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Seafloor hydrothermal systems and associated mineral deposits of the

Tyrrhenian Sea

Sistemi idrotermali sottomarini e depositi minerali associati del Mar Tirreno

ABSTRACT - The Aecolian island arc in the south-
eastern Tyrrhenian Sea represents a ~180 km long
chain of seven volcanic islands and several sub-
merged volcanoes extending along the continental
shelf of northern Sicily and western Calabria.
Seafloor hydrothermal activity forming sulfate and
sulfide deposits has been discovered on three of the
arc volcanoes. This includes a subseafloor replace-
ment-style barite and sulfide occurrence at ~630-
650 m water depth at the Palinuro seamount in the
eastern sector of the island arc. Drilling has shown
that the subseafloor deposit is zoned with depth.
The top of the mineralized zone is composed of
barite and polymetallic sulfides, whereas the lower
portion of the mineralized zone is dominated by
massive pyrite that has distinctly lower base and pre-
cious metal grades. The deposit formed from hy-
drothermal fluids having an intermediate-
sulfidation state, although excursions to high- and
very high-sulfidation states are indicated by the
presence of abundant enargite and hypogene cov-
ellite. The sulfidation state of the sulfide minerals
and their sulfur isotopic compositions are indicative
of a magmatic volatile contribution to the ore-
forming hydrothermal fluids. Low-temperature Fe-
rich deposits as well as sulfate and polymetallic
sulfide deposits also occur in shallow water off
Panarea in the eastern sector of the Aeolian island
arc. Drilling showed that subcropping hydrothermal
deposits in an area pockmarked by hydrothermal
gas eruption craters at a water depth of ~55-85 m
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consist primarily of anhydrite and gypsum with
minor barite, marcasite, pyrite, sphalerite, as well as
alunite and kaolinite. Hydrothermal discharge at
23.5 m below sea-level resulted in the formation of
hydrothermal precipitates consisting of galena,
sphalerite, and barite. Hydrothermal venting also
occurs in the littoral zone of Vulcano where mar-
casite and pyrite form through infiltration and re-
placement of the beach sands. Venting of thermal
waters in the shallow waters at Panarea and Vulcano
is accompanied by the widespread release of CO,
causing an acidification of the seawater. The high
gas flux and fluid chemistry suggest the existence
of an actively degassing magma below the two is-
lands. In addition to the three hydrothermal systems
in the volcanic arc, low-temperature hydrothermal
activity and the discharge of thermal waters has
been discovered on the summit of the Marsili
seamount at ~500 m water depth. Recovery of mas-
sive pyrite by dredging suggests the existence of a
hitherto undiscovered high-temperature vent site at
the spreading center. The vent sites of the Aeolian
archipelago provide natural laboratories for the
study of magmatic-hydrothermal processes occur-
ring at variable water depths. The observation that
sulfate and sulfide deposits on the Aeolian arc vol-
canoes primarily form by subseafloor replacement
processes or are buried below sedimentary deposits
whereas hydrothermal precipitates on the back-arc
form at the seafloor on top of massive lavas high-
lights volcanic facies controls on the nature of min-
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eralization. This has significant implications to hy-
drothermal surveys in arc environments as the
seafloor expression of even large subseafloor sul-
fate and sulfide deposits can be comparably subtle
and difficult to recognize.

KEY WORD: Tyrrhenian Sea, Aeolian Islands, vol-
canic arc, seamounts, hydrothermal processes and
products.

RIASSUNTO - I’Arco delle isole Eolie nel Mar Tirreno
sud-orientale ¢ costituito da una catena lunga circa
180 km, composta da sette isole vulcaniche e da
diversi vulcani sommersi che si estendono lungo la
piattaforma continentale della Sicilia settentrionale e
la Calabria occidentale.

In tre vulcani appartenenti all’Arco eoliano ¢ stata
individuata sui fondali attivita idrotermale che da
luogo a depositi di solfati e solfuri, tra cui barite e
solfuri di sostituzione a ~630-650 m di profondita,
presso il seamount Palinuro nel settore orientale
dell’Arco eoliano. Le perforazioni hanno dimostrato
che tali depositi sono zonati al variare della
profondita.

La parte piu alta della zona mineralizzata ¢ composta
da barite e solfuri polimetallici, mentre la parte
inferiore ¢ dominata da pirite massiva con un grado
marcatamente piu basso di metalli comuni e preziosi.
I depositi sono stati formati da fluidi idrotermali con
un grado di sulfidazione intermedia, sebbene siano
presenti anche escursioni ad alto e altissimo grado,
indicate dalla presenza di abbondante enargite e
covellite ipogenica. Il grado di sulfidazione dei
minerali e la composizione isotopica dello zolfo
sono indicativi di un contributo della componente
volatile del magma ai fluidi idrotermali che generano
1 minerali. Depositi di bassa temperatura ricchi di
ferro, nonché depositi di solfati e di solfuri
polimetallici, si trovano anche nelle acque poco
profonde di Panarea, nel settore orientale dell'arco
delle isole Eolie.

Le perforazioni hanno mostrato che i depositi
idrotermali subaffioranti in un'area a pockmark,
originati da emissione di gas idrotermali ad una
profondita di ~55-85 m, sono costituiti
principalmente da anidrite e gesso con minori
quantita di barite, marcasite, pirite, sfalerite, nonché
alunite e caolinite.

Una emissione idrotermale a 23,5 m di profondita
ha provocato la formazione di precipitati idrotermali
costituiti da galena, sfalerite e barite. I’emissione si
verifica anche nella zona litorale di Vulcano, dove si
formano marcasite e pirite attraverso infiltrazione e
sostituzione delle sabbie di spiaggia. La fuoriuscita
di acque termali in acque poco profonde a Panarea
e Vulcano ¢ accompagnata dal diffuso rilascio di

CO, che causa un’acidificazione dell’acqua di mare.
L alto flusso di gas e la composizione chimica dei
fluidi suggeriscono 'esistenza di un magma in forte
degassazione sotto le due isole.

Oltre ai tre sistemi idrotermali nell’arco vulcanico,
attivita idrotermale di bassa temperatura e fuoriuscita
di acque termali sono state rilevate sulla sommita
della struttura del Marsili a circa 500 m di profondita.
11 rittovamento di pirite massiva mediante dragaggio
suggerisce I'esistenza di una bocca di emissione ad
alta temperatura fino ad oggi non rilevata.

I punti di emissione dell’arcipelago eoliano
forniscono laboratori naturali per lo studio dei
processi magmatico-idrotermali che avvengono alle
diverse profondita.

La constatazione che i depositi di solfati e solfuri nei
vulcani dell’Arco eoliano si formano principalmente
mediante processi di sostituzione nel sottofondo o
sono sepolti sotto depositi sedimentari, mentre i
precipitati idrotermali nelle strutture di retro-arco si
formano direttamente sul fondale marino al di sopra
di lave massive, evidenzia il controllo delle facies
vulcaniche sulla natura della mineralizzazione. Cio
ha implicazioni significative per le indagini
idrotermali in ambiente di arco vulcanico, in quanto
la manifestazione sul fondale marino di depositi di
solfati e di solfuri del sottofondo anche di grande
entita puo essere al confronto poco evidente e
difficile da riconoscere.

PAROLE CHIAVE: Mare Tirreno, Isole Eolie, arco vul-
canico, seamounts, processi e prodotti idrotermali.

1. - INTRODUCTION

The volcanic islands of the Aeolian archipelago
in the southeastern Tyrrhenian Sea have been the
focus of extensive research for over a century de-
scribing the nature and products of arc-related sub-
aerial volcanism (MERCALLI & SILVESTRI, 1891;
BERGEAT, 1899; RirrMANN, 1931; KELLER, 1980;
PicHLER, 1980; CORTESE ef aliz, 1986; CLOCCHIATTI ¢/
aliz,; 1994; DELLINO & LA VOLPE, 1995; KOKELAAR
& ROMAGNOLLI, 1995; RIPEPE ef a/ii, 2005; DE ASTIS
et alii, 2013; FORNI ¢t alii, 2013; FRANCALANCI ef alii,
2013; LuccH! et aliz, 2013a-d; ROSI et alii, 2013).
However, knowledge on the geology of the subma-
rine portions of the volcanic islands and the adja-
cent submerged volcanoes is comparably limited
(GABBIANELLI ef aliz, 1993; GAMBERI & MARANI,
1997, FAVALLI et alii, 2005; BOSMAN et alii, 2009;
ROMAGNOLI ¢f aliz, 1993, 2013a,b; ROMAGNOLL,
2013). In particular, few systematic surveys for sub-
marine hydrothermal activity have been carried out
in the past, with much of the research focusing on
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the more easily accessible hydrothermal systems in
the littoral zone of the volcanic islands (GAMBERI e#
aliz, 1997; MARANI ef alii, 1997, 1999; SAVELLI e ali,
1999; EsSroOSITO ef aliz; 2006, 2018; PETERSEN &
MONECKE, 2008, 2009; MONECKE ef ali, 2009,
LUPTON ef alii, 2011). The existence of deeper ma-
rine hydrothermal activity in the Tyrrhenian Sea was
only confirmed in 2006 through the discovery of
tubeworm colonies occurring in an area of diffuse
low-temperature (<1°C above ambient) fluid dis-
charge at a water depth of ~630-650 m below sea-
level (PETERSEN & MONECKE, 2008; MONECKE e#
alii, 2009; THIEL ef alii, 2012).

Research on the hydrothermal systems of the Ae-
olian archipelago is of particular interest as arc vol-
canism is developed on a basement of continental
crust (MORELLI ¢ aliz, 1975; WANG et alii 1989; VENTURA
et aliz, 1999; PECCERILLO et alii, 20006). In contrast to
intraoceanic arcs formed on oceanic crust such as
the well-studied Mariana and Tonga-Kermadec sys-
tems of the western Pacific (STUBEN ef alii, 1992;
WRIGHT et aliz; 1998; DE RONDE ef aliz, 2005, 2011,
2014; LUPTON e¢f alii, 2006, 2008; STOFFERS ¢f alii,
2006; EMBLEY e aliz, 2007; BERKENBOSCH ¢ alii,
2012; LEYBOURNE et alii, 2012a,b), volcanic island
arcs such as the Aeolian archipelago have so far only
been poorly surveyed (DE RONDE er alii, 2003;
LUPTON ef alii, 2011) limiting the current under-
standing of geodynamic controls on the nature of
seafloor hydrothermal system (DE RONDE e ali,
2003; HANNINGTON e¢f alii, 2005; MONECKE e alii,
2014).

This contribution provides an overview of the
seafloor hydrothermal systems and associated min-
eral deposits recognized in the Tyrrhenian Sea to
date. The review focuses on three major vent sites
located at the arc volcanoes of the Aeolian archi-
pelago as well as one site of hydrothermal venting
on the back-arc. The associated hydrothermal de-
posits are diverse in nature and occur at water depths
ranging from several hundreds of meters below sea-
level to the littoral zone of the volcanic islands. Re-
search at these sites provides critical insights into
seafloor hydrothermal processes occurring in island
arc settings.

2. - GEOLOGICAL SETTING

The Tyrrhenian Sea is a semi-closed basin in the
western Mediterranean that is bounded by mainland
Italy to the northeast, Sicily to the southeast, and the
islands of Corsica and Sardinia to the west. The
southeastern portion of the Tyrrhenian Sea com-
prises the volcanoes of the Aeolian archipelago and
the Marsili abyssal plain (fig, 1).

The volcanoes of the Aeolian archipelago form a
tightly arcuate chain (fig. 1) that rests on a ~20 km
thick continental basement (MORELLI e/ aliz, 1975;
WANG et aliz, 1989; VENTURA e/ alzi, 1999; PECCERILLO
et alti, 2006) of sedimentary and metamorphic rocks
(HONNOREZ & KELLER, 1968; BARGOSSI 7 a/ii, 1989;
CLOCCHIATTI et alii, 1994; DEL MORO e aliz, 1998).
The Aeolian volcanic chain comprises seven major
islands and several submarine seamounts extending
for ~180 km parallel to the continental slope of
northern Sicily and western Calabria. Volcanism in
the Aeolian archipelago commenced ca. 1.3 Ma ago in
the western part of the volcanic chain (BECCALUVA ef
aliz, 1985). Subaerial volcanic activity was restricted to
the past ~500 ka. Volcanic eruptions occurred during
historical times at Lipari, Stromboli, and Vulcano.
Today, only Stromboli exhibits ongoing eruptive vol-
canism (FRANCALANCI ef alii, 2013; ROSI et aliz, 2013).

The volcanoes of the Aeolian archipelago sur-
round the Marsili abyssal plain (fig. 1), which repre-
sents a small back-arc basin formed as a
consequence of roll-back of the northwestward-dip-
ping Ionian subduction zone and migration of arc
volcanism from the island of Sardinia towards the
east-southeast (BARBERI e aliz, 1974; GASPARINI ef
alii, 1982; ELLAM ef alii, 1989; ARGNANI & SAVELLLI,
1999; SaveLLL, 2001). Opening of the Marsili back-
arc basin was initiated close to the Pliocene-Pleis-
tocene boundary at ~1.9 Ma (SAVELLI, 1988; SAVELLI
& SCHREIDER, 1991). The central part of the Marsili
abyssal plain is occupied by the Marsili seamount
(tig. 1), a prominent volcanic feature interpreted to
be the superinflated spreading ridge (MARANI &
TruA, 2002).

