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Ore-forming fluids in the Grübler orebody,
Idrija mercury deposit, Slovenia

Ladislav Palinkas1, Sabina Strmic1, Jorge Spangenberg2,
Walter Prochaska %nd Uros Herlec 4

Abstract

Fluid inclusions in cinnabar, quartz and barite from the Grübler orebody of the giant Idrija mercury deposit in the
NW Dinarides of Slovenia were studied by microthermometry, laser Raman spectrometry, and bulk crush-leach
analysis using ion chromatography and atomic absorption spectrometry. They homogenise at Th +160 to +180 °C
and their salinity ranges from 2.6-12.8 wt% Nat 'I eq. Low eutectic temperatures (Te, average -52 °C) indicate the

presence of divalent cations (Mg, Ca), as confirmed by crush-leach analysis. Fluid-chemical geothermometers
revealed temperatures of 206-265 °C (Na/K), 183 °C (Na/Li), and 172-220 °C (Na/K/Ca). Laser Raman spectrometry
found no other volatiles than water and confirmed dolomite as solid inclusions and daughter minerals within fluid
inclusions, Solid inclusions of cinnabar in quartz and barite point to co-precipitation of these three minerals The 3MS

is between -0.7 and +L5%o V-CDT) for cinnabar. Barite has S34S between +45.6 and +56.3%o and probably precipitated

later out of isotopic equilibrium with the sulphides. Geology, fluid inclusion and isotope data indicate that the
deeper parts of the Idrija deposit formed by hydraulic fracturing in a Middle Triassic rift basin, in a hydrothermal
system driven by subjacent basaltic intrusions. Fluid overpressure, leading to local fluidisation of breccia fragments,
may have been aided by hydrothermal maturation of the organic matter in the rift sediments, as indicated by abundant

bituminous matter in the vein- and breccia-hosted cinnabar ore. Sulphur in cinnabar was derived from a possible

magmatic component and a sulphide contribution derived by reduction of local sulphate. The latter contribution
increased upward towards the sediment surface, where high-grade syn-diagenetic cinnabar and possibly some
primary metallic Hg were deposited beneath a marsh environment.

Keywords:lda\]a mercury deposit, fluid inclusions, S-isotopes, Dinarides,Triassic rifting.

1. Introduction

There are two world-class mercury ore deposits
regarding total reserves and production: Almadén
(Spain) and Idrija (Slovenia). Of the total world
production to date (800.000 tons of mercury),
Almadén has produced 35% (280.000 tons; Hernandez,

1999) and Idrija 13% (128.000 tons; Mlakar,
1974). Idrija still contains 10% of the world's
known mercury reserves (Brinck and van Wam-
beke, 1975). It is characterised by epigenetic,
hydrothermal cinnabar veins, stockworks, impregnations

and massive replacements in Upper Paleozoic

and Lower Triassic sediments, which are
probably coeval with syngenetic, sedimentary-ex-
halative cinnabar ore formed in overlying Middle
Triassic strata (Drovenik et al., 1980). The driving
force for hydrothermal fluid flow was the elevat¬

ed geothermal gradient related to Middle Triassic
rifting with widespread bimodal volcanism (Pa-
mic, 1984). The Almadén deposit is also related to
rifting and submarine basaltic magmatism, in the
early Palaeozoic, but its genesis is more complex
due to later regional metamoiphism. Three
lenticular strata-bound cinnabar impregnations in
the Early Silurian Criadero quartzite occur adjacent

to epigenetic hydrothermal mineralisation in
the Frailesca phreato-magmatic explosion breccia,

a diatreme piercing the quartzites (Soupé,
1990; Hernandez et al., 1999). Both mercury
deposits contain abundant organic-rich shales. Fluid
inclusion studies on quartz and dolomite co-pre-
cipitated with cinnabar at Almadén gave salinities
of 1-13 wt% NaCl eq., and Th 85-240 DC (Iglesias

and Pérez, 1989; Higueras et al., 1999). The
geology and genesis of the Idrija deposit attracted
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the attention of many researchers over the past
two centuries. Schrauf (1891), Berce (1958) and
Mlakar (1967, 1969) advocated an epigenetic ori¬

gin in Triassic time, while Stur (1872), Kossmat
1911 i.Tornquist (1930) and Colbertaldo and Sla-

vik (1961) favoured ore formation in the Tertiary.
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Fig. 1 Geological sketch map of the Central and Northwest Dinarides; I—External Dinarides; II—Internal
Dinarides;III—Pannonian Basin underlain byTisian basement; IV—Zagorje-Mid-transdanubian zone (from Pamic
and Jurkovic, 1997). The Dinarides consists of four geotectonic units aligned NW-SW from a carbonate platform in
the Southwest to subduction-related formations confronting the Tisia ensialic block in the Northeast (see text). Middle

Triassic advancedTethyan rifting is recorded in a Triassic volcano-sedimentary unit aligned parallell to the other
principal units, with numerous SEDEX deposits including three major Hg-only deposits: Idrij a. Trsce and Drazevici
in the Vareä district. Others occur in the same Triassic formation outside of the map area in the SE Dinarides.
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Mlakar and Drovenik (1971 were the first to
distinguish epigenetic-hydrothermal and stratiform
ore types within the Permotriassic sedimentary
sequence.

