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Abstract

The world-class geothermal system of Mt. Amiata, Italy, comprises a district of 14 hot-spring cinnabar=stibnite deposits.
We determined the Hg isotopic compositions of cinnabar and basement rocks of the geothermal system, coupled with S
isotopic compositions of cinnabar, marcasite and stibnite, to constrain the source rocks in this geological environment.
Most cinnabar, stibnite, and marcasite samples have **S between —0.9 and +5%o. Cinnabar shows a relatively large
range of 3*’Hg from —3.64 to +0.17%0 and A'”’Hg from —0.43 to +1.06%o, although samples from individual deposits
show much narrower 5°°?Hg ranges. We interpret these values as the products of hydrothermal fractionation and mix-
ing of magmatic, metamorphic, and marine sedimentary sources of Hg (Sb) and S, from which the samples inherited
their signature. Comparison between the Hg isotopic signatures of the Mt. Amiata cinnabar and those of the world-class
submarine geothermal systems of Almadén (Spain) and Idrija (Slovenia) shows significant differences. At Almadén and
Idrija, the range of 5°**Hg values are typically <2%o, while the corresponding values for Mt. Amiata have a much larger
spread, similar to other geothermal systems in the western USA. This indicates notable differences between the range of
fractionation processes occurring in submarine and continental geothermal systems.
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by the WHO (2017) as a priority pollutant is mercury (Hg).
Mercury has active redox chemistry, forms covalent bonds
with soft ligands (which generate stable sulfido complexes),
is bioactive, and can be present as a volatile species (Hg’) in
hydrothermal fluids (Varekamp and Buseck 1984; Seward
et al. 2014). Mercury has long been considered an indicator
of hot springs ore deposits in active and fossil geothermal
systems (e.g., New Zealand, California) and was mainly
documented in the form of Hg sulfides (cinnabar or meta-
cinnabar, both HgS) and metallic Hg (Davey 1974; White
1981; Barnes and Seward 1997). Such enrichment in hot
springs is considered the final segment of a larger crustal
cycle that involves initial stages of mobilization from
source rocks and transport by hydrothermal fluids, and final
stages of dispersal into the lithosphere, hydrosphere, and
atmosphere.

A key method used to quantify Hg sources and sinks
is the determination of isotope compositions (Lepak et al.
2015; Washburn et al. 2018). Mercury is a heavy element
(200.6 g/mol) with seven natural stable isotopes (!°°Hg,
198-202g  204Hg) that display both mass-dependent and
mass-independent fractionation (Bergquist and Blum 2007,
2009). The most typical mass-dependent fractionation
(MDF) is measured by even-mass-number isotopes and is
usually defined as the %o deviation of 2*?Hg/!*®Hg relative
to the NIST SRM 3133 Hg standard (5°*>Hg). The less typi-
cal mass-independent fractionation (MIF) is generated by
nuclear volume or magnetic isotope effects in photochemi-
cal reactions of Hg species in the near-surface environ-
ment. It is determined by odd-mass-number isotopes and is
expressed as A!”’Hg (Bergquist and Blum 2009). Because
these distinct types of fractionation are due to fundamen-
tally different chemical mechanisms, they have been used
to define biotic vs. abiotic Hg processes. Hence, Hg isoto-
pic compositions are used not only to identify pristine earth
reservoirs, but also to constrain biogeochemical processes.

In this work, we present a dataset consisting of Hg and
S isotope compositions on an important Hg historical mine
district, i.e. the Hg(+Sb) district associated with the geo-
thermal system of Mt. Amiata, Italy (Fig. 1). This district is
a Hg reservoir of global importance because it produced in
total c. 117,000 t of Hg (Segreto 1991) during a mining his-
tory that lasted for nearly one and half century (from 1846
to 1982, Tanelli 1983).

A recent study on this continental geothermal system
(Pribil et al. 2020) reported a dataset on Hg isotope ratios
from two deposits of the district, sediment, soil, fish, geo-
thermal water, geothermal precipitate, and calcine (i.e., resi-
dues produced from ore retorting). These data were used to
constrain the cycling of Hg in the Amiata environment. In
this study, we present the Hg isotope compositions of cin-
nabar samples from eight (out of fourteen) deposits of the
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Mt. Amiata geothermal system and of basement rocks of the
geothermal reservoir. We combine these data with 5**S data
of cinnabar, stibnite, and marcasite to show that the ranges
of 8*Hg, A'”Hg, and 8°S of these sulfides likely reflect
a combination of hydrothermal fractionation and mixing
of distinct Hg and S sources in which the magmatic source
is dominant. This dataset provides useful insight into Hg
cycling in similar continental hydrothermal systems.

The Mt. Amiata geothermal system

The geothermal system of Mt. Amiata (Fig. 1) is an impor-
tant energy resource of Italy (Gianelli et al. 1988; Batini et
al. 2003). With its heat flow exceeding 300 mW m ™2 (Fulig-
nati et al. 2014), this system hosts today five power plants
that exploit two geothermal reservoirs to generate 121 MWe
power capacity (Bertani 2016).