Major submarine hydrothermal vent fields have
so far been discovered at three of the arc volcanoes
of the Aeolian archipelago (fig., 1). This includes a
large polymetallic massive sulfate and sulfide occur-
rence at the Palinuro seamount (MINNITI &
BoNaviA, 1984; LASCHEK, 1986; PUCHELT &
LASCHEK, 1987; TUFAR, 1991; MARANI ef alii, 1999;
PETERSEN & MONECKE, 2009; MONECKE et aliz,
2009; PETERSEN et aliz, 2014) and shallow marine
polymetallic sulfates and sulfides at Panarea in the
eastern sector of the Aeolian volcanic chain
(MARANI et alii, 1997; SAVELLI et aliz, 1999; BECKE ef
aliz; 2009; BREUER, 2010; CONTE & CARAMANNA,
2010; PETERSEN & MONECKE, 2009; MONECKE ¢/
aliz, 2009). Pyrite and marcasite also form from
thermal waters discharging in the littoral zone of
Vulcano in the central sector of the Aeolian at-
chipelago (BERNAUER, 1933, 1940; HONNOREZ,
1969; HONNOREZ ¢t aliz, 1973; WAUSCHKUHN &
GROPPER, 1975). Aside of these high-temperature
(>100°C) vent sites and associated sulfate and sul-
fide deposits, Fe and Mn precipitates formed by low-



44

MONECKE T. - PETERSEN S. - AUGUSTIN N. - HANNINGTON M.

temperature fluid flow are widespread on the arc
volcanoes of the Aeolian archipelago (BONATTI ef
alii, 1972; CASTELLARIN & SARTORI, 1978; KiDD &
ARMANNSON, 1979; MORTEN ¢# alii, 1980; ECKHARDT
et aliz; 1997, GAMBERI ef alii, 1997; MARANI ef alii,
1999; SAVELLI et alii, 1999; DEKOV & SAVELLL, 2004;
ESPoSITO ef aliz, 2018). One of the largest fields of
low-temperature hydrothermal discharge and asso-
ciated hydrothermal deposits is located in the sum-
mit region of the Marsili seamount (UCHUPI e alii,
1988; UcHUPI & BALLARD, 1989; SAVELLI, 1992;
SBORSHCHIKOV & AL’'MUKHAMEDOV, 1992; DEKOV
et alii, 2006; PETERSEN & MONECKE, 2008; LIGI ef
aliz, 2014). This field is included in this review as a
massive sulfide sample has been recovered by dredg-
ing in its immediate vicinity (MARANI e a/iz, 1999)
suggesting that higher temperature fluid flow may
have occurred in the past at Marsili or that the cor-
responding vents have not yet been identified in
seafloor surveys.

3. - PALINURO SEAMOUNT

The Palinuro seamount consists of eight coa-
lesced volcanic edifices aligned along a W-trend-
ing fault system (GHISETTI & VEZZANI, 1981;
BOCCALETTI ¢t alii, 1984; TAMBURELLIL et alii,
2000; ROSENBAUM & LISTER, 2004) extending
seaward off the cost of northern Calabria. To the
north, Palinuro is bound by the continental slope
of the Southern Apennines. The volcanic edifice
faces the Marsili abyssal plain to the south (fig. 1).
The Palinuro seamount extends for a length of ~75
km and has a maximum width of 35 km at the base
(MONECKE et alii, 2009; PASSARO et alii, 2010;
PENSA et alii, this volume).

Bathymetric surveys have shown that the Palinuro
seamount consists of three distinct sectors (FABBRI
et alii, 1973; MARANI et alii, 1999; MONECKE ef alii,
2009; PASSARO e ali, 2010; 1IGT et alii, 2014). The
eastern sector comprises a volcanic ridge occurring

Fig. 1- Bathymetric map of the southeastern Tyrrhenian Sea showing the locations of island arc volcanoes and the Marsili back-arc basin. The red circles high-

light the locations of hydrothermal fields described in the text. Shipboard bathymetric data was obtained during R/V Meteor cruises M73/2 and M86/4. Grid-

ding was performed using a 30 m grid-cell size. To allow coverage of the entire area shown, the bathymetric data was combined with the global multi-resolution
topography data of RYAN ez a/ii (2009), which was gridded using a 90 m grid-cell size.

- Mappa batimetrica del Mar Tirreno sud-orientale che mostra le posizioni dei vulcani di arco insulare e il bacino di retroarco del Marsili. I cerchi rossi evidengiano le posizioni dei campi

idrotermali descritti nel testo. 1 dati batimetrici sono stati ottenuti con ecoscandaglio di bordo durante le crociere Meteor R/ 1V, M73/2 e M86/4. La griglia ¢ stata eseguita utilizzando

una dimensione della cella di 30 m. Per consentire la copertura dell'intera area mostrata, i dati batimetrici sono stati combi

j con i dati batimetrici multi-risoluzione di RYAN et alii (2009),

ottenuti da una griglia con celle di 90 .
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Fig. 2 - Bathymetric map of the Palinuro seamount in the southeastern Tyrrhenian Sea. The red circle highlights the location of the massive sulfide occurrence

on the western summit of the volcanic edifice. The gray circles represent the locations of massive sulfide samples dredged at other locations as reported by

MARANI e/ alii (1999) and PETERSEN & MONECKE (2008). Shipboard bathymetric data was obtained during R/V Meteor cruise M73/2. Gridding was performed
using a 30 m grid-cell size.

- Mappa batimetrica del seamonnt Palinuro nel Mar Tirreno sud-orientale. 1/ cerchio rosso evidenzia I'nbicazione dell'area di ritrovamento dei solfuri massivi sulla vetta occidentale dell’edsfi-

cio vuleanico. 1 cerchi grigi rappresentano le ubicazions dei campioni di solfuri massivi dragati in altre localita, come riportato da MARANI et alii (1999) e PETERSEN & MONECKE (2008).

1 dati bati

at a water depth of ~950 m (fig. 2). A semicircular
headwall scarp associated with a large submarine
landslide is located on the southeastern flank of this
volcanic ridge. Two volcanic cones with flat circular
tops are located in the central sector of the Palinuro
seamount. The eastern cone has a diameter of
~2,500 m at a water depth of only 70 m, while the
western cone is ~800 m in diameter and reaches a
minimum water depth of 160 m (fig. 2). The flat
tops of the cones probably formed as a result of
erosion during the last glacial low-stand of the sea-
level (FABBRI ef aliz, 1973; PASSARO e alii, 2010). The
western sector of the volcano comprises a 8-km-
wide E-W-trending depression that is bound by a
string of volcanic edifices to the north. These rise
to a minimum depth of 500 m. A 4-km-wide semi-
circular depression occurs in the western part of the
sector with a large volcanic edifice occurring in the
southwest of the depression (fig. 2).

Basaltic to basaltic andesite samples recovered
from Palinuro have a calc-alkaline affinity (DEL

trici con ecoscandaglio di bordo sono stati ottenuti durante la crociera Meteor R/ 1V, M73/ 2. La griglia ¢ stata eseguita ntilizzando una dimensione della cella di 30 m.

MONTE, 1972; COLANTONI ¢ alif, 1981) and range
from 0.3 to 0.8 Ma in age (COLANTONI et alii, 1981,
SAVELLI, 2002). Seafloor observations have shown
that large parts of the Palinuro seamount are cov-
ered by hemipelagic sediments and outcrops of vol-
canic rocks are relatively rare in the upper portion
of the volcanic edifices. The occurrence of exten-
sive, Fe-Mn-oxide deposits has been established by
seafloor sampling and TV-guided camera surveys
(KiDD & ARMANNSON, 1979; MINNITI e aliz, 1980;
LASCHEK, 1986; ECKHARDT e a/ii, 1997; MARANI ¢/
aliz; 1999; DEKOV & SAVELLIL, 2004).

Massive sulfides at Palinuro were discovered dur-
ing systematic gravity coring performed as part of a
seafloor mineral exploration campaign by Samim
Ocean Inc. of the Italian National Energy Company
(MINNITI & BONAVIA, 1984). The massive sulfide
samples originated from the westernmost summit
of the western sector of Palinuro. The samples
showed a spongy texture and consisted of concen-
tric layers of pyrite with small aggregates of barite.
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Bismuthinite, luzonite, sphalerite, stibnite, and ten-
nantite-tetrahedrite were recognized microscopically.
The massive sulfide samples contained up to 2.24 wt
% Cu and 5.80 wt % Ba. In addition, concentrations
of up to 220 ppm Ag, 2,400 ppm As, 400 ppm Hg,
180 ppm Pb, 9,100 ppm Sb, and 280 ppm Zn were
recorded (MINNITI & BONAVIA, 1984).

During R/V Sonne cruise SO41 in 1986, massive
sulfides were recovered from a second site located
approximately 5 km to the east of the previous dis-
covery. This site is located in a small depression at
the summit of one of the volcanic cones bordering
the 8-km-wide depression in the eastern part of the
western sector. The widespread staining of the fine-
grained sediments covering the seafloor suggested
that low-temperature hydrothermal activity occurred
at the site (LASCHEK, 1986; PUCHELT & LASCHEK,
1987). Massive sulfide samples recovered contained
up to 1.21 wt % Cu, 28.2 wt % Zn, 14.5 wt % Pb,
and 48.02 wt % Ba. Trace element concentrations
of up to 460 ppm Ag, 4,900 ppm As, 7.08 ppm Au,
and 6,400 ppm Hg were recorded (PUCHELT &
LASCHEK, 1987; TUFAR, 1991). TUFAR (1991) showed
that the massive sulfides sampled are comprised of
pyrite, marcasite, sphalerite, galena, and barite, with
minor enargite and traces of bravoite, covelhte ten-
nantite, and wurtzite.

Massive sulfides at both previously identified lo-
cations at the Palinuro seamount were also recov-
ered during the R/V Urania cruise MAR98 (MARANI
et alii, 1999). Seafloor surveys at both locations were
conducted in 2006 using a remotely operated vehicle
onboard R/V Poseidon cruise POS340 (PETERSEN
& MONECKE, 2008). The seafloor observations
showed that the eastern site discovered by LASCHEK
(1986) and PuCHELT & LASCHEK (1987) is covered
by thick unconsolidated mud with lava only occur-
ring as rare outcrops and subcrops (fig. 3a). In an
area bounded by three low relief knolls, chimney-
like structures of Fe-Mn-oxide capped by bacterial
matter were observed indicating the presence of
low-temperature hydrothermal activity. Locally small
(<0.5 m diameter) tubeworm colonies were present
that appeared to be associated with low-temperature
(<1°C above ambient) fluid discharge at a water
depth of ~640 m (fig. 3b; PETERSEN & MONECKE,
2008; MONECKE ef aliz, 2009; THIEL et alii, 2012).
Seafloor observations at the western site discovered
by MINNITI & BONAVIA (1984) also failed to iden-
tify the occurrence of sulfide chimneys or black
smokers, although numerous Fe-Mn-oxide chim-
neys tipped by bacterial colonies were observed
(PETERSEN & MONECKE, 2008).

Drilling in the area of diffuse flow and associated
tubeworm colonies was performed during R/V Me-
teor cruise M73/2 in 2007 using a lander-type

- AUGUSTIN N. - HANNINGTON M.

drilling device of the British Geological Survey ca-
pable of drilling to a maximum penetration of 5 m.
A total of 11 successful holes were drilled in the
small depression between the low relief knolls at a
water depth of 610 to 650 m (MONECKE e a/iz, 2009;
PETERSEN ef aliz, 2014). A total of 13.5 m of core
were recovered, including a 4.84-m-long section of
continuous massive and semimassive sulfate and sul-
fide (fig. 3c). Seafloor observations made during
drilling showed that unconsolidated mud covers
much of the seafloor in the area investigated, which
is consistent with the rapid drilling progress made in
the upper parts of the holes. The sediment cover ap-
pears to increase in thickness towards the south,
southwest, and northwest. Drilling showed that the
subseaﬂoor sulfate and sulfide occurrence is at least
50 by 35 m in size. All drill holes ended in massive
to semimassive sulfate and sulfide suggesting that
the mineralized zone is of substantial thickness. As
the unconsolidated sediments overlying the massive
and semimassive sulfates and sulfides could not be
recovered, TV-guided grab sampling was also per-
formed onboard R/V Meteor cruise M73/2. Re-
covered material included abundant banded
silica-sulfide-barite samples, Fe-Mn oxides, and fine-
grained indurated sediments and volcaniclastic rocks
(MONECKE ef alii, 2009; PETERSEN e# alii, 2014). Na-
tive sulfur made up a substantial amount of the ma-
terial recovered (fig. 3d). Unconsolidated mud
recovered by TV-guided sampling was warm when
brought on deck, with maximum temperatures of
60°C being recorded (PETERSEN ef alii, 2014).

