zie-
geuner (m), poganstvo (f) - Heidentum (s), pogan-
jati - austreiben, sprieen; podgana (f) - Ratte (f)
und premaganec (m) - Besiegter (m) erhalten hat.

In der bischoflichen Seminarbibliothek exi-
stierte eine Abschrift ,,Curia Labacensis Urbis
Metropolis Ducatus® von Joh. Bapt. Mayr aus dem
Jahr 1680, in der nach VrHOVEC (1886: 84) liber das
damalige Wahrzeichen der Stadt Laibach berich-
tet wurde. Im Rathaus standen nédmlich die stei-
nernen Skulpturen von Adam und Eva in Lebens-
groBe. Nach der Sage musste jeder Besucher, der
erstmalig Leibach besuchte, diese beiden Statuen
unbedingt kiissen. So wird berichtet, dass vie-
le Besucher, insbesondere aber die wandernden
Handwerksburschen, aus Dankbarkeit fur die
Erhorung ihrer Fiirbitte mehrfach die Hande von
Adam und Eva kiissten (kiissen = poljubljati). An
dieser Stelle spielten sich moglicherweise leiden-
schaftliche Szenen ab, die sich sinnbildlich tiber
den gesamten Ort ausdehnten und sich nach einer
Weile im Wort Ljubljana widerspiegeln. Demzu-
folge nannte man zuerst diesen Platz des Kiissens
und spéiter wird die ganze Ansiedlung als der Ort
des Kiissens (kraj poljubljanja) bezeichnet.

Die verschiedene Ditzesen (Aquiléia, Freisin-
gen und Salzburg) bewahren alte Urkunden tiber
die Pfarren Sankt Peter und Sankt Nikolai zu
Laibach. Uber die Auseinandersetzung wegen des
Patronats der Kirche St. Petri in Laibach berichtet
Pater HirziNgeR (1855). Die erste Kirche erbauten
die Freisinger Bischofe zwar auf eigenen Grund
und Boden, sie stand aber im Einflussbereich der
Salzburger Erzbischofe. Der Papst Urban IV. hat-
te sich im Jahr 1262 in diesen Streit in Lungan mit
einer péaptlichen Verordnung eingeschaltet und
Magister Lubuvicus als Schiedsrichter ernnant.
In diesen Urkunden erscheint zum ersten Mal das

Wort Lungan. Wie die bisherigen Untersuchungen
zeigen, bedeutet das Wort ,,gan“ (f) nach Gebrii-
dern Grmvmum (1984a) die funke (f). Welche Bedeu-
tung dem Wort ,,lun“ (?) zugeschrieben wird, muf3
noch recherchiert werden. Inwieweit das Wort
Lungan einen Ortsteil der Stadt Laibach bezeich-
net, ist nach vorldufigen Literaturrecherchen
nicht feststellbar. Moglicherweise kann der Name
der schweizerischen Stadt Lugano, lat. Luganum,
am gleichnamigen See einen wichtigen Hinweis
fur die Klarung des Begriffes ,,lun“ geben.

Die Gebriider Grimm geben noch weitere Hin-
weise auf die adltere Literatur, die aber noch be-
stellt bzw. studiert werden mu8.

Ausblick

Diese Untersuchung zeigt ferner aber auch,
dass die felsartigen Sattelstrukturen wegen der
Gesteinshirte in einem méaandrierenden Bach
einen starkeren Vorsprung bilden, der die Brei-
te des Flusses bzw. Baches stark verengen kann.
Dabei kann es zur Bildung der gefdhrlichen
Stromschnellen kommen, die Wassermenge wird
vergroBert und gleichzeitig die Schifffahrt gefahr-
lich behindert. Der Vergleich derartiger morpho-
logischer GroBstrukturen kann ,,im Tal der Lore
Ley” bzw. in Ljubljanica (Fluss Leibach) erfolgen.
Im Fall der Gemeinde Halle/Westfalen soll dem-
néchst durch eine Begehung gepriift werden, ob
im dortigen Laibach diese Feststellung zutrifft.
Wegen der dort anstehenden harten Sandsteine
der Kreide ist es aber zu erwarten, dass diese An-
nahme bestatigt wird. Das fiihrt dann zum Schlus-
sergebnis, dass das Wort Ley in urspriinglicher
keltischer Sprache moglicherweise auch den_Vor-
sprung eines anstehenden Felsens oder die Reste
der Felsabstiirze in einen Fluss (Bach) bedeuteten
koénnte. Das hier erkannte Sprachproblem soll mit
Sprachwissenschaftlern weiter diskutiert werden,
um dieses hier erstmals behandelte geologisch/
sprachwissenschaftliche Thema zu ergénzen und
zu erweitern.