This geothermal system formed within the Northern
Apennine thrust-and-fold belt and had a complex tectonic
evolution (Marroni et al. 2015a; and ref. therein) that was
crucial for its genesis. In short, the geological setting of
this system was defined by the generation of a thick, E-NE-
verging stack of nappes during continental collision in the
Miocene (Faccenna et al. 2001). Subsequent to collision,
the nappe stack started collapsing due to a stage of exten-
sional tectonics (Carmignani et al. 1994; Jolivet et al. 1998)
during which a set of horst and graben structures formed
(Cataldi 1967). Until the end of the Neogene period, these
structures were filled by poorly permeable, continental and
marine sediments (Martini and Sagri 1993; Cornamusini et
al. 2011). The evidence for extension affecting the Mt. Ami-
ata area is mostly based on a large geophysical dataset (e.g.,
Chiarabba et al. 1995; Della Vedova et al. 2001; Cassinis et
al. 2005). This dataset was coupled with available petrologi-
cal data on the magmatic rocks of the region (Peccerillo et
al. 2001; Peccerillo and Donati 2003; Conticelli et al. 2010)
and with drill hole data from geothermal exploration (Pan-
deli et al. 1988; Elter and Pandeli 1991; Brogi 2008) to build
a comprehensive tectonic model of southern Tuscany and
Mt. Amiata in particular (Marroni et al. 2015a). Based on
this model (Fig. 2), a volcano-plutonic complex formed at
Mt. Amiata (Cadoux and Pinti 2009; Conticelli et al. 2015),
which affected the nappe stack and the Neogene sedimen-
tary deposits. The pluton is probably located at a depth of
5-6 km, has a laccolith shape (Acocella 2000; Acocella and
Mulugeta 2001), and was emplaced starting approximately
from the Lower Pliocene. The volcano is made of trachy-
dacitic to olivine-latitic lava flows and domes, which were
emplaced between 305 and 231 ka ago (Cadoux and Pinti
2009; Conticelli et al. 2015). The Upper Paleozoic-Middle
Triassic basement rocks— the so-called Tuscan Metamorphic
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Fig. 1 Schematic geological map

of the Mt. Amiata geothermal
system and distribution of the
associated cinnabar + stibnite
mines, hot springs, and gas vents
(modified after Calamai et al.
1970). The thick dotted lines
mark the areas of geothermal
power production (from: Barelli
et al. 2010). Structural features
are not reported for simplicity.
The three largest mines of the
district are shown with larger let-
ters. The inset shows the district
location in southern Tuscany
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rocks do not outcrop in the study area (Fig. 1), but in the
drilled locations they have a thickness exceeding 3000 m
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in Fig. 1), where it occurs as a c. 800 m-thick sequence of
fine- to coarse grained greywacke, siltstone, graphite-rich
phyllite, bioclastic limestone breccia, and conglomerate
(Farma schist, Gianelli et al. 1988; Engelbrecht 2008).

The geothermal system is made of two wet-steam (i.e.,
two-phase) reservoirs (Batini et al. 2003; Barelli et al.
2010; Marroni et al. 2015a). The shallowest is located at
500-1000 m depth (T: 150-200 °C) within the Mesozoic
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Fig. 2 Schematic tectonic model
of Mt. Amiata (not to scale)
showing the relations between
the volcano-plutonic system and
the local thrusted-and-folded
structure of the Apennine belt
(modified after Barelli et al.
2010). Highlighted in yellow are
the two geothermal reservoirs as
defined by geothermal explora-
tion. The grey tones superposed
to the shallow lithologies mark
the impermeable caprock of the
geothermal system

Mt. Amiata
Volcano

Neogene Sediments
Mainly claystone

Tuscan Nappe

Marl, shale
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carbonates and Late Triassic evaporite rocks (anhydrite,
dolostone) of the Tuscan Units and within the metapelite,
metasandstone and metaconglomerate of the Tuscan Met-
amorphic Complex, which form cataclastic levels of the
nappe stack (Fig. 2). The deepest reservoir is at about
3000 m (T: 300-360 °C) within the relatively permeable
levels of the Tuscan Metamorphic Complex.

The caprocks of the geothermal system are the poorly
permeable claystone, shale, marl, siltstone, sandstone, and
limestone of early Cretaceous-Eocene age deposited onto
the Piedmont-Ligurian oceanic basin (Marroni et al. 2015b)
and forming the Ligurian Unit of the nappe stack (Figs. 1
and 2). Other caprocks are the shallow marine to lacustrine
claystone and conglomerate of Neogene age (Bonciani et
al. 2005).

The Hg (£Sb) ore deposits of Mt. Amiata are associated
with hot springs and gas vents (Fig. 1) and occur in a region
of >450 km?. The historical significance of these deposits
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is highlighted by a USGS report issued after World War I1
(Meyer and Mitchell 1947), which identified Italy as a lead-
ing global producer and the ore grades and reserves of the
Amiata district as “enormous” if compared with those of
the American continent. The ore bodies consisted of cinna-
bar, marcasite, pyrite, and minor stibnite hosted by rocks
belonging to both the Tuscan and Ligurian Units (Table 1;
Figs. 1 and 2). Sedimentary (Zucchetti 1964a; Arisi Rota et
al. 1971) and geothermal (Morteani et al. 2011) constraints
indicate that the mineralizing event could have started in
the Late Pliocene and is still ongoing today, identifying an
exceptionally long hydrothermal event. In the entire district,
the most important gangue mineral in addition to clay miner-
als is calcite, while dawsonite, amorphous silica (opal, chal-
cedony), quartz, celestine, fluorite, gypsum, and zeolites are
minor phases. These deposits were recently interpreted as
modern analogues of Carlin-type epithermal deposits (Sil-
litoe and Brogi 2021).
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Table 1 Summary of geological features of the Hg (+Sb) deposits from the Monte Amiata district

