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Abstract The world-class Idrija mercury deposit (wes-
tern Slovenia) is hosted by highly deformed Permocar-
boniferous to Middle Triassic sedimentary rocks within
a complex tectonic structure at the transition between
the External Dinarides and the Southern Alps. Con-
cordant and discordant mineralization formed con-
comitant with Middle Triassic bimodal volcanism in an
aborted rift. A multiple isotopic (C, O, S) investigation
of host rocks and ore minerals was performed to put
constraints on the source and composition of the fluid,
and the hydrothermal alteration. The distributions of
the 0'°C and 6'®0 values of host and gangue carbonates
are indicative of a fracture-controlled hydrothermal
system, with locally high fluid-rock ratios. Quantitative
modeling of the 6"°C and 6'®0 covariation for host
carbonates during temperature dependent fluid-rock
interaction, and concomitant precipitation of void-filling
dolomites points to a slightly acidic hydrothermal fluid
(6'3C~—-4%, and 60~ +10%,), which most likely
evolved during isotopic exchange with carbonates under
low fluid/rock ratios. The 0**S values of hydrothermal
and sedimentary sulfur minerals were used to re-evaluate
the previously proposed magmatic and evaporitic sulfur
sources for the mineralization, and to assess the
importance of other possible sulfur sources such as the
contemporaneous seawater sulfate, sedimentary pyrite,
and organic sulfur compounds. The §**S values of the
sulfides show a large variation at deposit down to hand-
specimen scale. They range for cinnabar and pyrite from
-19.1 to +22.8%,, and from —22.4 to +59.6%,, respec-
tively, suggesting mixing of sulfur from different sources.
The peak of 6°*S values of cinnabar and pyrite close to
0%, 1s compatible with ore sulfur derived dominantly
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from a magmatic fluid and/or from hydrothermal
leaching of basement rocks. The similar stratigraphic
trends of the §°*S values of both cinnabar and pyrite
suggest a minor contribution of sedimentary sulfur
(pyrite and organic sulfur) to the ore formation. Some of
the positive 0°*S values are probably derived from
thermochemical reduction of evaporitic and contempo-
raneous seawater sulfates.
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Introduction

The Idrija mercury ore field (46°00°10”N, 14°01°50”E) is
located in the northwestern External Dinarides, about
50 km west of Ljubljana, Slovenia. The ore field includes
mercury anomalies and economic concentrations in the
Idrija and Ljubevc ore deposits (Fig. 1). The Idrija mine
has been the second largest mercury mine in the world,
having produced more than 12.7 Mt of ore with
145,000 t Hg since 1490 (Mlakar 1974), and is surpassed
only by the Almadén mine (Spain) in the total metal
quantity. Mining works in more than 150 orebodies
extended vertically over more than 360 m (+330 to
—33 m) on fifteen levels. The average ore grades de-
creased from the initial 17.0 wt% Hg to about 0.3 wt%
Hg in recent times. The potential reserves of cinnabar
and native mercury are estimated at 25,000 t Hg (Idrija
Geological Department, personal communication).
After 500 years of mining activity, the Idrija mine
stopped production in 1988, and initiated a closing-
down program, which is expected to finish in 2006. The
Ljubeve ore deposit was discovered in 1962, but was
never exploited commercially due to the relatively low
ore grades (~0.2 wt% Hg).

The geology and some genetic aspects of the
Idrija deposit were described by Mlakar (1967), Mlakar
and Drovenik (1971), Placer (1973, 1975, 1976, 1982),
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Fig. 1 Simplified geological map of the Idrija deposit area
(modified after Mlakar 1969) and location of regional samples.
Location of the Hg anomalies and cinnabar occurrences are from
Placer and Car (1977). See Fig. 3b for cross section

Drovenik et al. (1975), and Car (1975, 1990). The geo-
chemical investigations of the Idrija deposit include
trace elements in cinnabar (Berce 1958; Drovenik et al.
1980), distribution of mercury at deposit scale (Berce
1965), trace element geochemistry of barren host rocks
(Cadez et al. 1981), sulfur isotopes of sulfides and sul-
fates (Ozerova et al. 1973; Drovenik et al. 1976), a car-
bon, oxygen, and sulfur isotope study of an ore breccia
at the Gruebler orebody (Drovenik et al. 1991), and
mineralogical, molecular and isotopic characterization
of the polycyclic aromatic hydrocarbon (PAH) mineral
idrialite, found first associated to the Idrija ore (Strunz
and Contag 1965; Blumer 1975; Wise et al. 1986;
Spangenberg et al. 1999).

An ongoing extensive geochemical study of the Idrija
deposit host rocks and the associated organic matter
(e.g. Spangenberg et al. 1999; Lavri¢ and Spangenberg
2001, 2002), is aimed to contribute to a better under-
standing of the mineralization processes, and the rela-
tionship(s) of hydrothermal petroleum with the mercury
ore. In this paper, we gresent new stable isotopic data of
carbonates (5'°C, 6'°0), sulfides (3**S), and sulfates
(6**S, 6'%0). These data serve to put constraints on the
source and pathway of the ore fluid, the sulfur source,
the extent of the hydrothermal alteration, and remobi-
lization.

Geological setting

The Idrija mercury deposit is hosted by highly deformed
sedimentary rocks of the Trnovo nappe, within a com-
plex tectonic structure in western Slovenia. These sedi-
mentary rocks were part of the Slovenian carbonate
platform, which was cut into blocks by deep faults
during E-W trending Middle Triassic intra-continental
rifting (e.g. Placer and Car 1977). The Ladinian rifting-
induced effusive and explosive bimodal volcanism yiel-
ded volcanic products, which are found also at Idrija as
grayish green tuff and tuffite, or as diabase (also as

pillow lavas), quartz porphyry and tuffs only some
kilometers away. In the Late Triassic, the Julian and
Dinaric carbonate platforms consolidated to the north
and south of a deeper subsided Slovenian basin in the
central part (Buser 1987). At Idrija, the estimated
thickness of the Upper Triassic to Tertiary sedimentary
cover was about 4,700 m (Fig. 2).