Abschieflend wird noch auf folgende Tatsache
hingewiesen: Beim Studium historischer Literatur
erkennt man, wie frither Probleme gel6st wurden.
Daraus ergibt sich zwangsweise, dass die Zukunft
der Menschheit eindeutig in der vielbeschriebe-
nen Vergangenheit liegt. Solange die Menschheit
nicht in der Lage ist, das zu begreifen und daraus
die richtigen Konsequenzen zu ziehen, wird auch
die Loésung von Problemen der Gegenwart nicht
gelingen.
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Fig. 1. In valley Lore Ley (after a template of a postcard)
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Nove knjige

Davorin Preisinger, 2010: RUDNIKI Opuséeni rudniki v Sloveniji
(MINES Abandoned Mines in Slovenia),
Zalozba Turistika, 152 strani.

V cetrtek, 10. junija 2010, je v avli Mestne ob¢i-
ne Kranj potekala predstavitev prvenca Davorina
Preisingerja RUDNIKI - Opusceni rudniki v Slo-
veniji. Knjigo, ki je maja 2010 izsla pri Zalozbi
Turistika, so predstavili avtor Davorin Preisinger,
urednik Matjaz Chvatal in prevajalka Nejka Kali-
$nik. Gre za fotografsko monografijo odli¢nega fo-
tografa, jamarja, drznega raziskovalca opuscenih
rudniskih rovov ter zbiralca kamnin, mineralov in
fosilov. Avtor je v knjigi pozorno zbral fotograf-
ski material, ki ga je posnel med nestetimi akci-
jami v opuScene rudniske rove v zadnjih dvajsetih
letih. Zanimalo ga je bogastvo mineralov v njih,
rudarska dedi$¢ina, pa tudi prava mera adrena-
lina, ki se spros$c¢a ob raziskovanju le-teh. Obra-
vnavane opusScene rove je avtor opisal iz stalis¢a
vedozeljnega naravoslovnega ljubitelja in zbiralca
mineralov. Podaja osnovne podatke o dostopnosti
opisanih rovov, mineralni paragenezi orudenja in

RUDNIKI

Opusceni rudniki v Sloveniji
Jezik: slovens§cina

ISBN: 978-961-6414-42-5

o odvalih, ki so v blizini. Tako so v knjigi poda-
ne osnovne informacije o 31-tih opuséenih rudni-
kih oz. o 50-tih opuScenih rudniskih rovih barv-
nih kovin, kremena in premoga. Rudniski rovi so
predstavljeni v samostojnih poglavjih s kratkimi,
jedrnatimi teksti, ki jih dopolnjuje odli¢na foto-
grafija notranjosti rudnikov in mineralov, ki se v
njih nahajajo. Avtor pri vsakem rudniku posebno
pozornost namenja predstavitvi mineralov, rud in
kamnin. Zelo pohvalno je, da se je zaloznik odlo¢il
in izdal knjigo v slovenskem in angleskem jeziku.