The massive and semimassive sulfate and sulfides
recovered are generally fine-grained with grain sizes
typically being <100 pm. The porosity of the drill
core is highly variable ranging from <10 % in mas-
sive pyrite to >30 % in vuggy barite-sulfide. Re-
flected light microscopy shows that pyrite is the
most abundant ore mineral (PETERSEN ef a/iz, 2014).
Pyrite forms recrystallized euhedral grains or occurs
as colloform banded aggregates. Textural evidence
suggests that the pyrite in the drill core formed par-
agenetically early and was overprinted by polymetal-
lic main-stage mineralization (fig. 4a). In polymetallic
assemblages, pyrite is typically intergrown with eu-
hedral barite. Chalcopyrite and tetrahedrite were
found to be the principal Cu minerals in drill core
and form part of the polymetallic main-stage min-
eralization (fig. 4b,c). Some of the larger tetrahedrite
aggregates contain inclusions of famatinite and rare
cinnabar. Fracture filling and overgrowth by fine-
grained enargite is present. In addition to these min-
erals, sphalerite, galena, and Pb-Sb-As sulfosalts
including bournonite-seligmannite as well as sem-
seyite are common in the polymetallic main-stage
mineralization forming euhedral crystals or fine-
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grained disseminated grains. Sphalerite is translucent
in thin section, which is consistent with the low to
intermediate Fe contents measured by electron mi-
croprobe analyses (average of 0.80 wt % Fe, n =
311). In some drill holes, a distinct sulfide assem-
blage was recognized that is characterized by the
presence of euhedral covellite intergrown with enar-
gite and galena (fig. 4d). The principal gangue min-
erals in the drill core samples are barite, opal-A, and
native sulfur (PETERSEN e alii, 2014). Geochemical
analyses of 36 drill core intervals revealed that the

(PETERSEN e alii, 2014). The samples analyzed show
an anomalous enrichment in As, Hg, and Sb (tab. 1).
In general, the top of the mineralized zone showed
higher base and precious metal grades than the
pyrite-dominated lower portion of the mineralized
zone (PETERSEN e aliz, 2014).

Following the successful identification of sub-
seafloor massive and semimassive sulfates and sul-
fides, Palinuro has been revisited several times as a
test site for seafloor experiments and, in particular,
testing of geophysical equipment. A range of geo-

massive to semimassive sulfate and sulfides at Pal-
inuro contain on average 1.6 wt % Cu, 2.8 wt %
Zn, 1.9 wt % Pb, 0.39 ppm Au, and 130 ppm Ag

physical investigations were conducted onboard
R/V Urania cruises TIR10 in 2010 and MAVA2011
in 2011. The research showed that the area around

Fig. 3 - Seafloor images and hydrothermal precipitates sampled at the hydrothermal vent field at the Palinuro seamount in the southeastern Tyrrhenian Sea. a)
Subcrop of lava or hydrothermal precipitates topped by small Fe-Mn chimneys. The surrounding seafloor is covered by unconsolidated mud. Field of view is
~2 m. Station 741ROV of R/V Poseidon cruise POS340. b) Vestimentiferan tubeworm colony associated with minor low-temperature fluid discharge. Station
743ROV of R/V Poscidon cruise POS340. c) Drill core consisting of massive to semimassive sulfate and sulfide. The stratigraphic top is at the upper RIGHT
of the image and the stratigraphic bottom is at the lower left. Note the bleached top contact marking the transition from massive sulfide to overlying mud. Sta-
tion 865RD of R/V Meteor cruise M73/2. The drill hole penetrated to a depth of 4.85 m. d) Sulfur-rich samples recovered by TV-guided grab sampling,
Station 866TVG of R/V Meteor cruise M73/2.
- Immagini del fondale marino ¢ dei precipitati idrotermali campionati presso il campo di emissione idrotermale del seamonnt Palinuro nel Mar Tirreno sud-orientale. a) Subaffio-
ramento di lava o di precipitati idrotermali, sormontato da piccoli camini ferro-manganesifers. 1/ fondo marino circostante ¢ coperto da fango non consolidato. 11 campo visivo ¢ ~2 m.
Stazione 741ROV della crociera Poseidon R/ 1V, POS340. b) Colonia di gallerie di Vestimentifera associata a una minore fuoriuscita di fluido a bassa temperatura. Stazgione
743ROV della crociera Poseidon R/ 1/, POS340. ¢) Carotaggio costituito da solfati e solfuri massivi e semimassivi. 11 top stratigrafico ¢ in alto a destra dell'immagine ¢ la base
stratigrafica ¢ in basso a sinistra. Notare il contatto superiore sbiancato che segna la transizione dal solfuro massivo al fango sovrastante. Stagione 865RD della crociera Meteor
R/V, M73/2. 1] carotiere ¢ penctrato fino a una profondita di 4,85 m. d) Campioni ricchi di olfo recuperati mediante prelievo con telecamera filo-guidata. Stazione 866T1V'G
della crociera Meteor R/ 1/, M73/2.
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Fig, 4 - Reflected light microscopy images of massive sulfate and sulfide samples obtained by drilling at the hydrothermal vent field at the Palinuro seamount in
the southeastern Tyrrhenian Sea. a) Massive pyrite overgrown by main-stage barite, tetrahedrite, and famatinite. Sample 851RD072-076. b) Main stage chal-
copyrite and tetrahedrite intergrown with barite and minor pyrite. Sample 932RD018-023. ¢) Late colloform pyrite intergrown with galena and sphalerite. The
sulfide minerals overgrow euhedral barite crystals. Multiple generations of pyrite can be identified in reflected light. Sample 932RD066-070. d) Aggtegate of cov-
ellite overgrown by enargite and chalcopyrite. The covellite is intergrown with enargite and galena on a submicron scale. The outer boundary of the enargite is
diffuse and irregular in shape (lower left) and shows an association with globular pyrite. Sample 853RD002-006. Drilling was performed during R/V Meteor cruise
M?73/2 using a lander-type drilling device of the British Geological Survey. Brt = barite, Cep = chalcopyrite, Cv = covellite, Eng = enargite, Fam = famatinite,
Gn = galena, Py = pyrite, Sp = sphalerite, Ttr = tetrahedrite.
- Immagini al microscopio in luce riflessa di campioni di solfati e solfuri massivi acquisiti mediante perforazgione nel campo di emissione idrotermale presso il seamonnt Palinuro nel Mar Tir-
reno sud-orientale. a) Barite, tetraedrite ¢ famatinite accresciute nella fase principale di precipitazione su pirite massiva. Campione 851RD072-076. b) Intercrescita da fase principale di
precipitazione di calcopirite e tetraedrite con barite e subordinata pirite. Campione 932RDO018-023. ¢) Pirite tardiva colloidale intercresciuta con galena e sfalerite. I minerali di solfuro crescono
su cristalli di barite enedrale. Pin generazioni di pirite possono essere identificate a luce riflessa. Campione 932RD066-070. d) Sovracrescita di enargite ¢ calcopirite su aggregato di covel-
lite. La covellite ¢ intercrescinta con enargite e galena a una scala inferiore al micron. 11 limite esterno dell'enargite ¢ di forma diffusa e irregolare (in basso a sinistra) e mostra un'associazione
con pirite globulare. Canpione 853RD002-006. La perforazione ¢ stata eseguita durante la crociera Meteor R/ V', M73/ 2 utilizzando un dispositivo di perforazione di tipo lander del
British Geological Survey. Bri=barite, Cp=calcopirite, Cv=covellite, Eng=enargite, Fam=famatinite, Gn=galena, Py=pirite, Sp=sfalerite, Ttr=tetraedrite.

the drill site is characterized by a broad magnetic low
that likely is linked to intense alteration of the foot-
wall volcanic rocks (CARATORI TONTINI ef aliz, 2014;
LIGH et alif, 2014). A water column survey onboard
R/V Urania in 2007 revealed a notable 8°He anom-
aly (~2 % above background) above the drill site.
Additional anomalies were detected at the eastern
slope of the central sector and in the far eastern end
of the volcano (LUPTON ez a/iz, 2011). Gravity coring
and sampling of the vestimentiferan tubeworm
colonies using a remotely operated vehicle were con-
ducted onboard R/V Poseidon cruise POS412 in

2011 (THIEL ef ali, 2012). The drill site was also re-
visited duting R/V Meteor cruise M86/4 in eatly
2012. Extensive gravity coring was conducted to
characterize the unconsolidated mud overlying the
mineralized zone. Sediment temperatures of 26.8°
to 58°C were measured after recovery on deck. At an
ambient seawater bottom temperature of 13.2°C,
this confirmed that hydrothermal activity is ongoing
at Palinuro (PETERSEN, 2014a). An autonomous un-
derwater vehicle was deployed during R/V Poseidon
cruise POS442 in late 2012 to conduct sidescan
sonar and subbottom profiling surveys and to collect
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Tab. 1 - Ranges of major and trace element concentrations of
sulfate and sulfide samples (n = 36) recovered by drilling at
the Palinuro seamount in southeastern Tyrrhenian Sea. The
samples were obtained during R/ 1V Meteor cruise
M73/2.
- Intervalli di concentrazione degli elementi maggiori e
in traccia di campioni (n=306) di solfati e solfuri
recuperati mediante carotaggio presso il seamount
Palinuro nel Mar Tirreno sud-orientale. Icampioni
sono stati ottenuti durante la crociera Meteor R/V,

M73/2.

Element Concentration range
As 0.03 - 1.51 wt %
Cu 0.02 - 5.58 wt %
Pb 0.03-7.12 wt %
Sb 0.01 - 2.23 wt %
Zn 0.03 - 26.70 wt %
Ag <2-925 ppm
Au 0.02 - 3.38 ppm
Bi <2-1,390 ppm
Cd 1-1,070 ppm
Co <1-52 ppm
Hg 11 - 2,920 ppm
Mo 20 - 200 ppm
Ni <1 -45ppm
\Y 1-58 ppm

seafloor images as well as magnetic and water col-
umn data (PETERSEN, 2014b; SZITKAR ef alii, 2015).
Electromagnetic experiments and visual seafloor
surveys were conducted onboard R/V Poseidon
cruise POS483 in 2015 (JEGEN, 2015; SAFIPOUR ef
alii, 2018). Seismic investigations were carried out
onboard R/V Poseidon cruise POS484/2 in 2015
(B1ALAs, 2015). In addition to electromagnetic and
electrochemical experiments (SAFIPOUR ef aliz, 2017,
2018), a heat flow probe was deployed during R/V
Poseidon cruise POS509 in 2017 to measure the

temperature distribution in the area surrounded by
the three low-relief knolls. Temperature measure-
ments were conducted at 10 to 220 cm depth within
the unconsolidated mud at 33 locations. A maximum
temperature of 49°C was noted. A total of 23 sta-
tions yielded thermal conductivity data. The data
collected was used to construct a thermal gradient
map, which clearly illustrates that the area of hy-
drothermal activity at Palinuro is much larger than
suggested by drilling in 2007 (HoLz, 2017).

4. - PANAREA ISLAND

Panarea is the smallest volcanic island of the
Aeolian archipelago (fig. 1). The island rises from
the western sector of a 56 km?, near-circular sub-
marine platform that occurs at a water depth of
120 m. This platform is the flat, eroded summit of
a large submarine stratovolcano that is over 1,500
m in height with a basal diameter of 17.5 km (fig.
5a; GABBIANELLI ef aliz, 1990; FAVALLL ef aliz, 2005).
Panarea is primarily composed of high- K basaltic
-andesite to rhyolite lavas interbedded with pyro-
clastic deposits. The subaerial portion of the vol-
canic edifice is as old as 14915 ka (CALANCHI ef alii,
1999). The rhyolite dome of the islet of Basiluzzo
located to the east of the main island has been dated
at 5418 to 46+ 8 ka (GABBIANELLL ¢/ aliz, 1990;
Dovrt et alii, 2007; BIGAZZ1 et alii, 2008). Some of
the youngest products of effusive volcanism at
Panarea yielded an age of 20%2 ka (DOLFI e7 alii,
2007).

A large field of shallow-water hydrothermal ac-
tivity is located approximately 3 km to the east of
Panarea, on the eastern sector of the near-circular
submarine platform of the volcano (fig. 5a). In this
area, gas and thermal water venting occurs at water
depths of approximately 5 to 35 m on top of a shal-
low rise of the 2.3 km? seafloor surrounding the
islets of Panarelli, Lisca Bianca, Bottaro, Lisca Nera,
and Dattilo (ITALIANO & NuUCCIO, 1991; CALANCHI
et alii, 1995; ESPOSITO et aliz, 2006; CAPACCIONI ef ali,
2007; TAsSI et aliz, 2009; CARAMANNA e7 aliz, 2010).
Quiescent degassing in the area surrounding the cen-
tral islets has been ongoing since eatly historic times
(IrariaNO & Nuccio, 1991; CALANCHI ef alii, 1995;
CALIRO et aliz, 2004; ESPOSITO et aliz, 2006; ALIANI ef
alii, 2010) at an average flux of ~16 tonnes per day
(ITALIANO & NucclIO, 1991). Venting of thermal wa-
ters on the seafloor supports a diverse community
of extremophile bacteria (GUGLIANDOLO ¢ alii,
2006, 2012, 2015; MAUGERI ¢# aliz, 2009; LLENTINI ¢/
aliz, 2014).