Mine Host rocks Ore body Ore minerals Gangue
Abbadia S. Calcarenite and calcilutite (Num- Chaotic and disseminated. Stockwork. Verti- Cinnabar, meta-  Calcite, clay
Salvatore mulitic limestone - Eocene) cally continuous, funnel-shaped breccias cinnabar, pyrite,
(chimneys) marcasite
Solforate Sandstone and calcilutite (Eocene)  Chaotic and disseminated See Solforate See Solforate
Schwarzenberg
Solforate Sandstone and calcilutite (Eocene)  Veins, disseminations within clays. Replace- Cinnabar, pyrite, Clay, calcite,
ment bodies within calcarenites marcasite, stibnite gypsum, quartz,
dawsonite
Morone Anhydrite rock, dolostone, black Stratabound, disseminated, chaotic. Vertically =~ Cinnabar, pyrite, Clay (black),
(Selvena) limestone (Rhaetian) continuous funnel-shaped breccias (chimneys)  stibnite gypsum
Siele Calcarenite and calcilutite (Eocene) Stockwork (vein thickness: up to 20-30 cm) Cinnabar, Clay (black),
marcasite calcite, bitumen
Abetina Calcarenite and calcilutite (Eocene) Stockwork Cinnabar
Cornacchino Limestone and radiolarite (Lower ~ Chaotic masses embedded within limestone Cinnabar, pyrite  Clay (black, yel-

Cretaceous) and cm-thick stockwork within radiolarites low), gypsum,
calcite, silica
Cerreto Piano Sandstone (Pliocene) Stratabound disseminations and concretions Cinnabar -
Bagnore Sandstone (Upper Cretaceous Stockwork veins and stratabound replacement ~ Cinnabar, Calc, gypsum
Pietraforte) of sandstone levels metacinnabar,
mercury, pyrite,
marcasite,
goethite
Bagni S. Filippo  Dolostone (Rhaetian). Limestone Cinnabar grade increases with depth Cinnabar Clay, celestine,
(Pietrineri) (Lower Jurassic) gypsum
Montebuono Calcarenite (Nummulitic limestone  Disseminations. Vertically continuous, funnel- Cinnabar Clay, Fe-oxides
(Reto) - Eocene) shaped breccias, mainly at contact with shales
Cortevecchia Calcarenite, (Nummulitic limestone Chaotic, developed at contact with shales. Ver- Cinnabar, pyrite ~ Native S,
- Eocene) tically continuous, funnel-shaped breccias dawsonite
Catabbio Marl and claystone (Galestro) Disseminations and thin films within faults and Cinnabar, pyrite, Calcite, quartz
argillic alteration marcasite
Monte Labbro Limestone (Lower Jurassic) Replacements and disseminations within Cinnabar -

radiolarite (Diaspri) and Maiolica limestone

(Neocomian)

Data compiled from De Ferrari (1890); De Castro (1914); Savoia (1919); Zucchetti (1964a); Baccos (1967); Arisi Rota et al. (1971 Strappa (1977a,
b, ¢); Schavecher (1990); Forconi (2011) and integrated with own data from Abbadia S. Salvatore. Notice that documentation on clay mineral
compositions from the gangue assemblage is incomplete and defined in only few deposits

Materials and methods

Due to the difficulty of sampling cinnabar samples from
the pristine ore bodies (which are not accessible anymore
for environmental and safety reasons), all the studied mate-
rial was selected from museums (Parco Museo Minerario
di Abbadia S. Salvatore; Museo delle Miniere di Mercurio
del Monte Amiata) and private collections. Samples were
selected according to their freshness and representative-
ness, i.e., to the degree to which they showed the typical
ore mineral assemblage of the pristine mines (Table 1). This
selection allowed focusing on 23 samples from distinct ore
deposits of Mt. Amiata (Fig. 3). Since only a few samples
were originally tagged with geographic coordinates and
depth, information on their exact locations within the pris-
tine ore bodies is limited.

In detail, the cinnabar samples are representative of eight
mines (Figs. 1 and 3; Table 1), which include the two largest

mines of the district (i.e., Abbadia S. Salvatore and Solfo-
rate, which provided c. 75% of the historical Hg production:
Strappa 1977¢), a medium-sized mine (Morone), and five
minor mines (Cortevecchia, Cerreto Piano, Monte Labbro,
Bagnore, and Cornacchino). Notably, samples from Cerreto
Piano (Fig. 3f) are included in this study because of the his-
torical relevance of this deposit reported in the local litera-
ture (Forconi 2011) although this deposit is located outside
the area of the geothermal system shown in Fig. 1, about
16 km southwest of the Catabbio mine. Samples Abbadia
14, 10a, 10c, 8b, 6, 5a, and 2a were collected at Abbadia San
Salvatore in the mine levels —200, —125, =75, =25, Serdini,
XXII, and XI (Table 2), respectively, which correspond to a
vertical interval of about 450 m in the mine (ESM, Fig. 1).
Two additional samples from a representative outcrop
of the phyllite and quartzite of the Tuscan Metamorphic
Complex (Farma Schists, samples MR1 and MR2) were
collected along the Farma river close to the locality called
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Fig. 3 Selected Mt. Amiata cinnabar samples used for this study.
Samples from the largest (a, b, ¢) and smaller mines (d, e, f) of the
district were selected in order to show the largest possible variety of
cinnabar-stibnite occurrences. These include massive mineralizations

Solaia, 40 km NW of Mt. Amiata (WGS84 coordinates - E:
11°0.256669; N: 43°0.082942). At the outcrop scale, this
schist is massive and does not show evidence of veining
or hydrothermal alteration. Samples MR1 and MR2 are
fine grained shale that were used in a previous study on the
petrochemical characterization of the Tuscan Metamorphic
Complex (Agostini 2018). They can be considered repre-
sentative of a basement lithology that did not experience
hydrothermal overprint. Before analysis, all samples were
individually screened with a binocular microscope and later
used for petrographic documentation using a Nikon Eclipse
Ci-POL microscope. The samples were crushed manually
in an agate mortar and hand-picked to separate cinnabar,
stibnite, and marcasite from the host rocks and gangue
minerals. In most samples, two aliquots of these minerals
were prepared to allow coupled measurements of Hg and
S isotopes.