The Idrija structure was tectonically active from
Early Scythian to Early Carnian. It developed in the
apex of a dome in an approximately 1 km-wide and 5
km-long portion of an E-W trending failed rift (Idrija
graben; Placer 1982). The rift was separated from sedi-
mentary basins to the north and south by horsts
(Fig. 3a; Placer and Car 1977). It is not known whether
the dome formed because of extension-related litho-
spheric uplift or due to emplacement of a laccolith (e.g.
Placer 1982). Due to vertical displacement of up to
900 m along the N-S and E-W trending subvertical
faults that formed at that time, the Idrija area was
repeatedly exposed to subaerial processes, and locally
covered by fresh water (e.g. Placer and Car 1977). Two
Middle Triassic regresswe/transgresswe cycles produced
unconformities of a maximum range from Permocar-
boniferous to Upper Triassic (Fig. 2; Car 1990). At the
beginning of the second transgression, the part of the
Idrija graben hosting the mineralization became an
isolated basin with predominantly clastic sedimentation
in a lacustrine and swamp environment (Car 1985). The
sedimentary rocks that formed were mainly shales,
sandstones, and conglomerates. The beds overlying the
second unconformity consist mainly of clasts of volcanic
rocks, hydrothermally altered prior to their deposition
(kaolinite beds in Fig. 2; Drovenik et al. 1975). The
uppermost Ladinian sedimentary rocks (known by the
local name of Skonca) were deposited in a shallow-
water, highly vegetated environment under varying re-
dox conditions (Car 1985). The presence of radiolarians
in the topmost part of this unit marks a gradual tran-
sition to a marine environment. At the Idrija mine area,
the organic-rich Skonca beds were deposited coeval with
enhanced tectonic and hydrothermal activity under
acidic, reducing conditions (Car 1985).

The Idrija host rocks were affected by two episodes of
Alpine deformation (Placer 1982). The initial stage of
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the Early Tertiary phase resulted in the formation of a
synclinal fold with its axis oblique (112°N) to that of the
E-W trending Idrija graben. Later, regional-scale NNE—
SSW thrusting overturned the fold, cut the deposit
horizontally into three units, and displaced them
approximately 30 km toward SSW. During thrusting,
the lowermost unit (the former southern part of the
mineralized Idrija graben) stayed behind, and is today
presumably located somewhere to the NNE of Idrija
(Placer 1982). A Late Tertiary tectonic phase cut the
deposit with dextral NW-SE strike-slip faults into
blocks, and displaced them sub-horizontally up to 2 km
(Fig. 3b). At that time, a part of the deposit was divided
along the Idrija fault into the Idrija and Ljubeve
deposits (Fig. 1), while other parts were uplifted and
eroded (Placer 1982).

The Idrija deposit

The stratigraphic succession at the Idrija deposit com-
prises about 5,500 m of sedimentary and volcanic rocks

Angular unconformity

v

-

M, Concordant ore

3 Native mercury Discordant ore

S' Mineralized pebbles

of Permocarboniferous to Eocene age, of which the
lowermost 800 m host the mineralization (Fig. 2). The
host rocks are strongly disturbed by folding and
thrusting. A detailed petrographical and mineralogical
description of the Idrija mineralization is given by
Mlakar and Drovenik (1971), and is briefly summarized
here. The ore zones include concordant and discordant
mineralization. Concordant orebodies formed during
sedimentation of the Upper Ladinian organic-rich Sko-
nca beds (~1.4 wt% TOC; Lavri¢ and Spangenberg,
unpublished data) and the overlying tuff. They are
stratiform or lens-shaped, up to 100 m long and 0.5 m
thick, and show synsedimentary structures. The ore
grade (up to 79 wt% Hg) and number of orebodies
increase stratigraphically upwards. Several generations
of discordant veinlets in the concordant orebodies are
attributed to post-mineralization deformation and
remobilization of ore and gangue minerals. The discor-
dant mineralization is associated to fault zones in
Permocarboniferous to Upper Ladinian beds. It occurs
as veins and open-space fillings, replacement in car-
bonate rocks, and replacement of carbonate cement in
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clastic rocks. The orebodies extend vertically often more
than 100 m. Their upper flat parts are controlled by less
permeable lithostratigraphic units or the Middle Triassic
unconformities, and can be up to some tens of meters
wide and over 100 m long. Exceptional is the Karoli
orebody, because it is the only orebody that formed in
association with a network of fractures close to a major
feeder zone (Urbanovec-ZovCan and Karoli faults;
Fig. 3a) in a Ladinian olisthostrome (Placer and Car
1977). This orebody is interpreted as having formed by
hydrothermal impregnation of the unlithified sediments
(Car 1985). In the Gruebler orebody, the discordant
mineralization formed at the tectonic contact of Lower
Scythian dolostone and Permocarboniferous black
shale, at a depth of approximately 750 m (Placer 1975).
A study of mono-, two-, and multiphase inclusions in
euhedral quartz and barite crystals, and irregular cin-
nabar crystals from this orebody (Palinkas et al. 2001),
points to moderately hot (T, =160 to 218 °C), and
low to moderately saline (2.6 to 12.8 eq wt% NaCl)
H,0-NaCl-CaCl, fluids. The homogenization temper-
ature could not be measured in cinnabar and barite due
to decrepitation, but the salinity (3.6 to 9.1 eq wt%
NaCl) and NaCl/CaCl, ratios (0.57 to 1.60) are similar
to those measured in quartz (2.6 to 12.8 eq wt% NaCl
and 0.63 to 1.53). The barite and quartz crystals contain
numerous cinnabar inclusions, suggesting that they may
be coeval with the mercury mineralization. The chemical
composition of the trapped fluids is similar to that of
hydrothermal fluids generated during extrusion of pillow
lavas during Triassic rifting within the Zagorje-Mid-
Transdanubian zone, NW Croatia (Palinkas et al. 2001).
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Mlakar and Drovenik (1971) proposed that Idrija
formed during the Scythian-Ladinian aborted rifting
and bimodal volcanism by venting of near neutral
mercuriferous hydrothermal fluids at the seafloor. Idrija
is therefore regarded as a sedimentary-exhalative
(SEDEX) deposit. A system of deep, N-S and E-W
orientated subvertical faults (e.g. Urbanovec-Zovcan,
Cemernik, and Karoli faults; Fig. 3a) within the Idrija
graben focused the flow of the mineralizing fluids. The
Idrija mineralization is characterized by two major
phases (Mlakar and Drovenik 1971). Phase I cinna-
bar occurs as replacement and open-space fillings in
Permocarboniferous to Anisian rocks. It predates the
second erosion phase, as evidenced by mineralized pla-
gioclase and tuff fragments embedded in the non-min-
eralized matrix of the kaolinite beds, and pebbles of
mineralized Upper Scythian dolostone in the Upper
Ladinian conglomerate overlying the kaolinite beds
(Fig. 2). Phase II coincided with the deposition of the
Upper Ladinian Skonca beds and the overlying volca-
niclastic rocks. During this phase, the hydrothermal
solutions further mineralized the Permocarboniferous to
Anisian rocks, mineralized the Upper Ladinian con-
glomerates, and emanated at the seafloor as thermal
springs producing concordant orebodies (Fig. 2).