Bathymetric mapping in the area of the central
islets revealed the presence of numerous explosion
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craters on the seafloor suggesting that the quiescent
CO, discharge is punctuated by short periods of vi-
olent gas discharge (ESPOSITO e alii, 2006; MONECKE
et alii, 2012). Gas eruptions at Panarea have been
documented in 126 BC (ESPOSITO e alii, 20006) as
well as 1815 and 1865 (SmyTH, 1824; MERCALLI,
1883). A large hydrothermal gas eruption occurred
in the night between November 2° and 3%, 2002,
marking the end of a prolonged seismotectonic
paroxysmal period in southern Italy (ESPOSITO e7 ali,
2006; HEINICKE e# aliz, 2009). In the early morning,
fishermen observed vigorous gas bubbling at the sea
surface between Lisca Bianca, Bottaro, and Lisca
Nera (fig. 5b). Thousands of fish had perished, pre-
sumably as a result of a measurable drop of the sea-
water ph to 5.6-5.7 (CALIRO e/ aliz, 2004; CHIODINI e/
alii, 2006). A strong smell of H,S was detectable as
far away as Panarea. A multibeam bathymetric survey
of the seafloor revealed that the explosion resulted
in the formation of an elliptical crater that was 35
m long, 25 m wide, and over 10 m deep (ANZIDEI ¢f
aliz, 2005; ESPOSITO ef alii, 2006; ALIANI ef alii, 2010).

Intense gas venting lasted until mid 2003 (ALIANTI ef
alii, 2010; MONECKE e alii, 2012). During the hy-
drothermal crisis, an estimated 50,000 tonnes of CO,
were released (MONECKE ef alii, 2012). The presence
of magmatic volatile species (SO,, HCI, and HF) in
the gas emission is suggestive for a magmatic input at
depth (CALIRO e7 alzi, 2004; CHIODINI ef alzi, 2000;
CAPACCIONI e alii, 2007; TASSI et alii, 2009).
Following the gas eruption in November 2002,
significant research ensued in the area of anomalous
degassing around the central islets to determine the
seafloor geology and the composition of the gases
emitted (CALIRO ef alii, 2004; ANZIDEL ef alii, 2005;
CARACAUSI et aliz, 2005; CHIODINI ef aliz, 20006;
EsposiTo ef aliz, 2006; CAPACCIONI et alii, 2007;
TASSI et aliz, 2009, 2014; FABRIS et alii, 2010). Dut-
ing scuba diving surveys in November 2002, a vent
site emitting dark colored smoke was discovered in
23.5 m water depth northwest of Lisca Nera and
east of Dattilo (fig. 5b; ESPOSITO et alii, 2000;
CONTE & CARAMANNA, 2010). Thermal water emis-
sion at the site occurred at a temperature of ~30°C

Fig, 5 - Location of shallow marine fumaroles at Panarea island in the southeastern Tyrrhenian Sea. a) Bathymetric map of the Panarea seamount (modified from
LuccHt e alii, 2013d). The red outline highlights the location of the detailed shaded bathymetric map given on the right. b) Bathymetric map of the area surrounding
the central islets located east of the main island. The red circles highlight the locations of the vent fields known to be associated with sulfate and sulfide precip-
itates. Bathymetric data are from ESPOSITO e a/ii (2006) and was gridded at a 1-m grid size. Digital elevation model of islets from TARQUINI & NANNIPIERI (2017).
1 = Location of the 2002 hydrothermal eruption, 2= Hydrothermal vent field that precipitated sulfates and polymetallic sulfides at a water depth of 23.5m. 3 =
Hydrothermal vent field located in the NW-trending trough to the northeast of the Secca dei Panarelli, 4 = Area of intense CO venting described by Linke (2014)
and of Fe-oxide chimneys and mounds described by ESPOSITO e# alii (2018).
- Posizione delle fumarole sottomarine poco profonde presso I'isola di Panarea nel Mar Tirreno sud-orientale. a) Mappa batimetrica del seamount Panarea (modificata da I.UCCHI et alii,
2013d). 1/ contorno rosso evidenzia la posizione della mappa batimetrica ombreggiata dettagliata sulla destra. b) Mappa batimetrica dell'area che circonda gli isolotti centrali situati a est
dell'isola principale. 1 cerchi rossi evidenziano le posizioni dei campi di emissione noti per essere associati a precipitati di solfuri e solfati. 1 dati batimetrici sono di ESPOSITO et alii (2006)
¢ sono stati elaborati su una griglia con cella di 1 m. Modello di elevazione digitale degli isolotti da TARQUINI & NANNIPIERI (2017). 1 = Posizione dell'eruzione idrotermale del 2002,
2 = Campo di emissione idrotermale che ha generato solfati e solfuri poliy Jlic, a una profondita di 23,5 m. 3 = Campo di emissione idrotermale situato nel canale allineato NO a
nord-est della Secca dei Panarelli, 4 = Area di intensa emissione di CO p descritta da IINKE (2014) e camini ¢ mound di ossidi di Fe descritti da ESPOSITO et alii (2018).
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(VOLTATTORNI e7 alii, 2009). Black smoke was still
observed in March 2003 (CONTE & CARAMANNA,
2010). Temperatures of the discharging thermal wa-
ters increased and temperatures of 110-137°C were
recorded between 2003 and 2008 (BECKE et alii,
2009; TASSI et aliz, 2009; VOLTATTORNI et alii, 2009;
CONTE & CARAMANNA, 2010). Since 2005, fluid
emission from the site was dominated by gas bub-
bling and the discharge of clear thermal waters
(CONTE & CARAMANNA, 2010). The thermal waters
contain high Hg contents (BAGNATO ef aliz, 2017).
The site of the black smoke emission is lo-
cated in a 26 by 24 m large and 5 m deep subcir-
cular depression formed during a past gas
explosion (ESPOSITO ef alii, 2006; BECKE et alii,
2009). Emission occurred from a small subangular
outcrop of gravel- to cobble-sized volcanic material

cemented by black hydrothermal precipitates
(CoNTE & CARAMANNA, 2010). Recovered samples
from the site include volcanic clasts coated by thin
(<2 mm) layers of hydrothermal precipitates. Some
of the surface coatings consist predominately of Fe-
Mn-oxides, with bulk samples containing up to 45.2
wt % MnO. In addition, sulfide-rich coatings were
identified. These contain up to 37.3 wt % Zn, 13.20
wt % Pb, 7.38 wt % Ba, and 1.35 wt % Sr (BECKE e#
aliz, 2009). Scanning electron microscopy on these
precipitates revealed the presence of abundant opal-
A in addition to barite, galena, and minor sphalerite
(BECKE et aliz, 2009; CONTE & CARAMANNA, 2010).
Barite occurs as up to 100 pm large platy crystals
whereas galena forms small octahedral crystals (fig
0). Sphalerite commonly forms small globular aggre-
gates. In addition to these phases, the rare Pb-As

Fig. 6 - Topography contrast scanning electron microscope images of sulfate and sulfide precipitates from Panarea Island in southeastern Tyrrhenian Sea. The

samples were recovered at a water depth of 23.5 m northwest of Lisca Nera and east of Dattilo. a) Platy barite coated by fine-grained sulfate and sulfide phases.

b) Intergrown platy barite crystals. ¢) High-magnification image of a galena octahedron. d) High-magnification image of platy barite coated by fine-grained
sulfate and sulfide phases. Brt =barite, Gn = galena.

- Lmmagini al microscopio elettronico a scansione del contrasto di rilievo di precipitati di solfati ¢ solfuri dall'lsola di Panarea nel Mar Tirreno sud-orientale. I campioni sono stati recuperati ad

una profondita di 23,5 m a nord-ovest di Lisca Nera e ad est di Dattilo. a) Barite tabulare rivestita da fasi di solfati e solfuri a grana fine . b) Cristalli di barite tabulari intercrescinti.

¢) Immagine ad alto ingrand; di un ottaedro di galena. d) I ad alto ingrandiy

di barite tabulare rivestita da fasi di solfato ¢ solfuro a grana fine. Brt = barite, Gn = galena.
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sulfosalt gratonite was identified (CONTE &
CARAMANNA, 2010).

In addition to the area between the central islets,
widespread hydrothermal venting has been recorded
to the north between the Secca dei Panarelli and
Basiluzzo (fig. 5b; MARANI e# alii, 1997; SAVELLI ef
aliz, 1999; MONECKE et aliz, 2009, 2012; SCHMIDT e/
alii, 2015). Seafloor bathymetric investigations show
that the seafloor in a relatively small area northeast
of the Secca dei Panarelli is pockmarked by circular
gas eruption craters occurring at a water depth of
up to 85 m (ESPOSITO et alii, 2006; MONECKE ef aliz,

2012). The diameter of the craters ranges from 5 to
50 m, with the largest crater having a diameter of
120 m. The craters are of low relief with only 0.5-4
m from floor to rim. The crater walls range from
steep to gentle. Some of the explosion craters are
surrounded by low-relief deposits or mounds at
their rims that are steep on the inside, but gently dip
outward from the craters. Composite craters and
clusters of overlapping depressions are present, in-
cluding a NW-trending trough that occurs at a water
depth of ~80 m (MONECKE e7 alii, 2012). Seafloor
observations using a remotely operated vehicle on-

Fig, 7 - Seafloor images and drill core from the hydrothermal vent field located northeast of the Secca dei Panarelli at Panarea in southeastern Tyrrhenian Sea. a)
Inside of a gas explosion crater that is surrounded by a steep-walled rim composed of rounded cobbles and boulders. The flat crater floor is covered by sandy
to gravelly sediment. Local gas bubbling is observed. Field of view is ~5 m. Image from MONECKE ¢f a/ii (2012). b) Floor of a gas explosion crater that is littered
by volcanic clasts. Bacterial mats cover the seafloor in areas of diffuse thermal water discharge. Field of view is ~2 m. Image from MONECKE ¢z a/ii (2012). ¢) Site
of gas bubbling and thermal water discharge at the floor of an explosion crater. Gas venting occurs from small chimney-like structures and cracks in the indurated
sediment. The indurated sediment is cemented by native sulfur, which is also present in the small chimney-like structures. The crater wall can be seen in the back-
ground. Field of view is about 5 m. Image from MONECKE ¢/ a/ii (2012). d) Drill core consisting of massive anhydrite and gypsum with minor polymetallic sul-
fides. Drilling of the hole at 61 m water depth was performed during R/V Meteor cruise M73/2 using a lander-type drilling device of the British Geological Survey
(station RD881). The drill hole penetrated to a depth of 5 m. A total of 2.89 m of core were recovered.
- Immagini del fondale marino e carotaggio proveniente dal campo di emissione idrotermale sitnato a nord-est della Secca dei Panarelli a Panarea nel Mar Tirreno sud-orientale. a) Interno
di un cratere di esplosione di gas, circondato da un bordo a pareti ripide composto da ciottoli e massi arrotondati. 11 fondo piatto del cratere é coperto da sedimenti da sabbiosi a ghiaiosi. Si
osservano localmente bolle di gas. 1/ campo visivo é ~5 m. Immagine da MONECKE et alii (2012). b) Fondo di un cratere di esplosione di gas, diss di clasti vulcanici. Tappeti bat-
terici cgprono il fondale marino in aree a rilascio diffuso di acqua termale. 1] campo visivo ¢ ~2 m. Immagine da MONECKE et alii (2012). ¢) Area di degassamento e rilascio di acqua ter-
male sul fondo di un cratere di esplosione. 1. emissione del gas proviene da piccole strutture tipo camini e da fratture nel sedimento cementato da olfo nativo, presente anche nelle piccole strutture
a camino. Sullo sfondo ¢ visibile la parete del cratere. 1/ campo visivo ¢ di circa 5 m. Immagine da MONECKE et alii (2012). d) Carota costituita da anidrite massiva, gesso e in minor quan-
tita da solfuri polimetallici. I/ carotaggio, a 61 m di profondita, é stata eseguito durante la crociera Meteor RV, M73/2 utilizzando un carotiere di tipo lander del British Geological
Survey (stazione RD8S1). La carota ha raggiunto una profondita di 5 m. Sono stati recuperati in totale 2,89 m di carotaggio.
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board R/V Poseidon in 2006 revealed that vigorous
gas venting is widespread, indicating ongoing geot-
hermal activity. In addition to the gas venting, dif-
fuse discharge of thermal waters was observed.
Discharge sites are commonly marked by the occur-
rence of white bacterial mats (fig. 7a-c; PETERSEN &
MONECKE, 2008; MONECKE ef alii, 2009, 2012).
Using echosounding, high quality water column data
was collected during R/V Meteor cruise M86/4 in
2012 along an E-W transect north of the Secca dei
Panarelli and south of Basiluzzo (PETERSEN, 2014b).
Large flares of CO, emitted from the seafloor can
be observed along much of the transect (fig. 8). Sim-
ilar CO, discharge was also observed onboard R/V
Urania cruise U10/2011 in 2011 and R/V Poseidon
cruise POS469 in 2014 (tig. 5b; MCGINNIS e7 alii,
2011; LINKE, 2014).