Numerous papers have been published on the
geology and genesis of both deposits (e.g., Placer,
1976; Drovenik et al., 1980; (ïadez et al., 1981; Car,
1990; Drovenik et al., 1991; Mlakar, 1996; Saupé,
1990; Saupé and Arnold, 1992; Hernandez et al.,
1999; Lavric and Spangenberg, 2003), but there is

a lack of data on the ore-forming fluids particularly
for Idrija. In this paper, we present fluid inclusion

and S-isotope data for cinnabar, barite and

quartz from the epigenetic Grübler orebody,
situated in the basal part of the Idrija deposit where
ascending fluids started to precipitate cinnabar.

2. Geology and mineralisation

2.1. Regional geology and tectonics

The Dinarides (Fig. 1) are an orogenic belt
extending along the northeastern margin of the
Adriatic micröplate (Dewey et al., 1973) or
Apulia (Dercourtet al., 1986). The Alpine Wilson
cycle, related to opening and closure of the Tethys
ocean, developed a regular pattern of geotectonic
units aligned from NW to SE. From the Adriatic
microplate towards stable Europe in the NE, four
units with distinct Mesozoic and Tertiary litho-
stratigrapy can be distinguished (Fig. 1): (i) the
Adriatic-Dinaridic carbonate platform of the
Adriatic -Apulian passive continental margin
(External Dinarides); (ii) carbonate-clastic
formations (flysch); (iii) ophiolites related to Tethy-
an oceanic crust; (iv) and a sedimentary-magmat-
ic-metamorphic complex of the active European
continental margin (Internal Dinarides; Pamic,
1993). In the NW Dinarides, these geotectonic
units are condensed. Orogenic compression in the
Dinarides resulted from indentation of the Adriatic

plate into the European plate (Neubauer et
al., 2000), causing extensive overthrusting of complex

nappe systems with total slips of tens of km
and multiple stacking. The most important one is

the Sava nappe consisting of Palaeozoic to Trias-
sic rocks, which extends northwestward into the
Southern Alps, and southward across the Central
and Southeastern Dinarides into the Helle-
nides.Triassic rifting near the onset of opening of
the Tethys generated a major province of Hg-en-
riched ore deposits including the giant mecury
deposit of Idrija, smaller Hg-only deposits such as
Trsce and Drazevici, but also essentially coeval
sedimentary-exhalative to diagenetic deposits of
siderite, base metals and barite commonly con¬

taining minor Hg-enrichment. For example, the
Middle Triassic tuffs, cherts, shales, sandstones
and carbonate sediments of the Vares region
(Central Bosnia) contain deposits of siderite,
hematite, manganese oxides, galena, Hg-rich-
sphalerite, pyrite, chalcopyrite, barite, and cinnabar

(Jurkovié and Pamic, 1999; lurkovic and Pa-
linkas,2002).The monomineralicmercury deposit
of Drazevici, (Ramovic et al., 1979) is associated
with polymetallic deposits such as Borovica,
Vares, Veovaca, and Cevljanovici, which are also
rich in mercury.

Idrija and all of these minor deposits are located

at the edge of the Adriatic-Dinaridic carbonate
platform, developed within volcano-sedimentary
series with intermittent carbonate deposition
from the Late Permian to the Late Triassic (Mioc,
2001). The Lower and Middle Triassic formations
in the Idrija region are products of shallow water
sedimentation. The Lower Scythian
coarsegrained dolostones, shales and oolitic limestones,
Upper Scythian coarse-grained dolostones and
sandy shales, and Anisian dolostones are uncon-
formably situated above Permo-Carboniferous
organic-rich black shales, Upper Permian
sandstones (named Groden), shales and dolostones
with evaporites including gypsum (Fig. 2, simplified

after Placer and Car, 1977). During the Middle

Triassic time (Langobardian substage, Ladi-
nian), incipient rifting gave rise to a trough developing

along normal faults. Intensive tectonic
activity accompanied by volcanism led to deposition
of conglomerates, olistostromes, and pyroclastic
rocks, followed by syngenetic ore deposition.
Within the deposit itself only pyroclastic and
epiclastic sediments are present. With continued
sedimentation, the fault trough became shallower

and was eventually covered by bog sedimentation

spread over a wide region. A brackish
marshy environment is indicated by fossil flora
remnants. Intermittent volcanic activity
produced tuffs, tuffites, and cherts interbedded with
variably altered basaltic flows (Placer and Car,
1977).

2.2. Idrija deposit geology

Mercury mineralisation occurs in all rocks from
the Permo-Carboniferous to the Upper Ladinian
as two main ore types (Drovenik et al., 1980):

(1) Epigenetic veins, stockworks, stringers,
impregnations and open-space fillings within clastic
sedimentary rocks, and metasomatic replacements

and breccia cement within fractured
dolomites and limestones. The host rocks comprise all
lithotypes from the Permo-Carboniferous to the
Upper Ladinian. The orebodies are close to nor-
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mal longitudinal and transverse Middle Triassic
faults which acted as conduits for ore-forming fluids.

The most favourable sites were permeable or
tectonically disintegrated host rocks covered by
less permeable shales or pyroclastics, which locally

acted as a screen for ascending hydrothermal
water.