Ore and gangue minerals

The generalized paragenetic sequence (Fig. 4) was
compiled from the findings of Mlakar and
Drovenik (1971), Drovenik et al. (1991), and our own
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Fig. 4 The mineral assemblage and paragenetic sequence of the
Idrija deposit (compiled and modified after Mlakar and Drovenik
1971; Drovenik et al. 1991). Thick, thin, and dashed bars represent
major, minor and rare occurrence of minerals in individual stages,
respectively. Sed. sedimentary, hyd. hydrothermal, VFC void-filling
calcite, VFD void-filling dolomite. Hydrocarbons include free
hydrocarbons, idrialite and pyrobitumen

observations. The ore consists of cinnabar and native
mercury, with minor pyrite and metacinnabar. Sedi-
mentary pyrite and marcasite are present in all miner-
alized lithologies, most notably as concretions in the
Permocarboniferous black shale, and disseminated in
the Upper Permian dolostone and the Upper Ladinian
sedimentary rocks. Native mercury accounts for ~10%
of the cumulative production (Mlakar 1996). Very high
pyrite contents (50 to 90 wt%) are found locally in the
Karoli orebody. Based on different textures (pebbles,
concretions, anhedral to euhedral metacrystals, veinlets),
previous investigators tentatively interpreted this pyrite
to be of both hydrothermal and sedimentary origin,
partly as an erosion product of the Permocarboniferous
and the Ladinian rocks (Mlakar and Drovenik 1971;
Car 1985). Hydrothermal pyrite occurs also in Triassic
fault zones associated to pyrobitumen. The main gangue
minerals are quartz, calcite, and dolomite, with very rare
barite and fluorite. The stratiform ore contains chalce-
dony and siliceous microfossils, such as radiolarians and
sponge spicules (Mlakar and Drovenik 1971). Evaporitic
gypsum and anhydrite occur in up to 1.5 m-thick lenses
in the Upper Permian and Lower Scythian dolostones
(Cadez 1977). Different generations of carbonates can be
distinguished. They include host-rock carbonates
(dolomite and calcite), and void-filling dolomite (VFD)
or calcite (VFC). The host-rock carbonates are fine- to
medium-crystalline dark dolomite or calcite, with total
organic carbon (TOC) content of up to 0.53 wt%
(Lavri¢ and Spangenberg, unpublished data). The void-
filling carbonates are medium- or coarse-grained, mainly
anhedral, milky-white dolomite (VFD) or calcite (VFC).

A part of cinnabar occurs as open-space filling, together
with the carbonates. Weak silicification is observed in
the mineralized Middle Triassic fault zones.
Pyrobitumen (slightly soluble in organic solvents)
occurs as open-space filling in discordant mineralization.
Amorphous organic matter is interbedded with the
Skonca ore. Aromatic hydrothermal petroleum and
solid aromatic hydrocarbons (idrialite) also occur asso-
ciated to the Idrija ore (Spangenberg et al. 1999).

Sampling and analytical methods
Sampling

The host rocks were sampled at a regional and mine scale. Nineteen
regionally distributed barren samples, comprising the complete
host-rock sequence, were taken at outcrops not farther than 6 km
from the deposit (Fig. 1). Extensive multiple sampling was made at
the Idrija mine, including orebody, outcrop and hand-specimen
scale. A total of 125 samples of the Permocarboniferous to Upper
Ladinian mineralized lithologies were taken from mine walls at
different levels. The remains of the intensively mined Karoli ore-
body were accessible only on one outcrop on level IV, where three
samples were taken. The isotopic zonation and possible pathway of
the mineralizing fluid were investigated in profiles extending from
highly mineralized into barren zones. Samples (n=111) of Upper
Permian to Upper Ladinian rocks were collected in 7 profiles at
level IV (157 m below surface), with a total length of 725 m, and
sampling intervals between 5 and 10 m. The short-scale geochem-
ical zonation was studied at two mine walls of about 3x2.5 m? in
highly mineralized Lower Scythian siltstone and dolostone, and in
hand-specimens of mineralized Upper Ladinian conglomerate and
Karoli ore. Additional 41 ore samples from exhausted orebodies
and inaccessible (backfilled or flooded) areas of the mine were
obtained from collections of the Idrija mine, the Department of
Geology of the Ljubljana University, and the Cantonal Geological
Museum of Lausanne.