Najvecji opusceni rudnik predstavljen v knjigi
je rudnik Sitarjevec pri Litiji. Na tem obmocju so
zaceli rudariti ze zelo zgodaj. Domnevajo, da so v
Litiji rudarili ze Kelti, vendar za to ni trdnih do-
kazov. Najdisc¢a zlindre v neposredni blizini Litije
pri¢ajo o rudarjenju v rimskih éasih. Od srednje-
ga veka pa vse do leta 1965 so z manj$imi preki-
nitvami na tem obmocju pridobivali svinec, cink,

fw 4 Davorin

MINES

Abandoned Mines in Slovenia
Jezik: angle$c¢ina

ISBN: 978-961-6414-43-2
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Zivo srebro, Zelezo, barit, malo srebra in celo zlata.
Kljub temu da je rudarstvo v okolici Litije pred
vec¢ desetletji zamrlo, so $tevilni sledovi rudarje-
nja v okolju Se opazni. Najdemo Stevilne vhode v
opuscene rudniske rove, deponije siromasne rude,
prikamnine in Zlindre, zavedamo se ogroZenosti
zaradi moznosti izbruhov ujete rudniske vode v
zapus$cenem rudniku Sitarjevec in Kkislih izcednih
vod, ki odtekajo iz rudnika. Ker so nekateri opu-
§¢eni rovi tik pod povrsjem, je prislo do zruskov in
nastale so nove povezave s povrsjem, ki so marsi-
kje tudi nevarne, saj so neoznacene in skrite v po-
drasti gozda. Le-te so za obiskovanje zanimivega,
a nevarnega podzemlja uporabljali raziskovalci
starih rudniskih rovov in zbiralci mineralov, med
njimi tudi avtor. Sitarjevec je bil za mineraloske
navdusSence vedno zelo zanimiv saj slovi kot rud-
nik z najbolj pestro mineralno sestavo v Sloveni-
ji. Pojavlja se preko petdeset razli¢nih mineralov,
ki so nastali v ve¢ fazah mineralizacije (cerusit,
barit, cinabarit, galenit, limonitni kapniki,...). V
zapusScenih in delno zaruSenih rudniskih rovih se
tvorijo limonitni kapniki in limonitne pregrade,
za katerimi zastajajo velike koli¢ine limonitnega
blata in rudniske vode. Limonitnim kapnikom je
v knjigi namenjeno kar veliko prostora, saj so sve-
tovna redkost. Najvecji merijo ze ve¢ kot 1 m. V
knjigi je na kratko predstavljena geografska lega,
zgodovina rudnika, mineralna parageneza in zna-
¢ilnosti Sestih najpomembnejsih rudniskih ro-
vov na Sitarjevcu. Zbrani so tudi podatki o pre-
hodnosti in naravnih, predvsem mineraloSkih
znacilnostih in lepotah opisanih rovov. Besedilo
je ilustrirano z odli¢nimi fotografijami, ki so ne-
dvomno najpomembnejsa odlika te knjige. Poleg
sitarjevskih rovov je Litijsko rudno polje v knjigi
predstavljeno Se z rovi Maljek, Reka Gozd in Pu-
stov mlin, v katerih so v¢asih pridobivali svinc¢evo
rudo, v glavnem galenit.

Opusceni rudnik zivega srebra v Podljubelju,
ki je v knjigi opisan z imenom Sentanski rudnik,
je predstavljen s sedmimi rovi. Zivosrebrovo oru-
denje prikazujejo atraktivne slike krvavordecega

cinabarita v druzbi s snezno belim kalcitom in
temno sivim apnencem. Prikazan je tudi svinceni
kovanec, kakrsne so v Sentanskem rudniku upo-
rabljali v drugi polovici 19. stoletja za Stetje ru-
darskih vozi¢ckov — huntow.

Tudi rudnik Knapovze sodi med starejSe v Slo-
veniji, saj naj bi tam rudarili Ze Rimljani in v sre-
dnjem veku protestantski rudarji. Izkoris¢ali so
zile masivnega galenita, ki so bile debele od 4 do
60 cm, tako da je ruda vsebovala povprec¢no kar
74 % svinca.

Rudnik bakra, svinca, cinka in srebra Remsenik
slovi po pestri mineralni paragenezi. Bolj kot pri-
marni minerali so zanimivi sekundarni minerali,
ki se pojavljajo ob njih in skupaj tvorijo odli¢ne
motive za barvite fotografije.