(2) Rich syngenetic ore bodies embedded in
the Langobardian volcano-sedimentary
sequence. Distinct textural types of the stratiform
ore, like small-scale rhythmic bedding, lamination,

early diagenetic thrust faulting, folding, graded

bedding of pyrite, cinnabar and bituminous-
rich shales, have been descriptively referred to as
"steel ore", "brick ore" and "liver ore" (Mlakar
and Drovenik, 1971).

The principlal ore mineral in both ore types is
cinnabar, accompanied by dolomite, calcite and

quartz. Metacinnabar appears occasionally in
limestone lenses within Lower Scythian
micaceous and calcareous shales together with parage-
netically later barite (Placer and Car, 1977). Native

Hg is widespread in Permo-Carboniferous
black shales, siltstones and sandstones but
exceptionally rare in all other lithotypes. Native-Hg
bearing black shales occur marginally in the
uppermost parts of the trough (Fig. 2). Sphalerite
and orpiment are rare. Pyrite and marcasite have
been interpreted mainly to be diagenetic minerals,

although some hydrothermal pyrite fills the
fault planes (Drovenik et al., 1980). Organic matter

occurs in the host rocks and ore as disseminated

kerogen, as black solid hydrothermal bitumen,
and as greenish idrialite, a complex mixture of
polycyclic aromatic hydrocarbons containing
nitrogen and sulphur-bearing compounds (Blumer,
1975; Wise et al., 1986; Lavric and Spangenberg,
2001, 2003). Idrialite is found in the epigenetic ore
as void fillings or replacements, as well as in the
stratiform ore type (Spangenberg et al., 1999).

2.3. The Grübler orebody

Fluid inclusion studies and S-isotope analyses
were performed on samples from thé Grübler
orebody, one of the richest in the Idrija deposit
located near the base of Lower Scythian dolo-
stones. Cinnabar mineralisation is controlled by
the Grübler normal fault, striking ENE-WSW
and dipping steeply towards NNW, and by subvertical

open fissures in the hanging-wall of the Grübler

fault (Fig. 3). Placer (1974-75, 1976) and
Drovenik et al. (1991) distinguished four types of
mineralisation in the Grübler orebody:

pyrite fillings (3-5 cm thick) along the fault
plane juxtaposing Permo-Carboniferous and
Gröden sandstones with Lower Scythian dark

dolomite. Cinnabar occurs sporadically within tiny
fissures in the fracture zone.

(ii) open ore fissures (veins) adjacent to the
Grübler fault, within the 25-30 m wide fracture
zones. Individuell veins are not longer than 30 m
and not wider than 4 cm, with mutual spacing of
0.5-3 m. The fissures show symmetric internal
zoning and are filled completely or partly with
white dolomite crystals, cinnabar, pyrite and black
bituminous matter.The ore grade in the veins
decreases gradually with distance from the fault.

(iii) rich ore in fissures with replacement of
white dolomite and pyrite crystals by cinnabar.

(iy) breccias at the intersection of the vertical
veins with the Grübler Fault. Dolomitic rock
fragments are cemented by white dolomite, cinnabar,
quartz, calcite, dark organic matter, minor pyrite
and barite in multiple overgrowth crusts (Drovenik

et al., 1991 ).The minerals occur as euhedral,
anhedral and colloform grains up to 5 mm size.
The open space between clasts is cemented with
the same minerals and shows the same association
of organic matter and cinnabar. Locally these breccias

contain cavities up to 0.5 m in size containing
abraded grains of dolomite, quartz, cinnabar and
barite as well as rounded dolomite pebbles up to 5

cm in diameter. This abrasion affected earlier
hydrothermal dolomite - cinnabar - quartz - barite
crusts, and was overgrown by later crusts of the
same euhedral, non-abraded hydrothermal
minerals, and well-developed barite crystals as the latest

mineral in the paragenetic sequence.
Organic matter is intimately associated and

co-precipitated with cinnabar throughout the
Grübler orebody (Drovenik et al., 1991). Fine
cinnabar crystals, uniformly dispersed, form tiny
isolated grains, or fill microcracks in organic
matter. Single globules, or rounded patches of
organic matter impregnated by fine cinnabar
grains, may be enclosed within larger cinnabar
grains. Botryoidal organic matter with cinnabar-
filled cracks may be surrounded by a younger
generation of cinnabar on the scale of a few 100

pm. Drovenik et al. (1991) interpreted the colloform

texture of the ore as reflecting co-precipita-
tion of organic matter and cinnabar from a
colloidal solution. Alternatively, they may be
precipitated from a mixture of hydrothermal fluid
and oil or bitumen.