Analytical methods

The carbonates and sulfur minerals were sampled from fresh sur-
faces of the hand-specimens using a diamond drill. Carbon and
oxygen isotope analyses were done for all host carbonate samples
(19 regional, 71 mine), and 36 void-filling dolomite (VFD) and
calcite (VFC) samples. The mineralogical composition of the host
and void-filling carbonates was determined with acid test (HCI),
and X-ray diffraction when necessary. Extraction of CO, from the
carbonates was done by reaction with 100% phosphoric acid (4 h,
50 °C) in a closed reaction vessel (McCrea 1950). Carbon and
oxygen isotopic compositions were measured via dual inlet on a
Thermoquest/Finnigan Delta S mass spectrometer. The results
were corrected for carbonate—phosphoric acid fractionation using
the factors of 1.010600 for dolomite (Rosenbaum and Sheppard
1986), and 1.009311 for calcite (Friedman and O’Neil 1977). The
6'3C and ¢'80 values are reported as per mil (%,) relative to the
V-PDB and V-SMOW standards, respectively. Analytical uncer-
tainty, assessed by replicate analyses of the laboratory standard
(Carrara marble, 8" C= +2.1%, and §'*0= +29.4%,), is less than
+0.05%, for 6'3C and +0.1%, for 6'%0 (1 SD).

Two hundred fifty-seven sulfides (cinnabar, pyrite) and four
sulfates (gypsum, barite) have had their sulfur isotopic composition
determined. The sulfur isotope analyses were done using a Carlo
Erba 1108 elemental analyzer—continuous flow—isotope ratio
Thermoquest/Finnigan Delta S mass spectrometer (EA/IRMS)
system (Giesemann et al. 1994). The sulfur isotope values are re-
ported as per mil relative to the V-CDT standard. The reproduc-
ibility of the EA/IRMS measurements, evaluated by replicate



analyses of laboratory standards (barium sulfate, +12.5%; pyrite,
—7.0%,; synthetic cinnabar, +15.5%,) is better than +0.2%, (1 SD).
The oxygen isotopic composition of barite from the Gruebler or-
ebody was measured with a high temperature conversion elemental
analyzer (TC/EA) coupled to a Thermoquest/Finnigan Delta Plus
XL isotope ratio mass spectrometer. The reproducibility of the TC/
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EA/IRMS measurements, assessed by replicate analyses of the
laboratory standard (barium sulfate, 8'50= +14.0%), is better
than +0.3%, (1 SD).

Results
Carbonates

Carbon and oxygen isotope data are presented in Fig. 5
and summarized in Table 1. The 6'*C and 6'*0 values
for regional and mine host-rock carbonates range from
-2.2to +5.69,and +22.0 to +30.19,, respectively, for
VFD from +0.6 to +5.0%,and +19.4 to +26.49,, and
for VFC from -0.3 to +0.39, and +19.7 to +23.79%,.
Overall, the carbonates have a marine isotopic signature,
and exhibit approximately positive 6'°C vs. 6'%0
covariation (Fig. 5). The isotopically heaviest carbon-
ates are the regional Upper Permian dolostone
(Table 1). Regional host carbonates generally have a
similar isotopic composition as the barren or slightly
mineralized host carbonates from the Idrija mine
(Fig. 5). A trend toward lighter oxygen isotopic com-
position is observed in the following sequence: regional
host carbonates — mine host carbonates - VFD —
VFC. For the Upper Permian, Lower Scythian and

Table 1 Carbon and oxygen

isotope composition of host Lithological unit (n)*  Field code” 8"C (%, V-PDB) 8'%0 (%,, V-SMOW)
carbonates and void-filling . .
carbonates from the Idrija mine Range Median ~ Range Median
and regional barren outcrops . -
Upper Ladinian limestone
Regional (1) 5 -2.2 -2.2 +27.0 +27.0
Mine (1) +0.4 +0.4 +24.5 +24.5
VFC, mine (1) 0.0 0.0 +23.7 +23.7
Upper Ladinian conglomerate
VED, mine (4) +0.6to +1.5 +1.3 +21.4to +229 +22.0
Anisian dolostone
Regional (4) 7,8,17, 18 +23to +34 +33 +272to +29.4  +28.7
Mine (6) +22to +3.0 +2.7 +27.5t0 +29.0 +28.6
VFD, mine (1) +0.6 +0.6 +22.8 +22.8
Upper Scythian dolostone
Regional (4) 3,14, 15, 19 +0.6to +2.6 +0.8 +282to +30.1 +28.3
Mine (4) +09to +56 +1.3 +272to +27.8 +27.4
Lower Scythian shale
VFD, mine (3) +13to +46 +1.5 +19.4 to +22.5 +20.1
Lower Scythian oolitic limestone
Regional (1) 2 -1.0 -1.0 +23.7 +23.7
Mine (2) -1.0 to 0.0 -0.5 +22.0 to +22.1 +22.1
VFC, mine (2) -03to +0.3 0.0 +19.7to +19.8  +19.8
Lower Scythian dolostone
Regional (6) 4,6,9,10, 11,16 +0.6to +3.9 +2.3 +249to +29.2 +28.3
Mine (18) -0.8 to +5.2 +2.1 +248 to +26.5 +25.7
VFD, mine (6) +10to +2.1 +1.9 +21.5to0 +22.5 +21.9
‘VFD Void-filling dolomite, Upper Permian dolostone (UPD)
VFC void-filling calcite,n num-  Regjonal (3) 1,12, 13 +431t0 +52  +5.1 +27.0to +29.9 +29.5
ber of analyzed samples Mine (40) +12to +50 +4.0 +232to +29.8 +28.4
Numbers correspond to sam-  VFD, regional (1) +5.0 +5.0 +26.4 +26.4
pling sites of regional samples  VFD, mine (18) +1.7to +44 +3.1 +223to +25.9 +23.8

shown in Fig. 1
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Anisian dolostones the same, but less pronounced trend
is observed also for carbon (Fig. 5).