Ostali opisani rovi so manj znani. Zato je Se bolj
pohvale vredno, da jih je avtor poiskal in tudi opi-
sal. V knjigi so predstavljeni tudi nekateri razi-
skovalni rovi. V rudarski zgodovini Slovenije je
namre¢ kar nekaj rudniskih rovov, kjer so neuspe-
Sno poskusali srec¢o z iskanjem rude. Tehnologija v
tistih ¢asih ni poznala raziskovalnih vrtin, zato so
vlozili veliko sredstev v kopanje poskusnih, razi-
skovalnih rovov. Uspeha velikokrat ni bilo, zato so
v nadaljevanju dela opustili.

Knjiga je pomembno delo in prispevek k spo-
znavanju nase ne tako oddaljene rudarske zgodo-
vine. Namenjena je predvsem poljudnim bralcem,
ki bodo ob tej knjigi spoznali, da je zgodovina ru-
darjenja v Sloveniji dolga in pestra. V zlati dobi
rudarjenja, v drugi polovici 19. stoletja in v za-
cetku 20. stoletja, je v Sloveniji obratovalo veliko
rudnikov. Zal pa izkoriS¢anje rude v vecini le-teh
ni bilo donosno in so zato rudarjenje v njih kmalu
opustili. Po drugi svetovni vojni so kovine v Slo-
veniji pridobivali le $e Idriji in Mezici ter nekaj let
Se v Sitarjavcu. Ker so tudi ti rudniki danes za-
prti, se nase rudarstvo danes ponasa le Se s prido-
bivanjem premoga v Velenju in Zasavju. Ob prebi-
ranju knjige se bodo bralci seznanili z naso dolgo
in bogato rudarsko tradicijo ter spoznali pestrost
mineralov, ki jih lahko pri nas najdemo.

Mateja Gosar
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Navodila avtorjem

GEOLOGIJA objavlja znanstvene in strokovne ¢lanke
s podrocja geologije in sorodnih ved. Revija od leta 2000
izhaja dvakrat letno v obsegu 30 avtorskih pol. Vse pri-
spevke recenzirajo domaci ali tuji strokovnjaki s podro¢ja,
ki ga prispevek obravnava. Avtorji so dolzni pisno mnenje
recenzentov upostevati, ter svoje prispevke po potrebi tudi
dopolniti.

Avtorstvo: Za izvirnost podatkov, predvsem pa mnenj, idej,
sklepov in citirano literaturo so odgovorni avtorji. Z obja-
vo v Geologiji se tudi obvezejo, da ne bodo drugje objavili
istega prispevka.

Jezik: Clanki so lahko napisani v slovenskem ali angleskem
jeziku, vsi pa morajo imeti slovenski in angleski izvlecek.
Za prevod poskrbijo avtorji prispevkov sami.

Vrste prispevkov:

Izvirni znanstveni ¢lanek

Izvirni znanstveni ¢lanek je samo prva objava originalnih
raziskovalnih rezultatov v taksni obliki, da se raziskava
lahko ponovi, ugotovitve pa preverijo. Praviloma je orga-
niziran po shemi IMRAD (Introduction, Methods, Results,
And Discussion).

Pregledni znanstveni ¢lanek

Pregledni znanstveni ¢lanek je pregled najnovejsih del o
dolo¢enem predmetnem podrocju, del posameznega razi-
skovalca ali skupine raziskovalcev z namenom povzemati,
analizirati, evalvirati ali sintetizirati informacije, ki so ze
bile publicirane. Prinasa nove sinteze, ki vkljucujejo tudi
rezultate lastnega raziskovanja avtorja.