3. Analytical Methods

Fluid inclusion analysis was performed on
transparent quartz crystals, irregular cinnabar grains,
and white, 0.1-0.2 mm thick barite crystals,
collected in a subvertical veins and cavities of the
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Fig. 3 Section through the Grübler orebody during the MiddleTriassic (slightly modified after Placer, 1974-1975).
Mineralised fissures opened perpendicular to the lowest main stress <t3 of rift extension. Hydraulic fracturing lead to
expulsion of the hot fluid along the main fault and through the fissures into the cold overlying carbonate rocks.

rv

Carboniferous black shales

Grey Groden sandstones

Grey and black Upper Permian dolostones

High grade cinnabar ore with more than 1 % Hg

Grübler fault

Open mineralized fissures

7~~ / Grey Lower Scythian dolostone with sheets of sandy, micaceous dolomite

Low grade cinnabar ore with less than 1% Hg

Grübler ore body. The study included abraded
mineral grains as well as post-brecciation crystals.
Microthermometry, laser Raman spectrometry,
and bulk crush-leach analysis of fluid inclusions
by ion chromatography and atomic absoiption
spectrometry was complemented by sulphur
isotope analyses on cinnabar and barite.

Microthermometry was performed on doubly-
polished wafers (250 pm) using a microscope
equipped with Leilz-Wetzlar P25/0.50 and UM32/
0.30 objectives and a Chaixmeca freezing-heating
stage. Two synthetic fluid inclusion standards
(pure H20, mixed TLO-CCK) were used for
system calibration. The precision was ±2 °C for ho-
mogenisation temperature, and ±0.2 °C in the
temperature range between -60 and +10 °C.

Laser Raman spectrometry was carried out
with a Dilor LabRAM with a frequency-doubled
Nd-YAG green laser (532 nm, 100 mV) focused
through an Olympus BX microscope. Objective
lenses of 50X and 100X magnification, combined
with a confocal optical arrangement, enabled a

resolution of about one micrometer in horizontal
and lateral directions.

Bulk solute compositions of the trapped fluids
were analysed by ion chromatography using a

technique modified after Bottrell et al. (1988).
Cleaned mineral grains (lg of quartz or 2g of barite

and cinnabar) were ground with 5 ml of
doubly-distilled water in an agate mortar and pestle.
The resulting slurry was filtrated to separate the
leachate from the sample residue. A Dionex DX-
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500 system with a micro-membrane suppressor
and pulsed amperometric detector was used for
analysis of halogens. Cations were analysed from
aliquots of the same solutions using standard
atomic absorption spectrometry.

Sulphur isotope analyses were performed
using an on-line elemental analyser (EA)-continu-
ous flow-isotope ratio mass spectrometer
(IRMS).The EA-IRMS system consists of a Carlo
Erba 1108 elemental analyser coupled with a
continuous helium flow interface to the ThermoquestJ
Finnigan MAT Delta SIRMS. Sample compounds
were decomposed under helium and oxygen flux
by flash combustion in a single oxidation-reduction

quartz tube filled with oxidising (tungsten tri-
oxide) and reducing (elemental copper) agents at
1030 '.Water was removed using anhydrous
magnesium Perchlorate. The released gases enter a

chromatographic column (Poropak QS) for
separation of S02, which is then isotopically analysed
(Gieseman et al, 1994). The S-isotope values are
reported relative to the Vienna Canyon Diablo
troilitestandard (V-CDT).The reproducibility,
assessed by replicate analyses of internal laboratory
standards (natural pyrite, S^S +6.1%o; synthetic
mercury sulphide, 834S +15.5%0; barium
sulphate, S34S +12.5%o) was better than 0.2%o.

4. Results

4.1. Petrography of inclusions

Microscopic examination of barite, quartz and
cinnabar revealed the following types of fluid
inclusions:

(1) Multiphase (L+V+S^), irregularly shaped,
aqueous fluid inclusions (Fig. 4a).

(2) Two-phase (L+V), aqueous inclusions,
with progressive growth of negative crystal forms
(Fig. 4b).

(3) Two-phase (L+V), aqueous, secondary or
pseudosecondary inclusions, aligned along healed
fractures.

(4) Monophase, liquid inclusions (L).
(5) Solid inclusions (S).

Inclusions in quartz occur mostly parallel to
growth zones (Fig. 4c).These incorporate solid
inclusions of carbonates and cinnabar (Figs. 4d and
4e). In most cases, optical identification of the
melting phases was not possible within cinnabar
specimens due to the small size of the inclusions.
Some inclusions of type (2) were measurable (Fig.
4f). The most widespread inclusion in barite is solid

cinnabar (Fig. 4g). The degree of fill of all
aqueous inclusions varies between 0.80 and 0.95.

4.2. Microthermometry

Inclusions of type (1) and (2) yield fairly uniform
results in all investigated minerals, and their oogenetic

nature is confirmed by the presence of
cinnabar inclusions together with primary fluid
inclusions in quartz and barite. Freezing occured
between -44 and -57 °C. Eutectic temperatures
(Te around -52. DC indicate the presence of divalent

cations (Fig. 5a). Melting runs in the temperature

range between -35 and 0 °C indicate the
existence of two hydrates. Melting of the first
hydrate (Tmhydl) was recorded in the temperature
interval between -34.5 and -27.0 °C (Fig. 5b),
whilst the temperature interval for final melting
of the second hydrate, Tmhyd2, is fairly wide
(-25.7 to -20.5 °C,Fig. 5c). The ice melting
temperature, Tmice, is between -1.5 and -8.9 °C (Fig.
5d).The fluid salinity was determined fromTmice

Table 1 Calculated fluid inclusions salinities and bulk ion crush-leach analysis of quartz, barite and cinnabar.