Sulfides and sulfates

The ranges and the median sulfur isotope compositions
of the analyzed sulfide and sulfate minerals are summa-
rized in Table 2, and are graphically presented in Figs. 6
and 7. The 5**S values for all cinnabar samples (1= 166)
range from —19.1 to +22.8%,, with a peak at ~+2%,
(Fig. 6a). At orebody scale, the values cover a range of
~20%,, whereas the small-scale variation in the studied
mine walls is ~9%, (2.8 to +1.29,, in Lower Scythian
dolostone, and —3.6 to +5.8%,in Lower Scythian shale).
In concordant orebodies, the massive cinnabar and the
late, fissure-filling cinnabar have median 6**S values of
+0.8%, m=7) and +14.7%, (n=6), respectively. The
0**S values of all pyrite samples (2=91) range from
-22.4 to +59.6%,, having a median value of —0.2%,
(Fig. 6b). The most prominent peak in the distribution of
the pyrite 6°*S values is at ~0%, (Fig. 6b). The hydro-
thermal euhedral pyrite (up to 1 cm-sized crystals) in
Middle Triassic fault zones (n=15) has 6°*S values
ranging from -3.2 to +0.49, with a median value
of —0.7%,. On a deposit scale, the 6°*S values for cinna-
bar and pyrite increase stratigraphically upward, with a
negative excursion in the Upper Permian dolostone, and
the heaviest values in the Upper Ladinian (Fig. 7a, b).
The cinnabar from the Karoli ore hand-specimen
(n=11) has §**S values in the narrow range of +0.1
to +1.4%,, and a median value of +0.6%, (Fig. 8). The

Table 2 Sulfur isotope data of sulfides and sulfates from the Idrija
mine

Age of host rock Min?  #n®  5**S (%, V-CDT)
Range Median
Upper Ladinian ci 40 -3.6to +22.8 +6.7
py 11 -20to +0.7 -0.7
py(s) 31 -7.8to +59.6 +17.7
Ladinian (Karoli)* ci 14  +0.1to +3.2 +0.8
py 24 -20to +6.5 -1.2
Anisian ci 10 +3.1to +8.0 +4.9
Upper Scythian ci 3 +49to +7.0 +5.6
Py 1 +6.6 +6.6
Lower Scythian ci 39 -3.6to +58 +0.6
py 10 -32to +13.2 +4.8
bar 2 +46.6 to +52.3  +49.5
Upper Permian ci 34 -19.1to +7.7 -6.4
gy 2 +123to +164 +14.3
py 4 —-1.6 to 0.0 -0.6
py(s) 3 -22.4 to —-15.6 -17.5
Middle Permian ci 3 +0.1 to +6.2 +2.6
py 4 —-1.0 to —0.1 -0.4
Permocarboniferous  ci 1 -4.9 -4.9
py(s) 3 -0.2 to +4.8 +3.0

“Minerals analyzed: bar barite, ci cinnabar,gy gypsum, py pyrite,
py(s) sedimentary pyrite

"Number of analyzed samples. Cinnabar samples from collections
with unknown stratigraphic position (n=22) are not included
“Karoli orebody

pyrite (n=20) has 6°*S values in the range of —2.0 to
+6.5%,, with a median isotopic composition of —1.3%,
(Fig. 8). These values are similar to those of pyrite from
fault zones (median=-0.7%,). The &°*S values of
both pyrite and cinnabar from this hand-specimen
are comparable to those in the other two Karoli ore
hand-specimens. In the Upper Ladinian conglomerate
hand-specimen the cinnabar associated to the void-fill-
ing dolomite is isotopically heavier (+6.0 to +11.5%,,
median = +8.2%,, n= 6) than the cinnabar replacing the
conglomerate matrix (+2.6 to +8.9%, median=
+4.29%., n= 7). The 6**S values of pyrite (n=16) have a
wide range of —2.0 to +59.69%,.

The gypsum samples (+12.3 and +16.49,) are
within the range of Permian to Middle Triassic marine
evaporites (Claypool et al. 1980). The oxygen and sulfur
isotopic ratios of barite crystals from the Gruebler ore-
body are +19.5 and +20.4%, V-SMOW, and +46.6
and +52.39%, V-CDT, respectively.

Discussion

The Idrija hydrothermal system is accepted to have been
active during most of the Ladinian (e.g. Car 1990).
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Therefore, it may be expected that long-term physico-
chemical changes induced variations in the chemical and
isotopic composition of the mineralizing fluids. The
stable isotope compositions of ore and gangue minerals
may record these changes, providing information on the
temperature, composition, source, and pathway of the
fluids.

Temperature of mineralization

The temperatures of mercury mineralization at shallow
depth in most recent and fossil hydrothermal systems are
believed to be below 250 °C (e.g. Varekamp and Buseck
1984; Peabody and Einaudi 1992). For example, the
temperature was below 160 °C in the New Idria district
(Boctor et al. 1987), between 135 and 240 °C in the
Mayacmas district (Peabody and Einaudi 1992), and
below 150 °C in the active hydrothermal system at Sul-
phur Bank (White 1981).

Fluid inclusion data for cinnabar, quartz and barite
from the Gruebler orebody indicate mineralization

-30 =20 10 20 30
5%4S (%o, V-CDT)

40 50 60

temperatures between 160 and 218 °C at a depth of
~750 m (Palinkas et al. 2001). At Idrija, coexisting
pyrite and cinnabar have an isotopic fractionation
(A34SFeS2—HgS) of less than +39,. Application of the
equilibrium fractionation factors of Ohmoto and
Goldhaber (1997) gives unrealistically high temperatures
(>330 °C), suggesting lack of equilibrium between these
sulfides. Barite from the Gruebler orebody is isotopically
heavier (60~ +20%,, 0**S~ + 49%0) than the Permian
to Tertiary seawater sulfates (6'°Ox+7 to +12%,
0MS~ +10 to +229%,; Claypool et al. 1980) or barite
from active hydrothermal vents (e.g. 60~ +7%,
5*S~ 4229, for barite from Mariana Trough; Kusak-
abe et al. 1990). **S- and '8O-enriched barite has been
reported in different geological settings, including the
hydrothermal system at Creede (Rye et al. 1988), the
convergent margin off Peru (Aquilina et al. 1997), and
the barite concretions in the West Carpathian flysch,
Poland (Lesniak et al. 1999). Such coupled sulfur and
oxygen isotopic enrichment of barite is interpreted to
arise from crystallization of isotopically heavy residual
sulfate, which went through cycles of bacterial sulfate
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Fig. 8 Sulfur isotope composition of cinnabar and pyrite in a
hand-specimen of the Karoli ore (ci cinnabar, py pyrite)