Strokovni ¢lanek
Strokovni ¢lanek je predstavitev zZe znanega, s poudarkom
na uporabnosti rezultatov izvirnih raziskav in Sirjenju zna-
nja.
Diskusija in polemika
Prispevek, v katerem avtor ocenjuje ali dokazuje pravil-
nost nekega dela, objavljenega v Geologiji ali z avtorjem
strokovno polemizira.
Recenzija, prikaz knjige
Prispevek, v katerem avtor predstavlja vsebino nove knjige
s podroc¢ja geologije.
Oblika prispevka: Besedilo naj bo napisano na listih for-
mata A4 z dvojnim presledkom, da je dovolj prostora za
popravke in pripombe recenzentov. Najbolje je, da pripra-
vite besedilo v urejevalniku Microsoft Word. Prispevki naj
praviloma ne bodo daljsi od 25 strani formata A4, v kar so
vstete tudi slike, tabele in table. Le v izjemnih primerih
je mozno, ob predhodnem dogovoru z urednistvom, tiskati
tudi daljse prispevke.
Prispevke oddajte uredniStvu v enem tiskanem izvodu,
vkljuéno z vsemi slikami in preglednicami ter identi¢no
kopijo v elektronski obliki po naslednjem sistemu:
— Naslov prispevka (tudi v tujem jeziku)
— Avtor / avtorji
— Kljucne besede in Key words
— Izvlecek in Abstract
— Tekst
— Literatura
— slike, tabele in table

Naslovi prispevkov naj bodo kratki in naj praviloma ne
presegajo 12 besed. Poleg polnega imena in priimka naj po-
dajo avtorji tudi svoj naslov in e-posto. Vsebine oziroma
kazala pri normalno dolgih prispevkih ne objavljamo, za-
Zelene pa niso niti opombe na dnu strani.

Citiranje: V literaturi naj avtorji prispevkov praviloma
upostevajo le tiskane vire. Rokopise naj navajajo le v iz-
jemnih primerih z navedbo, kjer so shranjeni. V seznamu
literature navajajte samo v prispevku omenjana dela. Med
besedilom prispevka citirajte samo avtorjev priimek z ini-
cialko njegovega imena, v oklepaju pa navajajte letnico izi-
da navedenega dela in po potrebi tudi stran. Ce navajate
delo dveh avtorjev, izpiSite med tekstom prispevka oba pri-
imka (npr. PLENICAR & BUSER, 1967), pri treh ali ve¢ avtorjih

pa napisite samo prvo ime in dodajte et al. z letnico (npr.
Mrakar et al., 1992). Literaturo navajajte po abecednem
redu avtorjev.

Imena fosilov (rod in vrsto) pa naj pisejo poSevno. Pri ci-
tiranju rodov in vrst oziroma vi§jih taksonomskih enotah
se imena avtorjev le teh piSejo normalno, npr. Apricardia
pachiniana Sirna.

Primeri citiranja ¢lanka:

Matr, N., Uranc, J. & Lers, A. 2007: Tracing of water mo-
vement through the unsaturated zone of a coarse gravel
aquifer by means of dye and deuterated water. Environ.
Geol., (Berlin) 51/8: 1401-1412.

PrENICAR, M. 1993: Apricardia pachiniana Sirna from lo-
wer part of Liburnian beds at Divaca (Triest-Komen Pla-
teau). Geologija (Ljubljana) 35: 65-68.

TurNSEK, D. & DroBNE, K. 1998: Paleocene corals from the
northern Adriatic platform. In: HorTINGER, L. & DROBNE,
K. (eds.): Paleogene Shallow Benthos of the Tethys. Dela
SAZU, IV. Razreda (Ljubljana) 34 (2): 129-154, incl. 10
pls.

Primer citirane knjige:

FruGeL, E. 2004: Mikrofacies of Carbonate Rocks. Springer
Verlag (Berlin): 1-976, cd-rom.

JURKOVSEK, B., Toman, M., OGORELEC, B., SRiBAR, L., DROBNE,
K., PoLiak, M. & SriBar, Li. 1996: Formacijska geoloska
karta juznega dela Trzasko-komenske planote — Kredne
in paleogenske kamnine 1 : 50.000. [Geological map of
the southern part of the Trieste-Komen plateau — Creta-
ceous and Pa-leogene carbonate rocks]. Geoloski zavod
Slovenije (Ljubljana): 1-143, incl. 23 pls, 1 geol. map.