Salinity Molality (mmol/kg)
(wt% NaCl equQ Li Na K Mg Ça Cl SP4 Q+/Q- C1/SQ4 Na/K Na/Li

quartz 2.6-12.8 0.0 63.1 6.7 427.3 277.7 98.4 22.8 9.7 4.3 9.3
barite 4.2-8.9 0.3 131.5 7.9 1022.9 298.2 237.0 74.2 7.0 3.2 16.7 515.5
cinnabar 3.6-9.0 0.0 73.1 6.1 119.1 85.8 158.2 4.4 3.0 34.7 12.0

Table 2 Geothermometers Na/K, Na/Li, Na/K/Ca and temperature of homogenisation, Th.

T(°C) T( •(') T(°C) Th(°C) Salinity
Na/K* Na/Ca** /K/Ca*** (wt% NaCl equ.)

quartz 265 - 180 160-218 2.6-12.8
barite 206 183±29 172 - 4.2-8.9
cinnabar 237 - 220 - 3.6-9.0

*After Can (2002); ** after Verma and Santoyo (1997); *** after Fournier andTruesdell (1973)
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Pig. 4 Photomicrographs showing fluid inclusions in quartz, cinnabar and barite. (a) Multiphase fluid inclusion in
quartz, L +V + anisotropic solid), b) Two-phase fluid inclusion in quartz L+V),with progressive growth of negative
crystal forms, c) Primary fluid inclusions in quartz growth zones,, d) Solid inclusion in quartz, identified as dolomite
by Raman spectrometry, (e) Cinnabar inclusions in quartz (arrows), (f)Two-phase inclusions (L+V) in cinnabar, and
(g) Cinnabar inclusions in barite (arrows).
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Table 3 S34S (%o) values of cinnabar and barite from
the Grübler orebody.

Sample S»S(%o) T [°C] *

ID-l-cinnabar
ID-l-barite

1.5
45.6 122.4+5.9

ID-2-cinnabar 0.3
78.5+4.8ID-2-barite 54.5

ID-3-cinnabar
ID-3-barite

-0.5
56.3 69.4+4.6

ID-4a-cinnabar -0.7
ID-4b-cinnabar -0.3

Temperatures calculated by constants after Ohmoto
and Rye (1979),

(Table 1). using the equation of Bodnar (1993).
Total homogenisation py into the liquid phase
between 160 and 218 °C was achieved only in
quartz crystals (Fig. 5e), because of massive
decrepitation in barite and cinnabar specimens. In a

salinity vs.Th diagram (Fig. 6) the quartz data show
no specific trend and indicate precipitation from a

rather heterogeneous fluid (Palinkas et al., 2001).
Isochores were calculated using the computer
program ISOC (Fig. 7; Bakker, 2003) from the equation

of state by Zhang and Frantz (1987 and a
correction for the volumetric properties of quartz.

4.3. Laser Raman spectrometry (IMS)

Laser Raman spectroscopic measurements
performed on the liquid phase of aqueous inclusions
at room temperature revealed only the presence
of water. Crystallites and solid carbonate inclusions

were identified as dolomite on the basis of
optical properties and Raman spectrometry (Fig.
4d).The Raman spectra also confirmed that the
hydrate melting between -25.7 and -20.5 °C is hy-
drohalite (Dubessy et al., 1982), but the low-temperature

salt hydrate could not be identified.

4.4. Bulk crush-leach analysis

Bulk crush-leach analysis and calculated ion
concentrations reveal the predominance of Mg-Ca-
Na-K±Li chlorides (Table 1). High concentrations

of Mg and Ca reflect widespread metasomatism

in the carbonate host rocks and saturation
with respect to dolomite. The large charge imbalance

(Q+/Q->1,Table 1) can be expected due to
the inability of the method to analyse all dissolved
species, notably sulphides and carbonates, but solid

dolomite inclusion may also have contaminated
the crush-leach analysis (see Channer and

Spooner, 1992). Large differences in CL/SOy ratio

between barite, quartz and cinnabar could be

explained in the same way, or by fluctuation of
S042" due to barite precipitation. Potential
source-rock reaction temperatures from the Na/K
(Can, 2002), Na/Li (Verma and Santoyo, 1997),
and Na/K/Ca geothermometers (Fournier and
Truesdell, 1973) are compared with homogenisation

temperatures in Table 2.

4.5. Sulphur isotopes

The isotopic compositions of ore-related
sulphides from Idrija determined previously are:
pyrite 834S 1.6%o, metacinnabar 834S +2.2%o,
cinnabar S^S -5.5 to +8.6%o (n 11, average -l.l%o,
Ozerova et al., 1973). Cinnabar from the Grübler
orebody has S34S -7.57 to +7.46%o (n 9, average

-2%o, Drovenik et al., 1991 Lavric and Span-
genberg (2001) obtained a wider range of values
in pyrite from 834S -15.6 to +20.0%o (n 36), and
in cinnabar from 834S -19.8 to +22.0%o (n 128).
These data show a bimodal distribution with one
maximum close to 834S -7 and another at 834S