reduction (BSR), combined with re-equilibration of
sulfate oxygen with water oxygen at elevated tempera-
tures (e.g. Lesniak et al. 1999). It is, however, not nec-
essary to invoke BSR to explain the enrichment in **S, as
isotopically heavy sulfur will concentrate in the sulfate
ion in any highly H,S-dominated system, independently
of the type of the reduction process. Oxygen isotopic
equilibration between seawater and sulfate at neutral pH
is unlikely at low temperatures (e.g. Chiba and Sakai
1985). Therefore, the 6°*S and 6'%0 values together with
the fluid inclusion data suggest, that the barite from the
Gruebler orebody precipitated from moderately hot (160
to 220 °C) hydrothermal fluids, and not from percolat-
ing groundwater, in a low-temperature environment
during the Alpine uplift, as proposed by Drovenik et al.
(1991).

Sulfur source

The sulfur isotope composition of the sedimentary and
hydrothermal sulfides was used to determine the source
of sulfur in the mineralizing fluid(s). The wide ranges of
%S values of cinnabar (>40%,) and pyrite (> 80%,) are
compatible with sulfur sources of variable isotopic
composition and/or changes of the physicochemical
conditions during their formation. The abundance of

hydrothermal sulfides and very rare occurrence of
hydrothermal sulfates point to a reducing and H,S-rich
environment during ore formation. Previous investiga-
tors have suggested that the reduced sulfur in the Idrija
hydrothermal system was of a magmatic (Drovenik et al.
1976) or evaporitic (Ozerova et al. 1973) origin. Middle
Triassic seawater sulfate, sedimentary pyrite and organic
sulfur are further possible sulfur sources to be consid-
ered.

The distribution of the 6°*S values of the Idrija ore
sulfides from the Lower Scythian to Upper Ladinian
beds (Fig. 7) notably resembles to that of massive sul-
fides from modern seafloor ridges (e.g. Herzig et al. 1998
and references therein). The reduced sulfur in such sys-
tems is a mixture of magmatic sulfur and sulfur derived
from thermochemical sulfate reduction (TSR). Conse-
quently, the 5**S values of the sulfides lie somewhere
between the isotopic compositions of the two end
members, depending on the relative contributions of
these sources.

The 6**S values of the sulfides close to 0%, for the
Middle Triassic fault zones, Karoli ore, and the con-
cordant Skonca ore are most readily explained by a
magmatic sulfur source. Additionally, given the associ-
ation of the mineralization with the Triassic volcanism
(Mlakar and Drovenik 1971), and the formation of the
ore at sites of high permeability, it is conceivable that a
part of the ore sulfur was derived from a magmatic fluid
or from hydrothermal leaching of basement rocks. The
0%*S values of the Karoli ore sulfides suggest that the
Permocarboniferous and the Ladinian rocks were not
the source of pyrite in this orebody. What were termed
pyrite “‘pebbles” by previous investigators (e.g. Car
1985) may actually be diagenetic concretions, which
were possibly transported on short distances during the
formation of the Ladinian olisthostrome in a reducing
environment. This assumption is supported also by
pebble-like pyrite concretions found in samples from
this study (Fig. 8).

The source of positive 6°*S values in the hydrother-
mal sulfides could be sulfur derived from TSR of
Permotriassic evaporites and contemporaneous seawater
at elevated temperatures (>90 °C; Krouse et al. 1988),
with local hydrocarbons as the electron donor. This may
be supported by the high concentration of aromatic
hydrocarbons and other oxidized organic compounds in
the bitumen extracted from ore samples or intergrown
with cinnabar (Spangenberg et al. 1999; Lavri¢ and
Spangenberg 2002). The few 5°*S values of pyrite from
Karoli ore that deviate significantly from the median
value of —1.3%, (+6.4 and +6.59,) belong to parage-
netically late hydrothermal pyrite. They may be inter-
preted as the product of mixing of distinct sulfur sources
in an advanced stage of the mineralization process, due
to a larger input of isotopically heavier, sulfate-derived
sulfur. This would be in line with the advancing trans-
gression during the Ladinian.

An additional source of sulfur can be leaching of
diagenetic sulfides or organic sulfur compounds from



the enclosing host rocks. The most likely sources of
sedimentary sulfur are the Permocarboniferous black
shale and the Upper Permian dolostone, which host
sedimentary pyrite with 5°*S in the range of —22.4 to
+4.89, and contain significant amounts of organic
sulfur compounds also in barren areas (Lavri¢ and
Spangenberg 2002). Although the 5**S values of organic
sulfur compounds were not measured, it is generally
accepted that their values are similar to, or higher than
those of the co-existing sedimentary pyrite (e.g. Ohmoto
and Goldhaber 1997). The negative excursion of the 6°*S
values of cinnabar in the Upper Permian and the over-
lying Lower Scythian dolostones (Fig. 7a) suggests a
contribution of isotopically light sulfur from bacterio-
genic sulfides and organic sulfur compounds to the
hydrothermal fluids. This is also supported by the
replacement of diagenetic pyrite concretions with cin-
nabar observed in the Permocarboniferous black shale
(Mlakar and Drovenik 1971). A further possible source
of sedimentary sulfur could be the Upper Ladinian beds,
which contain sedimentary pyrite with 0**S values be-
tween —7.8 and + 59.6%,. This large spread of the 5°*S
values points to bacterial activity in a system closed to
SO,4>™, and at least partially open to H,S (e.g. Ilchik and
Rumble 2000). This is in line with the paleoenviron-
mental reconstruction, according to which the Upper
Ladinian beds with the highest 5°*Sresn values (kaolinite
beds and conglomerate; Fig. 2) were deposited in a
restricted, fresh water environment, with no or very
limited connection to the sea (e.g. Placer and Car 1977).