Slike, tabele in table: Slike (ilustracije in fotografije), ta-

bele in table morajo biti zaporedno osteviléene in oznacene

kot sl. 1, sl. 2 itd., narejene v ra¢unalniskem programu (MS

Excel, Word ali CorelDRAW), oddane v formatu TIFF, JPG

ali EPS z lo¢ljivostjo 300 dpi. Le izjemno je moZno objaviti

tudi barvne slike, vendar samo po predhodnem dogovoru z

urednistvom. Obvezno je treba upostevati zrcalo revije 172

x 259 mm. Revija bo od leta 2008 po sklepu uredniskega

odbora pricela izhajati v A4 formatu z dvokolonskim ti-

skom. Vec¢jih formatov od omenjenega zrcala GEOLOGIJE
ne tiskamo na zgib, je pa mozno, da vecje oziroma daljse
slike natisnemo na dveh straneh (skupaj na levi in desni

strani) z vmesnim »rezom«. Slike obeleZite s stevilkami. V

besedilu prispevka morate omeniti vsako sliko po stevil-

¢nem vrstnem redu. Dovoljenja za objavo slikovnega gra-
diva iz drugih revij publikacij in knjig si pridobijo avtorji
sami. Table pripravite v formatu zrcala nase revije.

Podnaslove k slikam, tabelam in tablam, ki morajo biti na-

pisani v obeh jezikih, avtorji prilozijo na posebnih listih

enega pod drugim. Zato teh podnaslovov ne pisete med be-
sedilom prispevka. Podnaslovi naj bodo po moznosti ¢im
krajsi.

Korekture: Te opravijo avtorji prispevkov, ki pa lahko po-

pravijo samo tiskarske napake. Krajsi dodatki ali spre-

membe pri korekturah so mozne samo na avtorjeve stro-
ske.

Posiljanje prispevkov: Urednistvo sprejema prispevke do

vkljuéno 1. marca za prvo Stevilko in najkasneje do 1. sep-

tembra za drugo Stevilko v tekocem letu in se obveze, da
bodo le-ti tiskani v tekoc¢em letu, v kolikor bodo avtorji
upostevali pripombe recenzentov.

Avtorji prejmejo 25 separatov brezplac¢no, sicer pa so pri-

spevki dostopni tudi na internetnih straneh

http://www.geologija-revija.si

Avtorje prosimo, da prispevke posiljajo na naslov uredni-

Stva:

GEOLOGIJA

Geoloski zavod Slovenije

Dimiceva ulica 14, 1000 Ljubljana ali urednik@geologija-

revija.si

Urednistvo Geologije
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Instructions for contributors

GEOLOGIJA publishes research and professional papers co-
vering all aspects of geology and related sciences. The journal
is issued from 2000 on twice a year in an extent of 30 authorial
sheets (240 printed pages) All contributions are reviewed by
Slovenian or foreign experts from the field treated by the paper.
Authors are obliged to take into account their written reviews,
and complete accordingly the contribution, if necessary.

Authorship: Authors are responsible for the originality of data,
and especially for opinions, ideas, conclusions and the cited
references. By publishing in Geologija, they are in addition
obliged not to publish the same contribution elsewhere.

Language: Papers may be written in Slovenian or English, and
all must contain an abstract in Slovenian and in English. The
translation is at care of the authors.

Kinds of contributions:

Original scientific article

An original scientific article is only the first publication of
original research results in such a form that the research could
be repeated and the findings verified. As a rule it should be
organized according to the IMRAD scheme (Introduction, Met-
hods, Results, And Discussion).

Review scientific article

A review scientific article is a review of the latest works on
a given field, of works of an individual researcher, or of a re-
search group with the aim of summarizing, analyzing, evalua-
ting or synthesizing the already published informations. It
contains new syntheses that include also results of the author’s
own research.

Professional article

A professional article is a presentation of already known mate-
rial with emphasis on the use of results of original research and
on the propagation of knowledge.

Discussion and polemics

A contribution in which the author evaluates or demonstrates
the correctness of a contribution that was published in Geo-
logija, or in which he/she competently polemizes with te
author.

Book review
A contribution in which the contents of a book from the field
of geology are presented.