In 1995, box-coring to a maximum depth of 60
cm yielded the first evidence for the presence of sul-
fide deposits in the NW-trending trough northeast
of the Secca dei Panarelli (fig. 5b; GAMBERI ef alii,
1997; MARANTI ef alii, 1997; SAVELLI ef alii, 1999). In
the cores recovered, sulfide minerals occurred within
argillic-altered host rocks. Two decimeter-sized poly-
metallic massive sulfide fragments were recovered.

These contained up to 16.9 wt % Zn, 4.8 wt % Pb,
and 11.6 wt % Ba. Optical microscopy and scanning
electron microscopy revealed the presence of galena,
sphalerite, pyrite and marcasite, as well as abundant
barite (GAMBERI ¢ alii, 1997; MARANI et aliz, 1997,
SAVELLI ef aliz, 1999).

The area in which the sulfides were recovered
through dredging was mapped in detail using a re-
motely operated vehicle onboard R/V Poseidon
cruise POS340 in 20006. Seafloor mapping showed
the presence of widespread subcrops that appeared
to be composed of gray to white hydrothermal pre-
cipitates (PETERSEN & MONECKE, 2008). During
R/V Meteor cruise M73/2 in 2007 (PETERSEN &
MONECKE, 2009; MONECKE e¢f alii, 2009), a lander-
type drﬂhng system of the British Geological Survey
was employed, capable of drilling to a maximum
penetration of 5 m. The use of a seabed camera sys-
tem allowed targeting and positioning of the rig on
the seafloor prior to the commencement of the
drilling operation. In total, eight holes recovering
massive anhydrite-gypsum were drilled at water
depths of 55-85 m, yielding 7.84 m of core at an
overall recovery of 20.6 %. The longest continuous
core recovered was 2.89 m in length (fig. 7d).

Fig. 8 - Water column and bathymetric data collected along an E-W transect between the Secca dei Panarelli and Basiluzzo near Panarea Island in the southeast-
ern Tyrrhenian Sea. a) Water column data collected using the EM710 echosounding system of R/V Meteor during cruise M86/4 (stations 293MB and 297MB).
To obtain high quality data, the ship cruised at a speed of only one knot. The figure shows the flares of CO, released from the seafloor. The image is not geo-
metrically correct and intentionally distorted to show as many water column features as possible. Locations on the distorted water column image correspond to
those shown in the bathymetric map. b) High-resolution bathymetric map of the E-W transect. Massive sulfate and sulfide was recovered from the NW-trending
trough in the western part of the transect. Bathymetric data were collected during R/V Meteor cruise M86/4 (stations 293MB and 297MB) and are gridded at a
1-m grid size. The gray-shaded background topography is from ESPOSITO ez alii (2006) gridded at 1-m resolution.
- Dati della colonna d'acqua e dati batimetrici raccolti lungo un transetto E-O tra la Secca dei Panarelli ¢ Ba.rt/ztzzo presso ['lsola di Panarea nel Mar Tirreno sud-orientale. a). Dati
della colonna d'acqua raccolti utilizzando il sistema di ecoscandaglio EM710 del Meteor R/ 1V durante la crociera M86 /4 (fla{zom 293 MB e 297 MB). Per ottenere dati di alta qual-
ild, la nave ha viaggiato a una velocita di un solo nodo. La figura mostra le venute di CO 5 sul fondale marino. L'immagine non ¢ geometricamente corretta ed é distorta intenzionalmente
per mostrare pii caratteristiche possibili della colonna d'acqua. 1e posizioni della colonna dzwqmz nell'immagine distorta corrispondono a quelle mostrate nella mappa batimetrica. b. Mappa
batimetrica ad alta risoluzione del transetto E-O. 1 solfati e i solfuri massivi sono stati recuperati dalla depressione con asse NO nella parte occidentale del transetto. I dati batimetrici
sono stati raccolti durante la crociera Meteor R/ 1V, M86/4 (stazioni 293 MB ¢ 297 MB) ¢ sono stati elaborati su una griglia con cella di 1 m. La topografia ombreggiata dello sfondo
¢ tratta da ESPOSITO et alii (2006) con una risoluzione di 1 m.
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Half core samples were used for whole-rock min-
eralogical and geochemical analyses. Quantitative
mineralogical analysis was performed by X-ray dif-
fraction using the Rietveld method as described in
MONECKE e alii (2001). The results of these inves-
tigations showed that the subcropping hydrothermal
precipitates are composed of 81.2-99.6 wt % anhy-
drite plus gypsum. The relative proportions of both
sulfate minerals vary substantially between the dif-
ferent drill holes. Gypsum occurs at the highest con-
centrations close to the seafloor. The abundance of
gypsum decreases with depth whereas the amount
of anhydrite increases down-hole. Thin section mi-
croscopy shows that the gypsum replaces the anhy-

drite (fig. 9a,b). Alunite occurs in concentrations of
up to 9.8 wt % forming small platy crystals com-
monly occurring with pyrite (fig. 9b). Kaolinite is the
most abundant clay mineral occurring in concentra-
tions of up to 7.2 wt % in three of the drill holes,
while smectite is the principal clay mineral in the
samples from the other five drill holes. Kaolinite is
the only clay mineral occurring in drill core sections
containing alunite. Barite (up to 2.2 wt %), marca-
site (up to 3.9 wt %), pyrite (up to 7.7 wt %), and
sphalerite (up to 1.5 wt %) are present in some of
the core samples. Pyrite and sphalerite commonly
form small euhedral crystals surrounded by a matrix
consisting of anhydrite and gypsum (fig. 9¢,d). Mi-

Fig. 9 - Transmitted light thin section images of sulfate and sulfide samples obtained by drilling at the hydrothermal vent field located northeast of the Secca dei Panarelli
at Panarea in southeastern Tyrrhenian Sea. a) Intergrowth of gypsum and anhydrite. The anhydrite occurs as relic grains within the gypsum matrix. The high bire-
fringence of anhydrite gives it much higher order polarizing colors than gypsum. Sample 881RD257-261. Crossed-polarized light image.
b) Intergrowth of anhydrite and gypsum. Pyrite occurs within a band containing abundant alunite. Sample 881RD257-261. Crossed-polarized light image.
¢) Clusters of euhedral pyrite occurring in a matrix of anhydrite and gypsum. Sample 881RID257-261. Plane polarized light image. d) Fine-grained disseminated eu-
hedral sphalerite occurring in a matrix of anhydrite and gypsum. Sample 880RD036-039. Plane polarized light image. Drilling was performed during R/V Meteor
cruise M73/2 using a lander-type drilling device of the British Geological Survey. Alu = alunite, Anh = anhydrite, Gp = gypsum, Py = pyrite, Sp = sphalerite.
- Immagini di sezioni sottili a luce trasmessa di campioni di solfati e solfiuri ottenuti mediante carotaggio nel campo di emissione idrotermale sitnato a nord-est della Secca dei Panarelli a
Panarea, nel Mar Tirreno sud-orientale. a) Intercrescita di gesso e anidrite. 1.'anidrite ¢ presente come granuli relitti all interno della matrice di gesso. 1. alta birifrangenza dell'anidrite le
conferisce colori di polarizzagione di 0m’me molto superiore rispetto al gesso. Campione §§1RD257-261. Immagine a nicol incrociati. b) Intercrescita di anidrite e gesso. La pirite ¢ presente
all'interno di una fascia dante alunite. Campione 881RD257-261. Immagine a nicol incrociati. c) Cluster di pirite enedrale in matrice di anidrite e gesso. Campione
881RD257-261. Inmagine a nicol pam//e/z. d) Sfalerite enedrale a grana fine disseminata in una matrice di anidrite e gesso. Campione 88§0RD036-039. Immagine a nicol paralleli. Ia
perforazione ¢ stata eseguita durante la crociera Meteor R/ V', M73/ 2 utilizzando un carotiere di tipo lander del British Geological Survey. Alu = alunite, Anb = anidrite, Gp = gesso,
Py = pirite, Sp = sfalerite.
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croprobe analysis showed that the pyrite at Panarea
can be enriched in As, with spot analyses ranging up
to 0.33 wt % As (BREUER, 2010). The sphalerite is
translucent in thin section and has a low Fe content
of 0.06-0.91 wt % (n=13; BREUER, 2010). Whole-
rock geochemical analyses confirmed that the core
samples are primarily composed of calcium sulfate.
The samples are enriched in Ag, As, Ba, Cd, Hg, Pb,
Sb, and Zn (tab. 2).

Low-temperature hydrothermal activity has been
recorded further west during R/V Poseidon cruise
POS340 in 2006. Seafloor surveying using a remotely
operated vehicle (station 754ROV) revealed the abun-
dant presence of small Fe-rich chimneys northeast
of Panarelli on the footwall side of a major NE-
trending fault (fig, 5b; PETERSEN & MONECKE, 2008).
The chimneys were still hydrothermally active as
suggested by the presence of bacterial matter
around chimney orifices and the occurrence of
shimmering water. More recent mapping of the area
established the occurrence of a large area of low-
temperature hydrothermal venting along the NE-
trending fault (ESPOSITO ef aliz, 2018). Mineralogical
and geochemical analyses indicate that these chim-
neys are largely composed of Fe-oxyhydroxides
(>80 wt % Fe,O3) with minor silica (6.8 to 9.2 wt
% Si0,) and Na,O (2.2 to 2.8 wt %). Elevated con-
centrations of As, Mo, Pb, St, and V were recorded
(ESPOSITO ef alii, 2018).

5. - VULCANO ISLAND

Vulcano is the southernmost of the seven vol-
canic islands of the Aeolian archipelago. The island
is the exposed portion of a large volcanic edifice that
rises from the 1,200-m-deep seafloor to a maximum
height of 499 m above sea-level at Monte Aria (fig.
10a). Vulcano is located immediately south of Lipari
from which it is separated by a shallow-water (~50
m below sea-level) saddle (FAVALLI ez a/iz, 2005). To-
gether with Lipari and Salina, Vulcano forms a
NNW-trending volcanic belt, the location of which
is controlled by the Tindari-Letojanni fault system
(VENTURA, 1994; MAZZUOLL et aliz, 1995; VENTURA ef
aliz, 1999; CHIARABBA ef alii, 2004).

Volcanological evidence and historical observa-
tions suggest that Vulcano is one of the most active
volcanoes in the Mediterranean (DE ASTIS e/ alii,
2013). Volcanic activity at the island commenced
~127 ka ago (SOLIGO et alii, 2000; DE ASTIS et alit,
2013). Over the past 5.5 ka, volcanic activity took
place at the Fossa cone in the central sector of the
island (GILLOT, 1987; DE ASTIS ef aliz, 2013). The ed-
ifice, dominantly composed of pyroclastic deposits
with subordinate lava flows, rises 391 m above the

Tab. 2 - Ranges of major and trace element concentrations
of sulfate and sulfide samples (n = 21) recovered by drilling
at the hydrothermal vent field located northeast of the Secca
dei Panarelli off Panarea Island in sountheastern Tyrrhenian
Sea. The samples were obtained during R/ V" Meteor
cruiseM 73/ 2.
- Intervalli di concentrazione degli elementi mag-
giori ed in traccia di campioni (n = 21) di solfati e
solfuri recuperati mediante carotaggio nel campo di
emissione idrotermale situato a nord-est della Secca
dei Panarelli a largo dell'Isola di Panarea, nel Mar

Tirreno sud-orientale. I campioni sono stati ottenuti
durante la crociera Meteor R/V, M73/2.

Element Concentration range
Si0, 0.52 - 6.09 wt %
TiO, 0.01 - 0.12 wt %

Al,O5 0.61 - 4.53 wt %
Fe,O5 0.21 - 8.07 wt %
MnO <0.01 - 2.28 wt %
MgO <0.01 - 0.89 wt %
CaO 27.58 - 36.32 wt %
Na,O <0.01 - 0.30 wt %
K,O <0.01 - 0.53 wt %
P,Ogq <0.01 - 0.02 wt %
LOI 11.48 - 23.13 wt %
S 17.50 - 23.10 wt %
Ag <0.5- 8.6 ppm
As 6 - 274 ppm
Au <1 ppb
Ba 5-10,240 ppm
Bi <2 ppm
Cd <0.5 - 20.9 ppm
Co 1.1-15 ppm
Cu 2.0 - 62 ppm
Hg 37 - 8,790 ppb
Mo <2-18 ppm
Ni <1-19 ppm
Pb <5-2,690 ppm
Sb 0.7-70.8 ppm
Sr 1,018 - 1,987 ppm
\Y 9 - 55 ppm
Zn 1 - 8,640 ppm
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Fig. 10 - Location of shallow marine fumaroles at Vulcano Island in the southeastern Tyrrhenian Sea. a) Map of Vulcano showing the location of the Baia di Lev-

ante (modified from DE ASTIS ¢/ ali, 2013). The red outline gives the location of the detailed map of the Baia di Levante given on the right. b) Satellite image of

the zone of shallow marine venting in the Baia di Levante. The image shows the location of the Faraglione volcanic cone and mud pools. The Acque Calde area
is located north of Faraglione Nicu.