The Hg isotopes were measured at the University of
Modena and Reggio Emilia using a multi-collector induc-
tively coupled plasma-mass spectrometer (Neptune, Thermo
Fisher Scientific, Bremen, Germany) equipped with a cold
vapor generator and a desolvating apparatus as sample
introduction system. The analytical method was optimized
to obtain a suitable data precision while consuming a small
sample volume (~4mL per run) fitting the sample loading
loop. A detailed account of the analytical procedure of Hg
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(a), stibnite mineralization (b, only at Morone), disseminations (e, f),
and veins (d). A peculiar cinnabar occurrence is the spherulitic aggre-
gate of small crystals called “strawberry” (c)

isotope measurements is given in ESM 1, which provides
details on the operating conditions, sample treatment, and
solution preparation. The accuracy of the analytical pro-
cedure was tested by measuring the isotopic compositions
of two reference materials (PACS-2 marine sediment and
MA-4 cinnabar) whose compositions are in excellent agree-
ment with the established reference values (ESM Tables
4 and 5). The precision of the isotope ratios was evaluated
by repeating the isotopic compositions of three samples in
distinct runs, which showed very good reproducibility of the
measurements (ESM Table 6). Accuracy of the 52°>Hg (%o)
data is 0.10%o (2s).

The Hg-MDF isotope ratios are expressed in %o with the
&™*Hg notation as:

5xxng (0/00) = [(XXXHg/lggHgsample) / (Xxng/lgngstandard) - 1)] x 1000

where ** denotes the 199, 200, 201, or 202 isotopes.

We use the conventional §°*’Hg to evaluate MDFs
(Bergquist and Blum 2007). The Hg-MIF isotope ratios are
reported by the A notation, which identifies the difference
between the measured and predicted 6™*Hg, in %o units.
The expression is:

Axxng — 6xxng _ 5202Hg X B
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Table 2 Mercury and sulfur isotopic compositions of the samples studied

Sample 3Hg §%Hg §°'Hg 8*2Hg A™Hg AMHg A¥®Hg Cin Mrc  Sbn Altitude, mine level
58

%0 m
Abbadia 10c 0.00 0.04 0.08 0.10 —-0.03 —0.01 0.00 0.50 - - 512, 200 m Level
Abbadia 10a —0.06 —-0.70 -1.29 -1.72 0.37 0.17 0.00 - - - 512,200 m Level
Abbadia 14 0.18 0.26 —-0.08 0.10 0.15 0.21 —0.15 —0.90 - - 587,—125 m Level
Abbadia 8¢ - - - - - - - - 350 - 637, =75 m Level
Abbadia 8b —0.12 —0.04 0.08 0.17 —0.16 —0.13 —-0.05 2.30 - - 637, —75 m Level
Abbadia 6 —0.18 —0.22 —0.30 —0.30 —-0.10 —0.06 —0.08 1.00 - - 687, —25 m Level
Abbadia 5a —0.30 —0.52 —-0.61 —0.81 —-0.09 —0.11 0.00 —0.40 - - 712, Serdini Level
Abbadia 11a - - - - - - - - 1.47 - 888, VII Level
Abbadia 2a —0.36 —0.96 -1.22 —-1.62 0.05 —0.14 0.00 1.80 - - 905, XXII Level
Abbadia 1 - - - - - - - —0.30 - - 960, XI Level
Abbadia 1* - - - - - - - —0.40 - - 960, XI Level
Morone 3 -0.71 -1.78 —2.89 —3.24 0.11 —-0.15 —0.46 10.10 - - -
Morone 2 —0.65 -1.17 -2.13 -1.92 -0.17 —0.20 —0.68 11.60 - - -
Morone a —0.59 —0.69 —1.45 —0.81 —-0.39 —0.29 —0.84 - - 0.80 -
Solforate —0.41 —0.48 —-1.14 —0.61 —0.26 —0.17 —0.69 3.55 - - -
Solforate Pozzo2  —0.47 —0.35 -0.91 —0.17 —0.43 —0.26 -0.79 5.00 - - -
Cortevecchia 2 —0.89 —1.43 —2.21 —2.13 —0.35 —0.36 —0.61 —0.10 - - -
Cortevecchia 4 -0.47 —0.52 -1.22 —0.54 —0.34 —0.25 —0.81 -12.80 - - -
Cerreto Piano 1 —-0.47 -0.43 —-1.07 —0.37 —0.38 —0.25 -0.79 —6.80 - - -
Cerreto Piano 2 —-0.59 —0.82 —-1.60 —-1.11 —0.31 —0.26 —0.76 -5.80 - - -
Cerreto Piano 3 —0.65 —0.82 -1.52 —0.98 —0.41 —0.33 —-0.79 —4.65 - - -
Monte Labbro —0.47 —0.35 -1.07 —0.24 —0.41 —0.23 —0.89 -12.50 - - -
Monte Labbro 2 0.24 —0.61 -2.05 -3.2 1.04 1.00 0.35 —6.90 - - -
Bagnore 0.36 —0.30 -1.52 —2.52 0.99 0.96 0.38 - - - -
Cornacchino 1 —-0.06 —0.91 -1.98 -3.2 0.75 0.70 0.43 - - - -
Cornacchino 2 0.24 —0.61 -2.05 -3.26 1.06 1.03 0.4 - - - -
Cornacchino 3 0.00 —0.91 —2.28 —3.64 0.92 0.92 0.45 - - - -
MRI schist —-1.36 —2.56 -2.13 -3.61 —0.45 —0.75 0.58 - - - -
MR2 schist —0.77 -1.82 -1.98 —2.94 —0.03 —0.35 0.23 - - - -