In summary, the large variation of the cinnabar §**S
values at deposit down to hand-specimen scale is
attributed to different mixing ratios between magmatic
and other sulfur sources (seawater and evaporitic sul-
fates, pyrite, and organic sulfur).

Remobilization

A system of intersecting veinlets in the concordant
Skonca orebodies, filled with cinnabar, native mercury,
gangue minerals, and organic matter, is thought to have
formed during multiphase remobilization throughout
burial and the Alpine uplift (Mlakar and Drovenik
1971). Even though the conditions during remobilization
are uncertain, they were very likely reducing due to the
presence of organic matter-rich rocks. During remobi-
lization, a part of the reduced sulfur in the system may
have originated from reduction of **S-enriched pore-
fluid sulfate. This would explain the more positive 5>*S
values for cinnabar infilling the veinlets (med-
ian= +14.79%,), compared to cinnabar from the enclos-
ing concordant orebodies (median = +0.8%,), in which a
magmatic input is postulated. The same process could
apply for cinnabar from veinlets (median= +8.29,)
that crosscut the Upper Ladinian conglomerates
(median= +4.29,). An alternative explanation for the
observed 0**S shift could be preferential loss of isoto-
pically light sulfur during oxidation of cinnabar. The
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cinnabar-native mercury assemblage 1is frequently
observed in active continental hot springs (e.g.
Varekamp and Buseck 1984 and references therein), and
was recently reported also from a submarine hydro-
thermal system (Bay of Plenty; Stoffers et al. 1999). As
pointed out by Mlakar (1996), no secondary mercury
minerals were observed to support oxidation as the
source of native mercury. Additionally, the abundant
organic matter in the host rocks could maintain reducing
conditions, stabilizing native mercury. The large quan-
tity of native mercury and the absence of significant
alteration of the host rocks furthermore suggest limited
post-Ladinian fluid circulation. Although oxidation
processes were apparently not of major importance, a
minor contribution of native mercury from oxidation of
cinnabar cannot be excluded. The occurrence of isoto-
pically heavy vein cinnabar (+22.89,,) associated with
native mercury from a part of the mine that has been
open for several 100s of years (level I), could be related
to oxidation.

Ore deposition, role of organic matter
and source of mercury

The physicochemical changes that can cause deposition
of cinnabar and native mercury include decrease of pH
and temperature, boiling, dilution and increase of fO,
(e.g. Varekamp and Buseck 1984; Barnes and Seward
1997). Most of these mechanisms could have caused the
deposition of the concordant orebodies. The reducing
and low-pH swamp environment acted as a highly effi-
cient geochemical trap for the precipitation of cinnabar
and native mercury, reducing the quantity of mercury
that could escape to the ecosystem.

The relative proportions of ore precipitated during
mineralization phases I and II are not known. Only a
little fraction of the mineralization can be undoubtedly
attributed to mineralization phase I. Clearly associated
with mineralization phase II are the orebodies in the
Upper Ladinian lithologies and those controlled by the
Middle Triassic unconformities. These orebodies repre-
sent the major portion of the high-grade orebodies that
were mined in Idrija, i.e. mineralization phase II was
quantitatively much more important than phase 1. This
is in agreement with the volcanic activity being strongest
during uppermost Ladinian, as evidenced by the up to
80 m-thick layer of tuff that covered the deposit.

Conventionally, the major part of mercury transport
in hydrothermal systems is thought to occur as Hg” in a
gaseous phase or as Hg" and/or bisulfide complexes in
an aqueous phase (e.g. Varekamp and Buseck 1984).
Experimental studies have demonstrated that the solu-
bility of mercury in short-chain normal alkanes (Cs to
Cio) is approximately two orders of magnitude greater
than in the aqueous phase under the same physico-
chemical conditions (Fein and Williams-Jones 1997, and
references therein). The close association of mercury
mineralization and organic matter at Idrija suggests that
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mercury may have been transported also in an organic
phase. The Permocarboniferous shale and the Upper
Permian dolostone were the source of hydrothermal
petroleum, which formed by alteration and remobiliza-
tion of indigenous organic matter (Lavri¢ and Span-
genberg 2002). However, this does not imply that these
rocks were the source of mercury. A trace element study
of the regional geochemical background of the Idrija
area found mercury concentrations considerably higher
than the Clarke values for all investigated lithologies
(average 0.7 ppm Hg for carbonates), with highest
concentrations for the Upper Ladinian volcanic rocks
and tuffs (up to 13 ppm Hg; Cadez et al. 1981). This
finding agrees with the magmatic isotopic signature of
the ore sulfides. Together with the geological and geo-
chemical characteristics of the deposit, it confirms the
genetic link between Ladinian volcanism and minerali-
zation, but still does not provide a direct evidence for the
source of mercury. The background mercury content of
the Permocarboniferous shale was found to be less than
1 ppm (Cadez et al. 1981). The estimated initial total
quantity of mercury in the Idrija deposit is between
250,000 and 300,000 t Hg (Placer 1982). The accumu-
lation of such a quantity of mercury would require the
extraction from ~100 to 120 km® of shale with 1 ppm
Hg. A much lar%er hydrothermal system with a volume
of up to 300 km” would be required, if the Clarke value
for shales is taken into account (0.4 ppm Hg; e.g. Barnes
and Seward 1997). In the Idrija region there is no field
evidence for a fossil hydrothermal system of that size.
Considering all available geological and geochemical
data a deep-seated source of mercury is most probable.
A contribution of mercury from the Permocarbonifer-
ous black shale, which is likely to have contained the
largest initial mercury concentration, cannot be
excluded.

Isotopic variations of carbonates

The carbonates were depleted in '®0 and to a lesser
extent in '*C during mineralization. This isotopic shift
is best observed in a profile in Upper Permian dolo-
stone. The coupled 'O (up to 3%,) and *C (up to 1%,)
depletion in a highly fractured mineralized zone
(Fig. 9) indicates isotopic re-equilibration of the host
carbonates by circulating isotopically lighter fluids. The
relatively steeper '®O and '*C gradients at the transi-
tion from less to more fractured host rocks, and the
similar isotopic composition of the regional host car-
bonates and barren host carbonates from the mine
record the highly channeled nature of the Idrija
hydrothermal system.