- Posizione delle fumarole marine a bassa profondita presso I'lsola di Vulcano, nel Mar Tirreno sud-orientale. a) Mappa di Vulcano che mostra la posizione della Baia di 1evante (modifi-

cata da DE ASTIS et alit, 2013). 1/ contorno rosso indica la posizione della mappa dettagliata della Baia di 1evante sulla destra. b) Immagine satellitare della ona di emissione marina a

bassa profondita nella Baia di Levante. L'immagine mostra la posizione del cono vuleanico del Faraglione ¢ delle pozze di fango. L'area di Acque Calde si trova a nord di Faraglione Nicu.

sea-level and has a basal diameter of ~1 km (fig. 10a).
Its last eruptive event, characterized by intense explo-
sive eruptions, lasted from August 1888 until March
1890 (MERCALLI & SILVESTRI, 1891). Since this erup-
tion, high-temperature (up to 690°C) fumarolic activity
has persisted along the northern rim of the Fossa cone
(C1ONI & D’AMORE, 1984; CHIODINI ¢ alzi, 1993, 1995;
CAPASSO ez aliz, 1997, 1999; DILIBERTO, 2017).
Low-temperature fumarolic activity (up to 100°C)
at Vulcano occurs in the Baia di Levante on the east-
ern side of the isthmus connecting the northern part
of Vulcano with Vulcanello (fig. 10b, 11; HONNOREZ
et ali, 1973; WAUSCHKUHN & GROPPER, 1975;
CHIODINI ¢ aliz, 1995; CAPASSO et aliz, 1997, 1999;

CAPACCIONL et alii, 2001; SVENSSON ef aliz, 2004).
The low-temperature fumarolic activity has de-
stroyed much of the vegetation along the shoreline
from Faraglione Nicu in the south to Vulcanello in
the north, creating a large barren field parallel to the
shore line (HONNOREZ ¢t alzi, 1973; WAUSCHKUHN &
GROPPER, 1975). Geochemical analyses have shown
that the fumaroles of the Baia di Levante have a high
CO, content, measurable concentrations of H,S and
CHy,, but are low in CO and lack SO, (HONNOREZ,
1969; HONNOREZ ¢f aliz, 1973; CHIODINI ¢/ alii, 1995;
CAPACCIONI ¢ alii, 2001; AMEND et alii, 2003). The
total CO, flux in the beach area is estimated to be
~5.0 tonnes per day INGUAGGIATO e alii, 2012). The
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discharge sites of the beach fumaroles are characterized
by the presence of abundant hydrated sulfate minerals,
which formed as a result of fluid-rock interaction and
sublimation from the fumarolic vapors (fig. 11b,c;
GARAVELLI ¢f alii, 1996). Geothermal wells drilled in
the Baia di Levante area show that the volcanic rocks
in the subsurface are characterized by intense ad-
vanced argillic alteration. Frequent anhydrite and
barite veins were encountered to a depth of 150 m
(FULIGNATT ef aliz, 1990).

In addition to the shoreline fumaroles, hy-
drothermal discharge is also present in the shallow
waters of the bay where thermal water discharge and
intense CO, bubbling and streaming can be ob-
served (fig. 11d; BERNAUER, 1933, 1940; HONNOREZ
et alii, 1973; VALETTE, 1973; WAUSCHKUHN &

GROPPER, 1975; GARAVELLI ¢/ alii, 1996; SEDWICK
& STUBEN, 1996). Under water, fumarolic activity is
concentrated in the southern portion of the bay near
Faraglione Nicu at a water depth of up to 18 m
(WAUSCHKUHN & GROPPER, 1975). In the northern
part of the bay, hydrothermal activity is restricted to
a narrow strip along the beach, referred to as Acque
Calde (fig. 10b; HONNOREZ, 1969; GARAVELLI e/ alii,
1996), where hydrothermal discharge occurs at a
water depth of 1-2 m (WAUSCHKUHN & GROPPER,
1975). Submarine venting sustains a diverse ther-
mophilic and hyperthermophilic microbial commu-
nity (AMEND e aliz, 2003; TOR et alii, 2003; RUSCH et
alzi, 2005). The total amount of CO, discharged
from submerged vents is estimated to be ~3.6
tonnes per day (INGUAGGIATO et aliz, 2012).

Fig. 11 - Shallow marine fumaroles in the Baia di Levante on Vulcano Island in the southeastern Tyrrhenian Sea. a) Baia di Levante looking north towards Vulcanello.

Hydrothermal venting occurs along the beach and in the shallow waters of the bay. b) Baia di Levante looking south towards Faraglione Nicu. Hydrothermal vent-

ing occurs in the shallow waters of the bay and in greater water depth around Faraglione Nicu. Note the intense alteration of the exposed volcanic rocks and the

sulfur sublimates. The La Fossa cone can be seen in the background. ¢) Mud pool located northwest of Faraglione Nicu. Note intense steam-heated alteration and
the presence of sulfur sublimates. d) Submerged fumaroles in the Baia di Levante. The CO, bubbling can be seen between the rocks (arrows).

- Fumarole di mare basso nella Baia di 1.evante presso ['lsola di Vuleano nel Mar Tirreno sud-orientale. a) Vista verso nord dalla Baia di Levante in direzione di 1 ulcanello. 1. emis-
sione idrotermale avviene lungo la spiaggia e nelle acque basse della baia. b) Vista verso sud dalla Baia di Levante in direzione di Faraglione Nicu. 1. emissione idrotermale avviene nelle
acque poco profonde della baia ¢ a maggiore profondita intorno a Faraglione Nicu. Notare l'intensa alterazione delle rocce vulcaniche esposte e i sublimati di zolfo. 1/ cono 1.a Fossa ¢ visi-
bile sullo sfondo. ¢) Pogza di fango sitnata a nord-ovest di Faraglione Nicu. Notare l'intensa alterazione idrotermale ¢ la presenza di sublimati di golfo. d) Fumarole sommerse nella Baia

di Levante. Le bolle di CO » sono visibili tra le rocce (frecce).
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The gas discharge results in an acidification of the
surface seawaters to ph values as low as 5.7, which
is significantly lower than normal Mediterranean
seawater values of 8.1-8.2 (WAUSCHKUHN &
GROPPER, 1975; SeEDWICK & STUBEN, 19906;
BoATTA et aliz, 2013).

Fumarolic activity in the Baia di Levante results in
the formation of pyrite and marcasite both on land
and in the shallow waters of the bay (BERNAUER,
1933, 1940; HONNOREZ, 1969; HONNOREZ ef alii,
1973; WAUSCHKUHN & GROPPER, 1975). Sulfide
abundance is highest in the shallow subsurface in the
littoral zone (20-40 cm below the water-sediment in-
terface) with sulfide abundances reaching up to ~30
% (BERNAUER, 1940; HONNOREZ, 1969; HONNOREZ

et ali, 1973; WAUSCHKUHN & GROPPER, 1975).
Although most of the fumarolic activity is restricted
to the beach area of the Baia di Levante, dredging
onboard R/V Mechelen in 1968 showed that pyrite
and marcasite are present in the heavy mineral frac-
tion of sediments recovered as deep as 700 m in the
eastern part of the bay (HONNOREZ ef alii, 1973).
Pyrite and marcasite cement the sand grains in
the surface sediments of the Baia di Levante (fig.
12a) or occur finely disseminated throughout the
matrix surrounding the volcanic detritus (fig. 12b).
The sulfide minerals also line and infill fractures in
the sand grains of volcanic provenance, including
perlitic fractures, and infill vesicles in originally vesic-
ular sand grains. Pyrite and marcasite frequently re-

Fig. 12 - Reflected light thin section images of pyrite and marcasite occurring in surface samples dredged in the Baia di Levante on Vulcano Island in the south-
castern Tyrrhenian Sea. a) Pyrite and marcasite forming a cement around sand grains of volcanic provenance. Sample E68/27. b) Pyrite and marcasite occurring as
fine-grained aggregates and euhedral grains in the matrix surrounding volcanic detritus. Sample E68/28. ¢) Fine-grained pyrite and marcasite cementing and replacing
volcanic glass. The sulfide minerals rim the glass fragments, occur along fractures and locally replace the glass. Sample E68/26B. d) Grains of magnetite cemented
by fine-grained pyrite and marcasite. The sulfide minerals rim the magnetite and occur along fractures. The magnetite shows only minor evidence for corrosion along
the grain boundaries. Sample E68/25. Gls = volcanic glass, Mag = magnetite. The samples were collected by J. HONNOREZ.
- Immagini in sezione sottile a luce riflessa di pirite e marcasite presenti in campioni superficiali dragati nella Baia di 1evante presso I'lsola di Vulcano, nel Mar Tirreno sud-orientale.
a) Pirite e marcasite che formano un cemento attorno ai granuli di sabbia di provenienza vulcanica. Campione 68/ 27. b) Pirite e marcasite che si presentano come aggregati a grana fine
e granuli enedrali nella matrice che circonda il detrito vuleanico. Campione E68/28. ¢) Pirite ¢ marcasite a grana fine che cementano e sostituiscono il vetro vulcanico. 1 solfuri bordano i
Sframmenti di vetro; si formano lungo le fratture e sostitniscono il vetro vulcanico. Campione 68/ 26B. d) Granuli di magnetite cementati da pirite e marcasite a grana fine. 1 solfuri bor-
dano la magnetite ¢ sono presenti lungo le fratture. Ia magnetite mostra solo minori evidenge di corrosione lungo i margini dei granuli. Campione E68/25. Gl = vetro vulcanico,
Mag =magnetite. I campioni sono stati raccolti da J. HONNOREZ.
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place volcanic glass (fig. 12¢), but do not typically
alter minerals such as titanomagnetite and pyroxene
(tig. 12d). The sulfide minerals occur as colloform
aggregates of small (<10 um) euhedral crystals. Most
of the small euhedral crystals are anisotropic in
crossed polarized light, suggesting they are com-
posed of marcasite (fig. 12). In addition, sulfide
framboids ranging up to 50 pum in size are present in
the volcanic sands (HONNOREZ,  1969;
WAUSCHKUHN & GROPPER, 1975). Geochemical
analysis shows that bulk sediment samples dredged
from the seafloor of the Baia di Levante can be
highly enriched in Fe,O3. The samples also show
anomalously high As, Ba, Cu, and Zn values. Low
concentrations of gold (<1 ppm) were detected in
some samples (tab. 3).

6. - MARSILI SEAMOUNT

The Marsili seamount is located in the central
patt of the ocean-floored ~8,000 km?* Marsili back-
arc basin (fig. 1). The volcano, interpreted to repre-
sent the superinflated spreading ridge (MARANI &
TRUA, 2002), rises ~3,500 m from the surrounding
basement to a minimum water depth of 489 m. The
seamount has an elongated shape and has a length
of ~50 km from NNE to SSW, with a width of up
to 30 km (fig. 13). It is characterized by a narrow,
segmented summit ridge that stretched for about 20
km along the main axis of the volcano. The summit
region, which occurs mainly above the 1,000 m iso-
bath, is generated by the linear alignment of elon-
gated ca. 200 m high volcanic cones and the
occurrence of contiguous cones forming narrow
cone ridges. A large number of parasitic or flank
cones that have a basal diameter of ~1 km and
range up to 350 m in height are located along the
northern and western margins of the seamount
(SBORSHCHIKOV et alii, 1989; SAVELLI, 1992;
SBORSHCHIKOV & AL’MUKHAMEDOV, 1992;
SAVELLI & GASPAROTTO, 1994; MARANI & TRUA,
2002; TRUA et aliz, 2002). The basin to the east
and west of the Marsili edifice exhibits several
steep fault scarps that have throws in the order
of 200 to 400 m and are generally parallel to the
trend of the summit region of Marsili (MARANI &
TRUA, 2002; TRUA e# aliz, 2002). Geomagnetic surveys
of the Marsili back-arc basin suggest that volcanism
at Marsili occurred largely during the past 780 ka of
the Brunhes polarity chron (BRUSILOVSKIY &
GORODNITSKIY, 1990; FAGGION ¢t alii, 1995;
Ni1coLOSI et alii, 2000). Lavas collected from the
summit of the Marsili seamount yielded K/Ar ages
of <0.2 Ma (SELLI e alzi, 1977). Volcanism may have
taken place as recent as 5 ka ago (IEZz1 ef alii, 2014).

Tab. 3 - Ranges of major and trace element concentrations
in samples (n = 20) containing pyrite and marcasite
obtained by dredging in the Baia di Ievante on Vulcano.
The samples werecollected by |. HONNOREZ.
- Intervalli di concentrazione degli elementi maggiori
ed in traccia in campioni (n = 20) contenenti pirite
e marcasite ottenuti mediante dragaggio nella Baia
di Levante a Vulcano. I campioni sono stati raccolti
da J. HONNOREZ.