where B is equal to 0.2520, 0.5024, and 0.7520 for A!°Hg,
A*Hg, and A?°'Hg, respectively (Bergquist and Blum
2007). The accuracy of the A!””Hg values is 0.04%o (2s).
The S isotope ratios were determined by Activation
Laboratories Ltd., Ancaster, Ontario, Canada. Twenty-two
aliquots of cinnabar, stibnite, and marcasite samples were
used for these measurements. These aliquots were split from
the same samples used for the Hg isotope measurements.
Analyses were carried out with a Mat 253 Thermo Scien-
tific isotope ratio mass spectrometer coupled with a Fisons
Instruments element analyzer to measure **S-SO,, for
which standards NBS 127 (5**S: +21.12+0.22%o), IAEA
SO5 (8°*S: +0.5+£0.2%o0), and IAEA SO6 (Ba sulfate, 5°*S:
—34.1+0.2%0) were used. Individual analyses were con-
ducted on about 3 mg mass of dry sample, which was mixed
with ¢.3 mg of Nb,O5 and later combusted at 980 °C within
the element analyzer. The released pure SO, was then trans-
ported by a He flux into the mass spectrometer for analy-
sis. Data were corrected and normalized, and the results are

expressed in the 3**S notation. Table 2 reports the Hg and S
isotopic compositions of all samples studied.

Results

The cinnabar samples exhibit a large range of 5°**Hg values
between —3.64 and +0.17%0 and A Hg values between
—0.43 and +1.06%0 (Fig. 4a). However, samples from
individual deposits show a range of 8*“’Hg that is much
narrower than that of the entire dataset. No systematic vari-
ations of 8*>Hg and A'”’Hg are evident as a function of
geographical location or depth within the ore bodies (i.e.,
samples 10—2a of Abbadia S. Salvatore, Table 2). Notably,
13 out of 23 samples belonging to Abbadia S. Salvatore,
Solforate, Morone, Cerreto Piano, Cortevecchia, and Mt.
Labbro have 5°*?Hg between —1.11 and +0.17%. (Fig. 4a).
These samples show A'”’Hg ranging between —0.41 and
+0.15%0. The 10 samples having more negative 8°"*Hg
between —3.64 and —1.62%0 (from Abbadia S. Salvatore,
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Fig. 5 Binary diagram of A!°Hg vs. A?!Hg for all samples studied.
Magnitude and direction of this correlation can be used to support the
hypothesis of MIF by photodegradation or other anomalies

Morone, Cortevecchia, Bagnore, Monte Labbro, and Cor-
nacchino) show A!*’Hg between —0.35 and +1.06%o. The
two samples of the Paleozoic Farma Schist show a total Hg
(THg) concentration of 229 and 327 pg/kg, respectively.
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Fourteen out of 22 cinnabar, stibnite, and marcasite sam-
ples (from Abbadia S. Salvatore, Morone, and Cortevec-
chia) have 3**S between —0.9 and +5%o (Fig. 6). The other
samples show compositions that are either significantly
enriched (Morone) or significantly depleted in **S (Cor-
tevecchia, Cerreto Piano, Monte Labbro). The entire 8°*S
interval varies between —12.8 and + 11.6%e.

Discussion
Fractionation processes at Mt. Amiata

The interpretation of our dataset is challenged by the fact
that Hg may undergo many types of isotope fractionation
generated by distinct biotic and abiotic chemical processes
(Bergquist and Blum 2009; Blum et al. 2014). These include
MDF induced by boiling of hydrothermal fluids, near sur-
face oxidation, and kinetic effects associated with mineral
precipitation (Smith et al. 2005, 2008), kinetic evaporation
(Estrade et al. 2009; Ghosh et al. 2013), reduction of Hg(II)
to elemental Hg(0) in terrestrial and marine environments
(Lamborg et al. 2021; Schwab et al. 2023), and adsorp-
tion onto mineral surfaces (Jiskra et al. 2012; Schwab et al.
2023). These may be coupled with MIF produced by pho-
tochemical reduction of Hg*" under natural sunlight and by
photodegradation of methylmercury species in the presence
of organic matter (Bergquist and Blum 2007). Notably,
experiments carried out by Zheng and Hintelmann (2010a)
showed that photochemical reduction of Hg(II) bound to
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thiol ligands (i.e., “soft” organosulfur compounds that are
abundant in the surface environment and that can bind to
“soft” metal atoms like Hg) can cause negative MIF in the
fractionated species. This mechanism was used to explain
the negative MIF measured in terrestrial foliage, lichens,
and moss (Blum et al. 2014), which are considered prox-
ies of terrestrial sediments rich in organic matter. Indeed,
terrestrial sediments rich in organic matter have negative
A" Hg while marine sediments show positive A'*’Hg val-
ues. For instance, the documented A'”’Hg of continental
soil is —0.30£0.05%0 (Demers et al. 2013) and that of peat-
land is —0.33+0.11%o0 (Woerndle et al. 2018). Seawater has
A" Hg of 0.14£0.15%o (Strok et al. 2015) and marine sedi-
ments have an average A'*’Hg value of 0.37+0.06%o (Meng
et al. 2019).