0%, attributed to contributions from a magmatic
H2S source and a sulphate component from Per-
mo-Triassic seawater or evaporites. Gypsum lenses

in the Upper Permian carbonates containing
some cinnabar and native mercury (Placer and
Car, 1977) have 834S of +6.2 to +9.6%o (Ozerovaet
al., 1973). The 834S values of gypsum from Permian

to Middle Triassic host rocks vary from +12.3
to +16.4%o (Lavric and Spangenberg, 2001). Gypsum

in the Lower Triassic dolomite (24.0%o), in
lenses of oolithic limestones within shales
(17.7%o), and in shales (28.7%o) were measured by
Ozerova et al., 1973). Our 844S data from cinnabar
of the deep Grübler orebody (Table 3; Fig. 8) fall
in a narrow range from -0.7 to +L5%o (average
+0.1%o).The data were superimposed on the
diagram, Fig. 8 (after Lavric and Spangenberg, 2001)
for comparison. The average S-isotope values of
cinnabar from the major stratigraphie sub-stages
mimic the curve of the secular variation of the
marine sulphates (Holser et al., 1988), which
might be attributed to a contribution of evaporitic
sulphate from each stratigraphie member.

The scarcity of barite limited the number of
analyses on that mineral. The S-isotope values in
barite are extraordinarily high (834S +45.6 to
+56.3%o, average +52.1%0).Temperatures around
100 °C calculated from the isotope fractionation
equation 1000 In S.Oô/lPxlO6 + 6.0
(±0.5; Ohmoto and Rye, 1979) are significantly
lower than the fluid inclusion homogenisation
temperatures (Table 2) and probably indicate
that the texturally late barite was not precipitated

in isotopic equilibrium with the cinnabar.
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5. Discussion 5.1. Evidence for hydraulic fracturing

The formation of a giant mercury-only deposit in
a province of Hg-enriched polymetallic Fe-Ba-
Pb-Zn-Ag deposits requires some special
processes operating at Idrija. This may include the

presence of a vapour-dominated hydrothermal
system which enabled selective transport of mercury

(White et al., 1971; Peabody and Einaudi, 1992).

Abraded minerals and rock-fragments in open-
cavity breccias of the Grübler orebody are
interpreted to reflect a fast-flowing hydrothermal ore
fluid, rather thanpost-ore percolation of meteoric
water due to uplift of the area during the Alpine
orogeny as suggested by Drovenik et al. (1991).
Fluid inclusions in minerals cementing these
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Fig. 5 Histograms showing frequency distributions of fluid inclusion data: (a) Eutectic temperatures, Te, (b) Final
melting temperatures of hydrate l,Tmhydl, (c) Final melting temperatures of hydrate 2,Tmhyd2, (d) Final melting
temperatures of ice,Tmice, and (e) Homogenisation temperatures, Th.
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Fig. 6 Salinity vs. Th diagram showing considerable scatter of fluid inclusion data indicating ore precipitation from
a rather heterogeneous fluid. Isochores (fine solid lines, labelled in g-crrr1 for liquid density) and maximum H,0
vapour pressure at halite saturation (dashed lines) calculated with ISOC (Bakker, 20Q3).

rounded-clast breccias clearly prove their hydro-
thermal origin. Abrasion of the minerals therefore

occured by fluidisation in a turbulent, rapidly
ascending fluid.

The open-space fissures, cavities and breccias
have developed perpendicular to the lowest main
stress, a3 oriented parallel to the direction of the
general rifting extension (Fig. 3, adopted after
Placer, 1976). We therefore infer that these
relatively narrow fissures were opened by hydraulic
fracturing. Opening and brecciation occured
when fluid pressure exceeded the sum of the least
compressive stress plus the tensile strength of the
rocks, leading to vertical expulsion of hot fluid
into the colder overlying fractured Carbonate
rocks and permeable sandstones.This would have
led to a drop in pressure and temperature by a

combination of conductive cooling of the fluid in
contact with the cold overlying rocks and adiaba-
tic expansion of the initially over-pressured
system towards hydrostatic fluid pressures.

5.2. Pressure and temperature of ore formation

The hydrocarbon-bearing fluid prior to ore deposition

must have been under considerable pressure

judging by the aqueous inclusion filling tem¬

perature between 160 °C and 218 °C. Even higher
temperatures are indicated by the local presence
of metacinnabar (stable above 315 °C; Potter and
Barnes, 1978) and hydrothermally mobilised
organic matter plotting in the HI vs. OI field of type-
IV kerogen (indicating maturation temperatures
up to ~ 350 °C;Lavrid and Spangenberg, 2001; see
also Kawka and Simoneit, 1994; Peters, 1986).
The Na/K, Na/Li, Na/K/Ca thermometers (172
to 265 °C) also partly indicate temperatures
greater that the inclusion filhng temperatures,
but they do not agree well and probably reflect
partial fluid-rock equilibration at a deeper level.
The partly contradictory estimates prevent a

precise pressure correction and estimation of
true temperatures of fluid trapping. Assuming
the highest temperature of trapping to be 265 °C
(obtained by the Na/K geothermometer), resulting