Element Concentration range
SiO, 23.50 - 53.60 wt %
TiO, 0.30 - 1.55 wt %
Al,O4 5.40 - 21.40 wt %
Fe,O5 3.66 - 29.30 wt %
MnO 0.01-0.13 wt %
MgO 0.01-5.28 wt %
CaO 0.28-9.36 wt %
Na,O 0.38 -3.56 wt %
K,0O 0.62-5.20 wt %
P,O¢ 0.13-0.82 wt %
LOI 3.80 - 43.30 wt %

S 0.83 - 23.90 wt %
Ag <0.5-4.9 ppm
As <0.5 - 100 ppm
Au <2-582 ppb
Ba 110 - 920 ppm
Bi <2 ppm
Cd <0.5- 1.0 ppm
Co 6 - 130 ppm
Cu 26 - 350 ppm
Hg <1-12 ppm
Mo 1.3-13 ppm
Ni <1-220 ppm
Pb 4 - 62 ppm
Sb <0.1 - 2.4 ppm
St <10 - 2,300 ppm
\Y 81 - 770 ppm
Zn 21 - 230 ppm
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Fig. 13 - Bathymetric map of the Marsili seamount in the southeastern Tyrrhenian Sea. The edifice represents the superinflated spreading ridge of the Marsili back-

arc basin. The red circle highlights the location of the low-temperature vent field identified in the summit area of the volcanic edifice. Shipboard bathymetric data

was obtained duting R/V Meteor cruise M73/2. Gridding was performed using a 30 m grid-cell size. To allow coverage of the entire area shown, the
bathymetric data was combined with the global multi-resolution topography data of RYAN e a/ii (2009), which was gridded using a 90 m grid-cell size.

- Mappa batimetrica del seamonnt Marsili nel Mar Tirreno sud-orientale. 1. edificio rappresenta la dorsale di espansione del bacino di retroarco del Marsili. 1 cerchio rosso evidenzia la
posizione del campo di emissione a bassa temperatura identificato nell area itale dell'edificio vileanico. I dati batimetrici sono stati ottenuti durante la crociera Meteor R/ 1/, M73/ 2.
La griglia é stata eseguita ntilizzando una dimensione della cella di 30 m. Per consentire la copertura dell'intera area mostrata, i dati batimetrici sono stati combinati con quelli globali, nmulti

risoluzione di RYAN et alii (2009), basati su nna griglia con dimensione della cella di 90 m.

The occurrence of metalliferous sediments in the
summit area of the Marsili seamount at a water
depth of ~500 m was first noted in 1986 (DEKOV &
SAVELLL, 2004). A sample of yellow-brown ochre
having a massive texture was recovered (DEKOV e#
alii, 20006). Seafloor imaging along traverses across
the summit region of the volcano onboard R/V
Starella in June 1988 revealed the presence of nu-
merous mounds and low-relief chimney structures

having an earthy-like texture. A sample recovered
from these chimney structures was predominately
composed of Fe-Mn-oxide and nontronite. The site
was revisited and mapped in August 1988 during a
cruise of R/V Knorr (UCHUPI e/ alii, 1988; UCHUPI
& BALLARD, 1989). Submersible observations on-
board R/V Academic M. Keldysh in August 1988
confirmed the occurrence of hydrothermal activity
in the summit region of the volcano where soft, yel-
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low and orange colored deposits as well as sites of
shimmering water discharge were observed (SAVELLI,
1992; SBORSHCHIKOV & AL'MUKHAMEDOV, 1992). A
sample collected during submersible diving at a
water depth of ~520 m was found to be composi-
tionally similar to the material recovered in 1986
(DEKOV et alii, 20006). Low-temperature hydrother-
mal discharge in the summit region of Marsili was
also observed in 1989 aboard R/V Star Hercules
(UcHUPI & BALLARD, 1989). During R/V Urania
cruise MAR98 in 1998, a massive sulfide sample with
abundant barite was recovered during dredging (sta-
tion MRS09) in a water depth of ~630 m to the
northeast of the summit implying that hydrothermal
activity may be more widespread than suggested by
the previous observations (MARANI e7 a/iz, 1999).

A detailed seafloor video survey (station 746ROV)
of the summit area of the Marsili seamount was
conducted duting R/V Poseidon cruise POS340 in
2006 using a remotely operated vehicle (PETERSEN
& MONECKE, 2008). The summit area is character-
ized by massive mafic lava flows flanked by talus
breccia. The basalt is covered by variably thick
hemipelagic sediment suggesting that the effusive
eruptions are not recent. Approaching the low-
temperature vent site, widespread orange staining
of the hemipelagic sediment could be observed.
The vent field itself is approximately 150 m in di-
ameter and located at a water depth of 497-511 m
below sea-level. The vent field is characterized by
numerous up to 2 m high spires and mounds con-
sisting of Fe-Mn-oxides (fig. 14). The hydrother-

Fig. 14 - Seafloor images of Fe-Mn-oxide chimneys and mounds at the Marsili seamount in the Tyrrhenian Sea. 2) Mound composed of Fe-Mn-oxide. The
orifices are capped by white to light yellow bacterial matter suggesting that low-temperature fluid flow is ongoing. b) Complex shaped Fe-Mn-oxide mound.
¢) Mound consisting of hydrothermal precipitates having a laminated appearance. d) Image of the low-temperature vent field showing numerous chimneys
and mound-like structures in the background. The vent field is located in the summit area of the Marsili volcanic edifice in a water depth of ~500 m. Field

of view is approximately 2 m. Images obtained during station 746ROV of R/V Poseidon cruise POS340 in 2006.

- Immagini di camini e monnd di ossidi di Fe-Mn sul fondale marino presso il seamount Marsili, nel Mar Tirreno. a) Mound composto da ossidi di Fe-Mn. I punti di emissione sono ri-
coperti da una sostanza batterica di colore da bianco a giallo chiaro che suggerisce che sia in corso flusso di fluido a bassa temperatura. b) Mound di forma complessa di vssidi di Fe-Mn.
¢) Mound costituito da precipitati idrotermali con aspetto laminato. d) Immagine del campo di emissione a bassa temperatura che mostra sullo sfondo numerosi camini e strutture tipo monnd.
1/ campo di emissione si trova nell'area sommitale dell'edificio vuleanico Marsili ad nna profondita di ~500 m. 11 campo visivo é di circa 2 m. Immagini ottenute durante la calata

746ROV della crociera Poseidon R/ 1/, POS340 nel 2006.
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mal deposits are soft and disintegrated easily when
touched with the manipulator arm of the remotely
operated vehicle. Many of the spires and mounds
have orifices capped by white to light yellow bacterial
matter (fig. 14), suggesting that low-temperature fluid
flow is still occurring. This is cooperated by the ob-
servation of shimmering water, indicating discharge
of waters having temperatures above ambient.
However, no bottom water temperature anomaly was
detected (PETERSEN & MONECKE, 2008).

The chimneys at the low-temperature vent site near
the summit of Marsili volcano were sampled in 2007
using a TV-guided grab (station 919TVG) duting R/V
Meteor cruise M73/2 (PETERSEN & MONECKE, 2009).
A range of red-brown Fe-Mn-oxide crusts having a
laminated appearance or distinct chimney-like
shapes were recovered. Geochemical analyses re-
vealed that the samples contain high Fe,O5 and
MnO contents and are anomalous in As, Ba, Co, Cu,
Mo, and V (tab. 4). None of the recovered samples
contained sulfide minerals. Drilling of the Fe-Mn-
oxide deposits was not successful, presumably due to
the soft nature of the hydrothermal precipitates
(PETERSEN & MONECKE, 2009).

Seafloor surveying along the crest of Marsili vol-
cano was also conducted during a cruise by R/V
Daedalus in May 2011 using a remotely operated vehi-
cle. The field of Fe-Mn-oxide chimneys in the summit
area of Marsili was revisited. Similar to the observa-
tions of previous expeditions, a large number of indi-
vidual spires ranging up to 3 m in size were
encountered. An additional area with low-temperature
hydrothermal precipitates and possible sulfide deposits
was discovered to the south of the summit area in a
water depth of ~600 m (LIGI e alii, 2014). Magnetic
field data indicates the presence of a large area of re-
duced magnetization in this area, which may result from
hydrothermal alteration of the basalt (CARATORI
TONTINI ez aliz, 2010, 2014; Caso et aliz, 2010; ITALIANO
et alii, 2014). Water column data indeed suggests that
multiple sites of hydrothermal discharge may be present
at Marsili (LUPTON ez alii, 2011; ITALIANO ef aliz, 2014).

7. - DISCUSSION
7.1. - WATER DEPTH OF SULFIDE FORMATION

Hydrothermal venting in modern volcanic arcs
typically occurs at depths in excess of 1,000 m below
sea-level (MONECKE e7 a/iz, 2014). By comparison, the
hydrothermal sites of the Aeolian archipelago are lo-
cated in comparably shallow water because the Aeo-
lian arc rests on buoyant, up to ~20 km thick
continental crust (MORELLI 7 aliz, 1975; WANG et alii,
1989; VENTURA e7 aliz, 1999; PECCERILLO ef alii, 2000).

Tab. 4 - Ranges of major and trace element concentrations
in Fe-Mn-oxide samples (n = 10) recovered from the low-
temperature hydrothermal site located close to the summit of
the Marsili seamount in ~500 m water depth. The samples
were collected during station 919TV'G of R/ 1V Meteor
cruise M73/ 2.
- Intervalli di concentrazione degli elementi maggiori
e in traccia in campioni (n = 10) di ossidi di Fe-Mn
recuperati dal sito idrotermale a bassa temperatura
situato vicino alla sommita del seamount Marsili, a
~500 m profondita. I campioni sono stati raccolti
durante la calata 919TVG della crociera Meteor R/V,
M73/2.

Element Concentration range
Si0, 13.64 - 29.07 wt %
TiO, 0.01-0.11 wt %

Al,O5 0.31 - 2.30 wt %
Fe,O5 33.63 - 54.16 wt %
MnO 0.48 - 17.37 wt %
MgO 0.82-1.02 wt %
CaO 0.57 - 0.88 wt %
Na,O 1.99 - 3.67 wt %
K,O 0.48 - 1.03 wt %
P,Og5 0.57 - 3.05 wt %
LOI 16.80 - 27.40 wt %
S 0.10 - 0.20 wt %
Ag <0.5-1.3 ppm
As 1,040 - 8,130 ppm
Au <1-5ppb
Ba 116 - 771 ppm
Bi <2 -8 ppm
Cd <0.5-2.2 ppm
Co 5.2-120 ppm
Cu <1.0 - 867 ppm
Hg <1.0 ppm
Mo 61 -51 ppm
Ni 3.0 - 30 ppm
Pb 9.0 - 29 ppm
Sb 1.1 - 8.8 ppm
Sr 152 - 242 ppm
\4 61 - 339 ppm
Zn 9 - 60 ppm
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The polymetallic massive sulfate and sulfide min-
eralization of the Palinuro seamount is located only
at a water depth of ~630-650 m below sea-level,
making it one of the shallowest massive sulfide de-
posits currently known. Based on the boiling-point-
to-depth curve of seawater (BISCHOFF &
ROSENBAUER, 1984), mineralization at the Palinuro
seamount may have occurred at maximum temper-
atures of ~280°C. The high metal grades encoun-
tered in drill core demonstrate that metal transport
must have been possible in the ore-forming fluids at
temperature significantly below those normally ob-
served in deep marine black smokers. This is of
particular significance as the solubility of Cu in
black smoker fluids decreases with temperature
and is negligibly low at temperatures below 300°C
(HANNINGTON ¢t alii, 1995; GALLANT & VON
Damm, 20006). This may suggest that the mineral-
izing fluids at Palinuro were of deviating chemi-
cal character allowing significant Cu transport
towards lower temperatures.

Aside of the massive sulfide mineralization at the
Palinuro seamount, venting at comparably shallow
water has so far only been encountered in the Tonga
and Mariana arcs. In the Tonga arc, two shallow
polymetallic sulfide occurrences are located at Vol-
cano 19 (STOFFERS ¢ aliz, 2006). Focused, high-tem-
perature venting at up to 265°C was observed at a
water depth of 540 m from the orifices of several
~2-m-high chimneys that are surrounded by low-re-
lief mounds of barite and anhydrite. The chimneys
have thick walls of barite and anhydrite with central
conduits filled by fine-grained pyrite, marcasite,
sphalerite, and rare chalcopyrite. Additional clusters
of up to 7-m-high chimneys occur at a water depth
of 420 to 435 m on the central cone complex. A
maximum temperature of 253°C was observed at a
water depth of 433 m (STOFFERS et alii, 2000). In the
Mariana arc, polymetallic sulfide mineralization in
comparably shallow water occurs at the Black Forest
site on the East Diamante volcano. The active vent
site is located at a water depth of only 345 m on the
flank of a resurgent dome within the large summit
caldera. Venting occurs from numerous small
mounds and sulfide chimneys that reach a maximum
height of 9 m (MERLE ef a/zi, 2004). Recovered chim-
ney fragments are composed of varying amounts of
barite, silica, and sphalerite, with minor galena, chal-
copytite, and pyrite (HEIN ez a/i7, 2014). A maximum
vent temperature of 239°C was observed (MERLE ef
aliz, 2004).