To get further insight into the fluid source and nature
of the fluid-rock interaction, the 6'*C and 6'%0 variation
(*=0.57; Fig. 10) of the Upper Permian dolostone was
quantitatively modeled using a computer program
(Spangenberg 1995) based on the mass balance equa-
tions from Zheng and Hoefs (1993). The modeling
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Fig. 9 Coupled 6'*C and 6'®0O variation in a highly fractured
mineralized zone, observed in a profile parallel to bedding in Upper
Permian dolostone on level IV of the Idrija mine. The white and
gray areas denote less and more fractured host rocks, respectively.
The solid and dashed lines mark the median isotopic compositions
of regional and mine samples of Upper Permian dolostone,
respectively
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Fig. 10 5'3C vs. 6'%0 of the Upper Permian host dolostone (UPD)
and associated void-filling dolomite (VFD). The calculated curves
simulate dissolution of the host dolostone (H,COs-dominant fluid
with 6'3C=-49%, and §'%0= +10%,) and concomitant precipita-
tion of the void-filling dolomite (HCO; -dominant fluid with
o13C=-3%, and 6'® 0= +10%,) at temperatures between 100 and
220 °C, and different cumulative fluid/rock weight ratios (F/Rc¢)
marked with open squares (see text for details)

parameters took into account the variations of temper-
ature, concentrations of dissolved carbon species
(H>,CO;3;, HCOj3"), the initial isotopic composition of
host carbonate and fluid, and the cumulative fluid-rock
ratio. A deep-seated fluid is assumed to be slightly
acidic, with the dissolved carbon in the form of H,COs,
with a 6'3C value of 4%, and §'%0 value of +10%, at a
temperature of ~220 °C. This temperature is consistent
with the measured homogenization temperatures of fluid
inclusions (160-218 °C; Palinkas et al. 2001). The iso-
topic composition of this fluid is compatible with a deep-



seated fluid modified by isotopic exchange under low
fluid/rock ratios with '*O-rich minerals, particularly
carbonates. The 6'%0 value of the fluid was estimated
from the oxygen isotopic composition of the void-filling
dolomite, using the equation of Robinson and Ohmoto
(1973) for isotopic equilibrium between water and
dolomite. For temperatures between 160 and 220 °C the
calculated 6'°O values of the fluid lie between ~ +6 and
~+159,. The precursor host carbonate is represented
by regional, hydrothermally unaltered Upper Permian
dolostone (8'°C~ +5.5%, and 60~ +29.4%,), for
which we assume 100 °C as the temperature of the pore
fluid. This temperature approximately corresponds to
burial of 0.5-1.0 km at an increased geothermal gradient
(e.g. Polster and Barnes 1994), as it can be expected for
the Idrija area in the Middle Triassic. The isotopic
composition of the fluid depends on the modeled tem-
peratures. Most data points are enclosed in the field
limited by the calculated curves, which simulate precip-
itation of dolomite by fluid-rock interaction at temper-
atures between 100 and 220 °C, and different cumulative
fluid/rock ratios (Fig. 10). The more inclined curves
(solid lines in Fig. 10) simulate dissolution/recrystalli-
zation of the host carbonate by an incoming, slightly
acidic mineralizing fluid (8'*Cx~-49%, and 580~ +
109,, H,CO; dominant). Dissolution of the host car-
bonate induced a change of the pH of the fluid, and a
shift of the dominant dissolved carbon species from
H,CO; to HCO;™. The concave curves (dashed lines in
Fig. 10) simulate the concomitant precipitation of
dolomite from a fluid ('°C~-39%, and §'"* 0~ +10%,,
HCO;~ dominant), which evolved during exchange with
the host carbonates. The coupled 6'*C and §'®0 changes
of the host dolostone can be explained by carbonate
dissolution/recrystallization from a H,CO; dominant
fluid during temperature increase (~100 to ~220 °C),
combined with fluid/rock interaction (e.g. Spangenberg
et al. 1996).

Conclusions

The stable isotope data of the ore and gangue minerals
from the Idrija mercury deposit provide insights into the
fluid source, the character and extent of the hydrother-
mal alteration, and the post-ore transformation of the
mineralization.

The 6"°C and 6'%0 values of the Idrija carbonates
record a fracture-controlled hydrothermal system. The
isotopic composition of the host and gangue carbonates
matches quantitative models of temperature-dependent
fluid-rock interaction in terms of dissolution of the host
dolomite by a deep-seated hydrothermal fluid, and
consequent precipitation of void-filling dolomites. The
new isotopic data combined with paleoenvironmental
reconstruction of previous investigators, suggest that the
hydrothermal fluids at Idrija were a mixture of evolved
fluids (seawater/meteoric water-derived) and magmatic
fluids.
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The stable isotopic signatures of sulfur minerals
indicate disequilibrium conditions during ore deposi-
tion, and suggest that, in addition to the previously
proposed magmatic and evaporitic sources, contempo-
raneous seawater sulfate, sedimentary pyrite and organic
sulfur compounds contributed sulfur to the mineraliza-
tion. Different mixing ratios between these sulfur
sources, combined with long-term changes of the phys-
icochemical conditions during the evolution of the Idrija
hydrothermal system, are responsible for the large 5°*S
variations of the ore sulfides at deposit down to hand-
specimen scale. The shift toward more positive 6°*S
values for the late cinnabar is attributed to a contribu-
tion of isotopically heavier pore-water sulfur during re-
mobilization. A minor portion of the isotopically heavy
cinnabar could represent the remnant of oxidation
processes.

The large accumulation of mercury at Idrija cannot be
explained solely by leaching of the Permocarboniferous
shale. Deep faults of the Middle Triassic Idrija structure
focused the regional-scale fluid flow and served as con-
duits for the transfer of mercury from greater depths. The
abundant organic matter and the low-pH environment of
the Upper Ladinian swamp were probably crucial for the
formation of the high-grade ore at Idrija.
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