Abiotic and biotic processes may trigger significant Hg
isotope fractionation (>1%o), depending on the type of
process. The first experimental studies showed that MDF
as large as 3%o is possible in natural environments, and
that large MIF (>0.3%o) is essentially controlled by pho-
tochemical processes (Bergquist and Blum 2009; and ref.
therein). However, later experimental evidence showed that
MIF may take place together with MDF also in absence
of light by abiotic non-photochemical reduction of Hg(II)
via the mediation of dissolved organic matter (Zheng and
Hintelmann 2010b). These results show, on one hand, that
a complex suite of processes may control the Hg isotopic
signature of a given geological environment. On the other
hand, they also show that many transformations of Hg spe-
cies (both organic and inorganic) need to be fully under-
stood before Hg isotope geochemistry can be optimized to
constrain the Hg cycle in detail.

In summary, current knowledge shows that MDF and
MIF of Hg in natural environments produce specific A"’ Hg,
A?Hg, and 5°**Hg values in solid, liquid and vapor spe-
cies, and that A"’Hg/A>*"Hg and A'*’Hg/5?*?Hg ratios can
be diagnostic of the type of reactions. Thus, photochemical
reduction of Hg(II) to Hg(0) generates a A'”Hg/6°"*Hg of
1.00£0.01 (Bergquist and Blum 2007), kinetic evaporation
of Hg(0) produces a A'””Hg/3??Hg with a slope of about
0.1 (Estrade et al. 2009; Ghosh et al. 2013), and abiotic non-
photochemical reduction of inorganic Hg(Il) gives A!*’Hg/
A*"Hg between 1.5 and 1.6 (Zheng and Hintelmann 2010b).
These findings show that, despite some limitations due to the
lack of comprehensive experimental data, A'*’Hg, A>°'Hg,
and 8*?Hg may be used to identify some useful constraints
on the geological and biogeochemical processes that frac-
tionate Hg in the environment.

In the Mt. Amiata geothermal system, the ranges of Hg
isotopic compositions allow distinctions between MDF and
MIF. The 3.8%o range of 8°*’Hg determined for the eight
ore deposits (Fig. 4a, 5°°*Hg between —3.6 and 0.17%o)

is among the largest reported in the literature for mineral
deposits (Blum et al. 2014) and is also very close to that of
the California Coast Range cinnabar deposits (Smith et al.
2008, §°?Hg between —3.88 and 0.9%o) and of the epith-
ermal gold deposits in Nevada (5***Hg between —3.5 and
2.2%o, Smith et al. 2005). This suggests that the Mt. Amiata
deposits and those of the W United States — which are both
continental geothermal systems — might have formed by
similar fractionation processes. In the Coast Range deposits,
the clastic sedimentary rocks (Franciscan Complex, Great
Valley Sequence) intruded by the local volcanic sequence
(Clear Lake volcanics) were considered the source rocks
of the cinnabar ore and MDF was interpreted to occur dur-
ing phase separation (boiling), reduction, and volatilization
of Hg species of the geothermal fluid in the near surface
environment (Smith et al. 2005, 2008). We propose that the
range of 3?*’Hg found in the cinnabar of Mt. Amiata is also
a combination of these processes, which have mostly fast
kinetics and are therefore prone to generate lower 5°**Hg
(Blum et al. 2014).

The Hg and S sources

The A'®’Hg/A?*'Hg ratio of the sample analyzed is close to
1 for the entire dataset (Fig. 5) and is comparable to the
experimentally-determined A'”’Hg/A>*'Hg = 1 for photo-
chemical reduction of Hg(II) to Hg(0) (Bergquist and Blum
2007). This similarity suggests that this feature is an inher-
ited signature from the Mt. Amiata source rocks, which
retained this A!”’Hg/A**'Hg ratio at the time of their for-
mation. The same feature was documented in several types
of ore deposits, including the sediment-hosted (mostly Mis-
sissippi Valley Type) Pb-Zn district of Lanping, SW China
(Liu et al. 2021) and the currently forming massive sulfide
mineralization of the southwestern Indian ridge (Zhu et al.
2020), for which variable sources of Hg were proposed.
The relatively large MIF of the samples analyzed, which
show positive and negative values, provides an indication
of the heterogeneity of the source rocks of Mt. Amiata and
warrant detailed evaluation. The A!”°Hg vales of the Abba-
dia S. Salvatore, Morone, Solforate, Monte Labbro, Corte-
vecchia, and Cerreto Piano samples range between —0.43
and +0.37%o (Fig. 4a), while those for Cornacchino and
Bagnore are between 0.75 and 1.06%o. Following previ-
ous work documenting MIF in sediments from marine and
continental environments (Strok et al. 2015; Woerndle et al.
2018; Meng et al. 2019; Sonke et al. 2023), we suggest that
the positive MIF shown by the samples from Cornacchino,
Bagnore, and Monte Labbro reflects a signature inherited
from the marine sedimentary sequences present at depth in
the geothermal system (rocks belonging to the Tuscan and
Ligurian nappes, Figs. 1 and 2). In contrast, the relatively
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large and negative MIF (A'"’Hg: —0.43 to —0.31%o) dis-
played by cinnabar from Cortevecchia and Cerreto Piano
indicate an inherited signature from terrestrial source
rocks rich in organic matter, which are abundant within the
thrusted-and-folded structure of the Apennines. Such lithol-
ogies may be found in the Tuscan Metamorphic Complex,
which is a typical reservoir rock of the geothermal system
and of which the Farma Schist is a representative lithology.
The Farma Schist shows negative MIF (A'”’Hg between
—0.45 and —0.03%o) and THg concentrations (229-327 pg/
kg) that are at least one order of magnitude higher than
that of the upper continental crust (13.5+17.8 ng/g, Tian et
al. 2023). These compositions strongly indicate that grey-
wacke, siltstone, and graphite-rich phyllite of continental
derivation making the Tuscan Metamorphic Complex may
represent significant source rocks of Hg of the geothermal
system, and that several ore deposits inherited its signature
to variable degrees.