Although sulfide minerals are only of minor
abundance, the massive sulfate deposits located
northeast of the Secca dei Panarelli at Panarea in a
water depth of ~55-85 m contain polymetallic sul-
fides (GAMBERI e aliz, 1997; MARANI et alii, 1997,

SAVELLI ¢/ aliz; 1999; PETERSEN & MONECKE, 2008;
MONECKE et alii, 2009; this study). In addition to
pyrite and marcasite, minor amounts of sphalerite
have been recognized. Core samples contain elevated
concentrations of the epithermal-suite of elements
Ag, As, Ba, Cd, Hg, Pb, Sb, and Zn, which is con-
sistent with the shallow water conditions at which
the mineralization has formed. Based on the boil-
ing-point-to-depth curve of seawater (BISCHOFF &
ROSENBAUER, 1984), sulfate and sulfide precipitation
could not have occurred at temperatures exceeding
160-180°C. In addition to the vent field northeast
of the Secca dei Panarelli, the formation of base
metal sulfides and sulfosalts has been observed at
the discharge site of up to 137°C hot thermal waters
at 23.5 m water depth northwest of Lisca Nera and
east of Dattilo (BECKE ef aliz, 2009; VOLTATTORNI ¢f
aliiy 2009; CONTE & CARAMANNA, 2010; this study).
This site currently represents the shallowest site of
polymetallic sulfide mineralization discovered in the
wortlds” oceans (MONECKE ef alii, 2014).

The formation of pyrite and marcasite in the lit-
toral zone of arc volcanoes is not unusual and has
been documented at various locations in addition to
the Baia di Levante at Vulcano Island. Examples in-
clude those in 60 to 110 m water depth at Esmer-
alda Bank in the Mariana arc (STUBEN ef alii, 1992),
in 10 to 30 m offshore Kueishantao Island in Tai-
wan (CHEN ez alii, 2005; YANG et alii, 2005), and in
<10 m water depth in the Palacohori Bay at Milos in
the Hellenic arc (VALSAMI-JONES e7 a/iz, 2005).

7.2. - SUBSEAFLOOR OCCURRENCE OF MASSIVE
SULFATE AND SULFIDE DEPOSITS

Research on the hydrothermal occurrences of the
Tyrrhenian Sea highlights the importance of host
rock controls on the nature of seafloor hydrother-
mal systems and related mineral deposits. The vent
field at the Marsili seamount is hosted by massive
lavas. Low-temperature fluid flow presumably oc-
curs along faults and contacts between pillows and
massive flows as these represent zones of high per-
meability. Chimneys and mounds of Fe-Mn oxide
are formed at the seafloor as a result of the quench-
ing of the low-temperature hydrothermal fluids and
the mixing of the fluids with the cold seawater. Ex-
posures of lava are present throughout the hy-
drothermal field suggesting that the thickness of the
hydrothermal precipitates is only limited.

In contrast to Marsili, mineralization at the Pal-
inuro seamount is entirely buried below a cover of
unconsolidated mud containing thin intercalated vol-
caniclastic units. With the exception of a few tube
worm colonies, subtle sediment discoloration, and
the occurrence of shimmering water (MONECKE ef
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aliz, 2009; THIEL ef alii, 2012; PETERSEN ef aliz, 2014),
the hydrothermal system has no known seafloor ex-
pression. Drilling revealed that the sediment cover
ranges from tens of centimeters to over 5 m in thick-
ness. Maximum temperatures of 60°C were meas-
ured (PETERSEN et aliz, 2014), suggesting that fluid
flow through the unconsolidated sediments cover-
ing the mineralized zone is ongoing. Drilling showed
that sediments in contact with the massive sulfates
and sulfides are indurated and intensely altered. At
the top of the mineralized zone, banding of the sul-
fates and sulfides locally resembles intensely altered
and mineralized bedded sediments (PETERSEN ef a/zi,
2014).

The polymetallic sulfate and sulfide mineraliza-
tion at the Palinuro seamount represents the first
blind seafloor sulfide occurrence discovered in an
arc setting to date (PETERSEN et aliz, 2014). The tex-
tural observation made in drill core and the absence
of chimney fragments suggest that the mineraliza-
tion at Palinuro formed largely, or perhaps even en-
tirely, through subseafloor infiltration and
replacement processes. The mineralization at Palin-
uro does not represent a massive sulfide mound
formed through black smoker activity that was
buried below younger sediments during and after
waning of the hydrothermal activity.

Volcanological studies on ancient massive sulfide
deposits highlight the importance of subseafloor in-
filtration and replacement processes (GIBSON e alii,
1999; DOYLE & ALLEN, 2003; FRANKLIN 7 alii, 2005;
PIERCEY, 2015). In many ancient massive sulfide de-
posits, replacement of permeable host strata appears
to have been important in the formation of large
sulfide deposits as metal precipitation in the sub-
seafloor is more efficient than deposition on the
seafloot, which involves substantial loss of metals
into the seawater through black smoker activity
(FRANKLIN e7 alii, 2005). In ancient massive sulfide
deposits, replacement commonly occurs within
pumice-rich mass-flow deposits (MORTON ef alii,
1991; ALLEN, 1994; ALLEN ef aliz, 1996; MONTELIUS
et alii, 2007) or pootrly compacted, coarse-grained
volcaniclastic deposits that are commonly glass-
rich (KUrRODA, 1983; HANNINGTON e# alii, 1999;
MONECKE et alii, 2008). The depth of replacement
below the seafloor is typically difficult to con-
strain in ancient deposits. However, in the well-stud-
ied Rosebery-Hercules deposit in the Cambrian
Mount Read volcanic belt of Tasmania (ALLEN,
1994) and at Thalanga in the Ordovician Mound Wind-
sor volcanic belt of Queensland (HILL, 19906), the top of
the replacement and infiltration zones was probably also
located only within a few meters of the seafloor.

Processes of subseafloor infiltration and deposi-
tion were presumably also important in the forma-

tion of the shallow marine hydrothermal deposits at
Panarea and Vulcano. The massive sulfates at
Panarea form extensive subcrops that are covered
by unconsolidated sands. Clear textural evidence for
replacement of the sand has not been observed in
drill core. However, seafloor observations show that
the sand covering the massive sulfates is indurated at
the sites of intense gas bubbling and thermal water
discharge. Pyrite and marcasite formation in the lit-
toral zone of Vulcano Island cleatly occurs through
subseafloor infiltration. The sulfide minerals form a
cement in the highly permeable volcanic sands in the
beach area and offshore within the Baia di Levante.
Thin section petrography shows that pyrite and mar-
casite locally replace glassy fragments in the sand,
demonstrating that the replacement of volcanic glass
can occur even at low temperatures.

The examples of the subseafloor sulfate and sul-
fide deposits of the Tyrrhenian Sea illustrate the
challenges faced during seafloor exploration in arc
environments. Current exploration strategies prima-
rily rely on techniques designed to identify plumes
from active hydrothermal systems and visual identi-
fication of plume sources. In contrast to lava-dom-
inated mid-ocean ridges and back-arcs, host rocks
of arc-related hydrothermal systems may include
highly permeable strata that facilitate metal deposi-
tion in the subseafloor. In these cases, the hy-
drothermal signal in the overlying water column may
be more subtle and the source of plume signals may
be difficult to identify during seafloor surveys. If hy-
drothermal precipitates would not have been recov-
ered during sediment coring at Palinuro and Panarea
(MINNITI & BONAVIA, 1984; GAMBERLI ¢f alii, 1997,
MARANI ¢ alii, 1997; SAVELLI et aliz, 1999), the ob-
served seafloor expressions would not have justified
shallow drilling using a lander-type drilling device at
both sites. This exemplifies the need for the devel-
opment of geophysical tools to detect buried sulfate
and sulfide deposits in arc environments.

7.3. - MAGMATIC VOLATILE CONTRIBUTIONS TO THE
HYDROTHERMAL SYSTEMS

The subseafloor replacement-style massive sul-
fate and sulfide mineralization at the Palinuro
seamount is characterized by an unusual sulfide min-
eralogy (PETERSEN ef aliz, 2014). The occurrence of
polymetallic sulfides such as pyrite, tetrahedrite,
famatinite, chalcopyrite, sphalerite, and galena during
the main stage of the mineralizing event suggests
that the hydrothermal fluids were of intermediate-
sulfidation state (PETERSEN ef a/ii, 2014). However,
the formation of the paragenetically later assemblage
of covellite, enargite, and galena required an increase
in sulfidation state (PETERSEN ef a/iz, 2014). The high-
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and very high-sulfidation states necessary to form
these sulfide minerals can only be attained by hy-
drothermal fluids containing magmatic SO, and
H,S (BINAUDI ¢/ aliz, 2003). A model involving mag-
matic volatile contributions to the seafloor hy-
drothermal system at Palinuro is also supported by
the sulfur isotopic signature of the sulfide minerals.
PETERS et alii (2011) and PETERSEN ef alii (2014)
showed that the low sulfur isotopic ratios of pyrite
are at least in part a result of magmatic SO, dispro-
portionation during fluid evolution.

A possible link between the subseafloor sulfate
and sulfide deposit at Palinuro and an actively de-
gassing porphyry intrusion below the seamount was
first suggested by MINNITI & BoNavia (1984), fol-
lowing the initial discovery of massive sulfides on
the western sector of the seamount. These authors
pointed out that the sulfide mineralogy of the mas-
sive sulfides at Palinuro is similar to vein deposits as-
sociated with porphyry copper deposits formed in
arc environments. PETERSEN ef a/ii (2014) also pro-
posed that the conditions of ore formation at Palinuro
were generally similar to those encountered in high-
sulfidation epithermal deposits forming on land in
association with porphyry copper deposits (WHITE
& HEDENQUIST, 1995; SILLITOE & HEDENQUIST,
2003).

Magmatic controls on hydrothermal activity can
also be demonstrated for the shallow marine vent
sites off Panarea Island. Gas venting in the area of
the central islets east of the main island has been ob-
served since historic times. However, quiescent de-
gassing is frequently punctuated by violent gas
eruptions such as the one observed in November
2002 (CALIRO et aliz, 2004; CHIODINI et aliz, 2000;
ESPOSITO e alii, 2006). The presence of a large num-
ber of gas eruption craters on the seafloor, ranging
up to 120 m in diameter, suggests that gas eruptions
occurred frequently since the last glacial low-stand
of the sea-level (ESPOSITO et alii, 2006; MONECKE ef
alii, 2012). CALIRO et alii (2004), CARACAUSI et alii
(2005), CHIODINI e# alii (2006), CAPACCIONI ef alii
(2007) and TAsSI e alii (2009) hypothesized that
these gas eruptions are a result of perturbation of
the hydrothermal system caused by a sudden in-
crease in the feeding rate of magmatic volatiles at
depth, which may be linked to a magma injection
event. Following the 2002 hydrothermal crisis, high
concentrations of magmatic SO,, HCI, and HF were
measured in the gas discharges at Panarea confirm-
ing the existence of a degassing magma at depth. It
is also important to note that venting of dark col-
ored smoke at 23.5 m water depth northwest of
Lisca Nera and east of Dattilo was first observed
after the November 2002 crisis (ESPOSITO ¢f alii,
20006; TASSI et aliz, 2009; VOLTATTORNI et alii, 2009;

CONTE & CARAMANNA, 2010), suggesting that poly-
metallic sulfide formation at this site was triggered
by the recent unrest event.

Not unlike the hydrothermal system at Panarea,
hydrothermal venting in the Baia di Levante of Vul-
cano Island can also be related to magmatic de-
gassing processes taking place at depth. Studies of
the fluid chemistry suggest that the fumarolic activ-
ity in the beach area is most likely related to the in-
teraction of a deep hot fluid of magmatic derivation
with shallow surficial fluids (CHIODINTI e# a/iz, 1995;
CAPASSO et aliz, 1997).

8. - CONCLUSIONS

Over the past decades, exploration in the
Tyrrhenian Sea has resulted in the discovery of a di-
verse range of seafloor hydrothermal occurrences.
Hydrothermal activity and related sulfate and sulfide
mineralization have been identified at two of the
seven Aeolian Islands and one of the submerged arc
volcanoes. Low-temperature hydrothermal activity
and related Fe-Mn oxide deposits occur at several of
the arc volcanoes, but also at the superinflated back-
arc spreading center. The nature of the hydrother-
mal systems of the Aeolian archipelago and the
composition of their associated mineral deposits dif-
fer in many respects from those of other seafloor
hydrothermal systems. Unusual characteristics in-
clude the comparable shallow water depths of hy-
drothermal venting and mineral precipitation, the
significance of subseafloor infiltration and replace-
ment processes, the high- and very high-sulfidation
states of the sulfide assemblages, and the impor-
tance of magmatic volatile contributions to the
seafloor hydrothermal systems.

The hydrothermal systems of the Aeolian archi-
pelago represent unique test sites located within the
territorial waters of Italy that could be used for the
development and deployment of novel seafloor ex-
ploration techniques and monitoring systems. In ad-
dition, continued research at these sites could play a
key role in understanding metal and volatile cycling
on arc volcanoes developed on a continental base-
ment and possible links between seafloor hy-
drothermal systems and the evolution of
subduction-related magmas.
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