Format of contribution: The manuscript should be written
on A4 size pages with double spacing to allow enough space
for corrections and comments of reviewers. The contribution
should be preferrably edited on a Microsoft Word word proces-
sor. As a rule contributions should not be longer than 25 A4
size pages comprising also figures, tables and plates. Longer
contributions can be submitted only exceptionally after a pre-
vious agreement with the Editor.

Contributions should be submitted to the Editorial Board in a
hard copy inlcuding all figures and tables, and in an identical
copy in electronic form according to the following system:

— Title of contribution (also in foreign language)

- Author/s

- Key words

— Abstract

— Text

— References

— Figures, tables and plates

Titles of contributions should be short, as a rule not longer than
12 words. In addition to their full given name and surname the
authors should indicate also their address and electronic mail
address. Tables of contents with normal sized contributions
are not published, and also footnotes are discouraged.

Referencing: References should contain as a rule only printed
sources. Manuscript sources could be cited only exceptionally
with the information on where they are available. The refe-
rences cited in the text should be given in the reference list and
vice versa. In the text only the surname of the author(s) with
initial of the name should be cited, followed in parentheses by
the year of publication and, if necessary, also the page. When
citing a publication by two authors, in the text both authors’
surnames should be given (e.g. PLENICAR & Buskr, 1967), and

in case of three and more authors only the first author’s sur-
name followed by et al. and the year (e.g. MLAKAR et al., 1992).
The reference list should be arranged in alphabetical order of
first authors. Names of fossils (genus and species) should be
italicised. Authors’ names in citing fossils should be written in
normal type, e.g. Apricardia pachiniana Sirna.

References cited should follow the examples shown below:
Mari, N., UrBanc, J. & LEis, A. 2007: Tracing of water move-
ment through the unsaturated zone of a coarse gravel aquifer
by means of dye and deuterated water. Environ. Geol., (Berlin)
51/8: 1401-1412.

PrLENICAR, M. 1993: Apricardia pachiniana Sirna from lower
part of Liburnian beds at Divaca (Triest-Komen Plateau). Geo-
logija (Ljubljana) 35: 65-68.

TurnSEK, D. & DroBnE, K. 1998: Paleocene corals from the
northern Adriatic platform. In: Horringer, L. & Droene, K.
(eds.): Paleogene Shallow Benthos of the Tethys. Dela SAZU,
IV. Razreda (Ljubljana) 34 (2): 129-154, incl. 10 pls.

Examples of book references:

FruceL, E. 2004: Mikrofacies of Carbonate Rocks. Springer
Verlag (Berlin): 1-976, cd-rom.

JUrkoOVSEK, B., TomaN, M., OGORELEC, B., SriBaR, L., DROBNE,
K., PoLiak, M. & SriBar, Li. 1996: Formacijska geoloska karta
juznega dela Trzasko-komenske planote — Kredne in paleo-
genske kamnine 1 : 50.000. [Geological map of the southern
part of the Trieste-Komen plateau — Cretaceous and Paleogene
carbonate rocks]. Geoloski zavod Slovenije (Ljubljana): 1-143,
incl. 23 pls, 1 geol. map.

Figures, Tables and Plates: Figures (illustrations and photo-
graphs), tables and plates should be numbered consecutively
and marked as fig. 1, fig. 2. etc. They should be produced with
a suitable computer program (MS Excel, Word, CorelDraw the
like), and submitted digitally in the TIFF, JPG or EPS format
with 300 dpi resolution. Color figures could be published only
exceptionally, and in prior arrangement with the Editor. The
172 x 259 mm journal page format must be obligatorily conside-
red. According to the decision of Editorial Board from 2008
on the journal is being printed in two columns on an A4 page
size. Figures on folding leafs of sizes larger than the mentioned
GEOLOGIJA page size will not be printed, but figures larger
or longer than that may be printed on two pages (on left and
on right page) with a cut inbetween. Figures shall be marked
by numbers. In the text each figure should be mentioned in the
proper numerical order. Permissions for publishing pictorial
material from other journals, publications and books should
be arranged by the authors. Plates should be prepared in the
journal’s page size format.