Additional evidence for a heterogeneous metal source is
provided by the range of 5**S of cinnabar, stibnite, and mar-
casite from Mt. Amiata (Fig. 6), which indicates variable S
sources from the hydrothermal system. A typical mantle or
magmatic signature (Ohmoto and Rye 1979; Ohmoto and
Goldhaber 1997) is indicated by the range of —0.9 to +3.5%o
84S of cinnabar, stibnite, and marcasite from Abbadia San
Salvatore and Morone (cf. Table 2). In contrast, the negative
3*S values for the cinnabar from Cortevecchia (—12.8%o);
Monte Labbro (—12.5 to —6.9%0), and Cerreto Piano (—6.8
to —4.65%o) suggest that in these deposits a proportion of S
was derived from sediments rich in organic matter. The pos-
itive 3**S of the cinnabar from Morone (10.1 and 11.6%o)
suggests that a proportion of S was derived from marine
sediments.

Fig. 7 Comparison between the

AYHg and 3**S ranges of the

Mt. Amiata samples and those

of typical Earth reservoirs.

Note that the Hg and S isotopic 0.8

@ AbbadiaSS

€ Solforate

In synthesis, the constraints provided by the S isotopes
can be combined with those provided by A'*’Hg to discrimi-
nate source rock signatures at Mt. Amiata (Fig. 7). Accord-
ingly, specific ranges of A””Hg and §**S identify pairs of
isotope compositions that define the primitive mantle, other
magmatic rocks (i.e., oceanic crust, hot spot lavas, etc.),
sediments, soil, and vegetation (Ohmoto and Goldhaber
1997; Demers et al. 2013; Strok et al. 2015; Woerndle et al.
2018; Meng et al. 2019; Tian et al. 2023). These Hg-S res-
ervoir compositions may serve as indicators of source rock
signatures, while significant deviations from these composi-
tions might indicate mixed signatures (Blum et al. 2014).

A comparison between the distribution of the Mt. Amiata
A'"’Hg-5**S isotope pairs and those of global reservoirs
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mantle, continental sediments rich in organic matter and
sulfides, and marine sediments. It is important to note that
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cant mantle derivation of S, but with variable proportions
of Hg derived from continental sediments rich in organic
matter. This is consistent with the depositional environment
of the sandstones hosting Cerreto Piano, which belong to
a transitional fluvial-coastal-shallow marine environment
(Zucchetti 1964b; Dominici et al. 2018). The A Hg-5**S
pairs of cinnabar from Morone (a deposit that contributed
to c. 6% of the total Hg production of the mine district) are
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significant because they indicate mixed Hg and S sources
from the primitive mantle, seawater, and marine sediment,
with minor input from continental sediments.

Finally, our findings confirm and integrate previous con-
clusions on Hg mobility in the Mt. Amiata environment
(Pribil et al. 2020), which identified photochemical reduc-
tion as the process that was responsible for the Hg isoto-
pic signature of the geothermal precipitate. A comparison
between our data and those of Pribil et al. (Fig. 4b) con-
firms their result whereby 5?°*Hg and A'”’Hg of cinnabar,
sediments, soils, geothermal water, geothermal precipitate,
and calcines were controlled by the isotopic signature of the
primary ore. In particular, the evidence for MIF of the geo-
thermal water and precipitate being indistinguishable from
those of the primary ore provides a strong indication that at
Mt Amiata the isotopic signature of the geothermal fluid did
not change with time since the inception of ore deposition
and represents a source feature independent of sub-recent
supergene processes.

Table 3 Summary of isotopic constraints on several Hg ore districts

Mt. Amiata versus other geothermal systems

There are two other major Hg districts of global impor-
tance in Europe (Blum et al. 2014). These are the districts
of Almadén, Spain (Higueras et al. 2005, 2013) and Idrija,
Slovenia (Palinkas et al. 2004). Together with Mt Amiata,
these districts produced>0.5 Mt of Hg (Table 3), which
corresponds to c. 50% of the historical world production
(Hylander and Meili 2003). The most striking difference
between Mt. Amiata, Almadén, and Idrija is represented
by their §*°?Hg and A'®°Hg ranges, which are large for Mt.
Amiata but significantly narrower for Almadén and Idrija
(Fig. 8; Table 3). This difference indicates that distinct
source rocks and fractionation processes were responsible
for the formation of cinnabar in these deposits. In the giant
Almadén deposit, the c. 2%o range of §°°?Hg coupled with
A"™Hg 0.00 to —0.12%o (Gray et al. 2013) relates to a sub-
marine magmatic-hydrothermal fluid system, which formed
the early stratiform and the later discordant ore bodies along
diatremes of alkali-basaltic composition (Hernandez et al.