pressures (Fig. 7) would greatly exceed the
lithostatic pressure of « 20 MPa corresponding
to a thickness of ~ 750 m of sediments estimated
to overlie the Grübler orebody at the time of ore
formation (Placer, 1974-75). For the more
reasonable temperatures range of 172-220 °C, the
chloride-rich fluid might have attained adequate
pressure required for hydraulic fracturing at
-^fracturing — (Plithostatic + ^Phydrostatic)^ (Hllbbcrt aild
Willis, 1957).
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Hydrothermal maturation of organic matter
by advection of heat by the fluid and possibly by
oxidative maturation probably led to hydrocarbon

gas generation (CH4and C02).The development

of fluid overpressure is common in prograde
basins with shale-rich sequences overlain by
carbonates, for example in the Gulf of Mexico (Jones,
1970; Fowler, 1994). Gas formation at the base of
the Idrija system may have temporarily increased
the total fluid pressure even above the lithostatic
threshold. High content of CH4 (see maximum
solubility isopleths of 1500, 2000 and 5000 ppm
CH4 in 15 wt% NaCl solution in Fig. 7, adapted
from Hanor, 1980) will affect the slopes of iso-
chores but this has not been evaluated for lack of
data on the CH4 concentrations in the inclusions.
Nevertheless, the observation of high-temperature
organic maturation implies that, upon pressure
release during hydraulic fracturing, the hydrothermal

system may have temporarily experienced
vapour-dominated fluid flow, probably intermittent
with aqueous solutions and liquid hydrocarbons.

5.J. Source, transport and deposition of
petroleum, mercury, and sulphur

Speculations about the source of mercury in
cinnabar deposits include mantle metasomatism (Fe-
dorchuk, 1974; Ozerova, 1985), deep magmatic
degassing of intrusions (Varekamp and Buseck,
1984; Rytuba and Heropoulos, 1992) or the
sedimentary pre-enrichment in black shales possibly

associated with coeval volcanic activity (Moi-
seyev, 1971; Saupé, 1990). Remobilisation from an
Hg-rich sedimentary source seems to be the most
probable option for the Idrija deposit. Huge
masses of black shales are present at the base of
the Langobardian fossil geothermal system. The
mobilisation of hydrothermal petroleum and

mercury must have been concurrent, initiated by
infiltration of hot, chloride-rich brines into the
black shales. The existence of three separate fluid
phases — water, petroleum and vapour — seems
realistic during hydraulic fracturing in the lower
part of the geothermal system.

The formation of hydrothermal petroleum
originated from immature refractory organic
matter, producing polynuclear aromatic
hydrocarbons (Simoneit, 1994). The abundance of such

pyrolitic hydrocarbons with relative aliphatic
depletion, without any isoprenoids detected in some
samples, suggests that the Idrija host rocks were
stained with hydrothermally matured petroleum
iLavnc and Spangenberg, 2001).The same
characteristics were observed in the California Coast
Range deposits (Wise et al., 1986; Peabody and
Einaudi, 1992).The dominance of aromatics is
attributed to reactions at more elevated temperatures

than the standard oil window for petroleum
generation in sedimentary basins (100-150 °C), or
to preferential loss of other components with
higher volatilities or solubilities (Douglas and
Mair, 1965). Alternatively, sulphur may act as a

catalyst in the formation of aromatics. The aque-

p 0.9189
Th 210°C

265 400 600
T/°C

Pig. 7 P-T diagram showing isochores for binary aqueous fluids with 15 wt% NaCl, calculated using the computer
program ISOC (Bakker, 2003), from the equation of state given by Zhang andFrantz (1987). Additional presence of
1500,2000. 5000 ppm CH4 in the saline fluid (isopleths for 15 wt% NaCl in HiO) raises the bubble-point surface to
higher minimum pressures (modified after Hanor, 1980).The influence of higher hydrocarbons and complex organ-
ics on Th is unknown, but the slope of isochores will be less steep.
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cms solubility of petroleum increases with
temperature, approaching a critical regime with
nearly complete miscibility (Price et al., 1983).
Temperature and pressure decrease can lead to
exsolution of liquid petroleum as well as
hydrocarbon gas by phase separation from a C-O-H-
rich aqueous fluid (Simoneit et al., 1992).

Mercury may have been transported by all
three fluid phases, oil, gas or aqueous solution,
before it was precipitated as cinnabar (dominant
at depth) and native metal (a significant part of
the resource in the upper levels of the hydrothermal

system). Possible transporting species include
Hg°, bisulphide complexes such as HgS(HS)2^3a(lui
and chloride complexes such as HgCl2°, besides
possible organic complexes. Cinnabar precipitation

from aqueous chloride brines can occur
according to the following types of reactions:

HgCl, aqu + HS-aqu HgSs + H+ 2C1- (1

precipitates cinnabar as a consequence of a

pH rise, fluid dilution or a temperature drop of
the aqueous phase, consistent with water-rich
inclusions in crystalline cinnabar from the deep
Grübler orebody. Assuming a bisulphide complex
as Hg-carrier the reaction would be:

HgS(HS)2-2 HgSs + 2EPT (2)
which could lead to cinnabar deposition by

partial sulphur loss due to boiling or oxidation, or
also by dilution or a temperature decrease. Neutral

Hg° could contribute to mercury transport in
hot, reducing but S-poor aqueous fluids (Vare-
kamp and Buseck, 1984) and may be the dominant

form of mercury in C02-CH4-rich gas or in

liquid petroleum. Precipitation of cinnabar by

Hg° + H2S HgSs + H2 (3)

will occur by addition of H2S, or by removal of
H2 corresponding to an oxidation of the fluid
system.