Captions to figures, tables and plates, written in both langua-
ges, are supplied by author on separate pages and listed one
below the other. Please, do not write captions in the text of the
contribution. If possible, captions should be concise.

Proofreading: Page proofs should be read by the authors, but
they ought to correct only printing errors. Shorter additions or
modifications are possible only at the author’s expense.

Offprints. Authors will receive 25 offprints free. The contribu-
tions are accessible also on the web-site
http://www.geologija-revija.si.

Submitting of contributions: Editorial board is accepting the
contributions to 1st March for the first issue, and to 1st Sep-
tember for the second issue of the year, and guarantees to pu-
blish them in the given year, provided they consider the re-
viewers’ observations.

Authors are asked to send their contributions to the mail ad-
dress:

GEOLOGIJA

Geoloski zavod Slovenije

Dimiceva ulica 14, SI-1000 Ljubljana

or to the electronic address:

urednik@geologija-revija.si

Editorial Board of Geologija
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SCANNING ELECTRON MICROSCOPE WITH

ENERGY DISPERSIVE X-RAY SPECTROMETER (SEM/EDS)
AT THE GEOLOGICAL SURVEY OF SLOVENIA

At the beginning of 2008, the Geological Survey of Slovenia obtained a new analytical instrument
for morphological surface analysis and qualitative to semi-quantitative chemical microanalysis of
materials. This instrument is a scanning electron microscope (SEM) coupled with energy

dispersive spectrometer (EDS).

Basic SEM/EDS components and
principles of operation:

The major parts of a SEM/EDS are: vacuum
specimen chamber, electron column with
electron source, electromagnetic lenses,
scanning coils and signal detectors (SE, BSE,
EDS).

A number of signals, such as secondary
electrons (SE), backscattered electrons
(BSE) and X-rays, result from interactions of a
focused scanning electron beam with
the atoms of a specimen, thus providing
different information about the sample.

e SE provide topographical image of sample
surface.

e BSE depend on atomic number and provide
relative compositional image of the sample.

e X-rays provide information about elemental
composition of the sample.

SEM/EDS applications:
SEM/EDS atthe Geological Survey of Slovenia
is applied to different fields of geology.

Palaeontological studies:

Low-vacuum mode enables a non-destructive
analysis of valuable samples without prior
preparation.

20kV X90 10 50 25Pa

200um

Recrystallised foraminifer Ophthalmidium sp. from
the Baca dolomite

Sedimentary petrological studies:
High resolution and magnification can be
achieved in high-vacuum mode.

' Y &
09 34 SEI

An imprint of framboidal pyrite in a quartz grain
from oligocene marine clay




Coal studies:

Samples containing gases and liquids can be
observed in low vacuum. High magnification
image of homogeneous coal reveals flaky
structure, which is important for understanding
of coal porosity.

ipm 0029 ., x5

500pm - 0029 1340 10Pa

Flaky structure in homogeneous finedetritic lignite

Mineralogical studies of materials:
Mineral composition of materials can be
accurately determined by semi-quantitative
elemental EDS analysis of polished sections.

Plagioclase

Olivine, rhombic pyroxene and plagioclase matrix with EDS
spectra in chondrite meteorite

X1,400 10pm

25kV 0006 1050 1Pa

Truncated octahedral pyrite crystal associated with
zeolite crystals in tuff

More information: Milo$ Miler, tel.: +386(0)1 2809 767, e-mail: milos.miler@geo-zs.si

studies of environmental

Geochemical
media:
SEM/EDS supplements geochemical analyses
with data on morphology, mineralogy and
sources of heavy metal-bearing phases in
environmental media

11 50 BEC

20KV X3,700 5um

Solid spherical particle of (Cr, V, Fe)-oxide from urban snow
deposit, resulting from iron and steel melting processes

Other applications:

@ORVA X850 " 20pm S 50 BEC,
HgS on inner wall of ancient earthen vessel used
for roasting of cinnabar ore

Prepared by: Milos Miler

dr. Polona Kralj, tel.: +386(0)1 2809 746, e-mail: polona.kralj@geo-zs.si
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