Ore deposit  Produc- Mineral 522Hg \ %o A"Hg\ %  8*S sulfides \ %o Origin of Hg Origin of S Reference
tion\t  Assemblage
Hg
Mt. Amiata, 117,000 Cinnabar, (cinn) (cinn) (cinn) Magmatic, Tus-  Magmatic, This study
Italy metacinnabar, -3.64+0.17 -043+1.06 -12.8++11.6; can Metamorphic Tuscan Meta-
Hg(1), marca- (marc)+1.5++3.5; Complex; Marine morphic com-
site, stibnite (stib) 0.8 sediments plex; Marine
sediments
Almadén, c. Cinnabar, (cinn) (cinn) (cinn) 0.2+5.9 Magmatic Magmatic; Sea Gray et
Spain 250,000 metacinnabar, —0.92+0.15; -0.12~+ water al. (2013);
Hg(l), pyrite ~ (Hg) —0.08; (Hg) Saupé and
-1.36+0.26  —0.31+0.15 Arnold
(1992);
Higueras et
al. (2013)
Idrija, 145,000 Cinnabar, (cinn) (cinn) (cinn)+0.7++1.5  Magmatic Magmatic, Bozi¢ et
Slovenia Hg(l) -1.35+0.53; —0.18+0.16; (cinn) Thermo-chem- al. (2023);
(Hg) —0.89+ (Hg) -19.1++22.8; (py) ical sulfate Lavri¢ and
—0.44; 0.11+0.14 —22.4++59.6 reduction; Span-
Sea water; genberg
Diag. Sulfides; (2003);
Organic Palinkas et
compounds al. (2004)
New Idria, - Unroasted cin- —0.26++0.16 —0.05+0.03 - - Wieder-
USA nabar waste hold et al.
(2013)
Calif. Coast 8,900 Cinnabar (cinn) - (cinn)+1.53++7.4 Franciscan Com- Magmatic; Smith et
Ranges, —3.88++0.8 plex/Great Valley Franciscan al. (2005;
USA metasediments Complex 2008);
Sherlock et
al. (1993)

Except for the Mt. Amiata dataset, all the 8°”Hg, A'*’Hg, and §**S data refer to distinct samples

The reported 8*?Hg, A'’Hg, and §°*S values denote the maximum ranges of individual ore bodies, or maximum ranges of deposits from a
single district, reported in the literature. Total production data should be considered lower estimates of Hg deposition in the ore environments
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Fig. 8 Comparison between the 1.5
MIF (A'%’Hg) and MDF (8°?Hg)

data of the Mt. Amiata cinna- %
bar and those of other mercury $
deposits of Europe (Almadén,
Spain; Idrija, Slovenia) and of
the California Coast Ranges.
Data are from Smith et al. (2008),
Gray et al. (2013), Wiederhold

et al. (2013), and Bozic et al.
(2023). The thick line at the x
axis denotes the reported §°°*Hg
range of the California Coast
Range deposits, for which no
A'Hg data are available. The
data on the New Idria deposit,
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1999). This signature is consistent with the existence of a
unique, large, and homogeneous Hg source, which can be
the lower Silurian-Devonian mantle as suggested by some
authors (Higueras et al. 2005, 2013). The c. 6%o range of
3%S of this cinnabar (Table 3) is consistent with mixed
magmatic-sea water contributions of S to the bulk sulfide
composition. Similar conclusions may be drawn for the Hg
isotopic composition of cinnabar from the Idrija district
(Fig. 8), which has a 3*Hg range of <2%o and A'’Hg of
—0.18 to 0.14%o (Bozi¢ et al. 2023). These signatures are
consistent with ore formation from a magmatic-hydrother-
mal fluid that formed the early stratiform and the later dis-
cordant ore bodies during the middle Triassic, and the 5**S
values are consistent with S being derived from a variety of
sources (Lavri¢ and Spangenberg 2003).

The large ranges in 8*Hg of 3.8%o, A®’Hg of 1.5%o,,
and 8**S of 24%o for ore samples from Mt. Amiata, con-
trast with those of Almadén and Idrija. Similar large ranges
were measured in the hot-spring ore deposits of the Califor-
nia Coast Ranges (Sherlock et al. 1993; Smith et al. 2005,
2008; Wiederhold et al. 2013). The significant differences
between these districts can be explained by the range of pro-
cesses that are expected to occur in submarine vs. continen-
tal geothermal systems, i.e., in the geological environments
in which Almadén and Idrija on one hand, and the Mt. Ami-
ata and Coast Range mine districts on the other hand, were
generated. Both Almadén and Idrija formed in submarine
geothermal systems fed by magmatic-hydrothermal fluids
(Lavri¢ and Spangenberg 2003, and ref. therein; Higueras
et al. 2013) for which §?°*Hg < 2%o and small A""’Hg are
known and documented (Sherman et al. 2009). In contrast,
Mt. Amiata and the California Coast Range deposits are
products of continental geothermal systems that formed
within orogenic belts in the presence of several potential
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source rocks that might have provided distinct MIF and 5**S
signatures.

Conclusions

In the Mt. Amiata geothermal system, the isotopic com-
positions of Hg and S of cinnabar and other sulfides pro-
vide some useful constraints on source rock signatures
and fractionation processes. Mt. Amiata is an example of a
world-class continental geothermal system in which a het-
erogencous source region dominated by mantle and other
source rocks of continental and marine derivation, as well as
hydrothermal fractionation, were functional to determining
the broad ranges of Hg and S isotopic compositions. These
signatures differ significantly from those of the other world-
class submarine geothermal systems (Almadén and Idrija)
and indicate that Hg cycling in geothermal systems occurs
differently in continental and submarine environments.
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