Considerable mercury concentrations occur in
natural gas in the Pannonian Basin, which is
characterised by high heat flow and likely magmatic
underplating (Baric and Jungwirth, 1995). Natural
gas from the Molve gas field (northern Croatia)
contains 0.1-2.0 mg Hg/m3, 7-1000 ppm H2S, 10-
24% C02 and a high content of mercaptane
sulphur (Lukic et al., 2002; Ozerova et al., 1996).The
reservoir temperature is 180-198 °C and the pressure

prior to production was 50.5 MPa in the
deepest hole at 3719 m. With estimated geological

gas reserves of 39 X 109 m3, and assuming a

concentration of 1 mg Hg/m3, the total quantity of
Hg in Molve is -40,000 t Hg, which is about one
third of the total production of the Idrija deposit.

Oxidation stabilises native mercury relative to
cinnabar according to the reaction

Hg0i + H2S HgSs + H2 (4)

explaining the formation of some liquid mercury

by supergene weathering. However, it may
also indicate primary deposition of liquid mercury

in the upper part of the palaeogeothermal
system, by simple cooling or interaction of neutral
Hg° in the hydrocarbon gas or liquid petroleum
phase with air, oxygen-bearing meteoric water or
seawater sulphate in the brackish marshy
environment (Fig. 2).
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The sulphur source for cinnabar is uncertain,
but clearly does not represent wholesale reduction

of sulphates from marine fluids or the gypsum

in the host sequence. The 834S data from the
high-temperature HgS phase, metacinnabar, and
the cinnabar data from the epigenetic Grübler
orebody, located next to a likely major feeder
fault of the Idrija system, are both very close to
0%o.These observations suggest that the Hg-intro-
ducing fluid carried a significant magma tic H2S

component. In addition, the sulphur in cinnabar
probably includes a component derived from
reduction of local evaporite sulphate, as indicated
by the co-variation of cinnabar 834S with the
marine evolution trend sulphur (Fig. 8; Ozerova et
ah, 1973; Lavric and Spangenberg, 2001; cf. Holser
et al., 1988). A progressive increase in 834S in
cinnabar from the Upper Permian to the Upper
Ladinian host rocks by 20%o, as observed by
Lavric and Spangenberg (2001), is consistent with
increasing incorporation of an isotopically heavy
sulphide component derived from hydrothermal
reduction of sediment-derived sulphate, as the
fluids ascended through the geothermal reservoir
to the sediment-water interface. The extremely
heavy sulphur isotope composition of hydrothermal

barite is inconsistent with derivation from the
moderately 34S-enriched seawater or evaporite
composition of the Permian to Triassic host
sequence, and probably reflects closed-system
isotope fractionation at low temperatures during the
waning stages of mineralisation.

6. Summary and conclusions

The combination of published geological, fluid
inclusion and sulphur isotope data from the entire
Idrija deposit with new data from the fracture and
breccia-hosted Grübler orebody has led to an
improved model for the genesis of this giant mercury

deposit. Idrija was formed in an aborted Ladinian

rift related to the initial stage ofTethys opening.

A trough was developed along subvertical
normal faults, filled with Scythian, Anisian and
Langobardian volcano-sedimentary formations
overlying thick Permo-Garboniferous black
shales, which represent a possible source of mercury

and petroleum. The ore-forming palaeogeo-
thermal system developed in response to
widespread Middle Triassic subaerial, submarine and
shallow intrusive bimodal magmatism. The
geometry of the geothermal system was controlled by
graben faults, so that the most productive ore-
bodies with native mercury and stratiform cinnabar

occur on the flanks of the trough, capped with
a thin veneer of Langobardian volcano-sedimen¬

tary rocks. Precipitation of cinnabar started near
the base of the geothermal system from a hot fluid,

which may have been a near-critical mixed
water-hydrocarbon phase that had scavenged mercury

and hydrothermal petroleum at a deeper level.

High fluid pressure caused hydraulic fracturing
in the Scythian dolomites and the formation of
the Grübler orebody containing fluidisation breccias

and abraded minerals. The resulting drop in
temperature and pressure gave rise to fluid im-
miscibility and separation of up to three phases: a

chloride-rich aqueous liquid, liquid petroleum oil,
and C-O-H-rich vapour that may have dominated
in the higher portions of the geothermal system.
Cinnabar was precipitated from the chloride-rich
aqueous fluid and the liquid hydrothermal petroleum

in the deeper Grübler orebody, using a
combination of wall-rock derived sulphate and a possible

magmatic sulphide component. Deposition of
high-grade synsedimentary to syndiagenetic mercury

ore occurred at the highest level of the
geothermal system, in the black shales of a marshy
environment close to the current sedimentation
surface, incorporating a greater proportion of sulphur
derived by sulphate reduction into cinnabar. Input
of atmospheric oxygen into these upper levels have
contributed to primary precipitation of elemental
mercury, possibly suppressing cinnabar precipitation

from Hg° contributed by an vapour phase
ascending into the near-surface environment.
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