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Abstract

Hydrothermal alteration processes involve minerigklg chemical and textural
changes as a result of hot aqueous fluid-rock astemn under evolving boundary
conditions. These changes affect the physico-chemioperties of the rocks, enabling
high-resolution geophysical prospecting to be apartant tool in the detection of
seafloor hydrothermal alteration. Here we preséet rtesults of recent geophysical
investigations of Marsili and Palinuro volcanic qaexes, southern Tyrrhenian Sea
during the 2010 TIR10 and 2011 MAVA2011 cruisestbg R/V Urania. The new
dataset includes a dense grid of multibeam bathymseafloor reflectivity, magnetic
and gravity lines; and high-resolution single (CR)Rand multichannel seismic
profiles. The surveys were focused on areas knawrhdst intense hydrothermal
alteration in order to provide a more detailed dpsion of the Marsili and Palinuro
hydrothermal systems. Ground-truthing was based emnlier discoveries of
hydrothermal vents and their associated deposit$,oa direct observations made by
ROV dives. High-resolution morpho-bathymetry, soredlectivity, rock magnetization
and density distribution together enabled us toesssthe extent of seafloor
hydrothermal alteration and its relationship toalogolcanic and tectonic structures.
Hydrothermal alteration associated with the Marsgiamount is largely distributed
along primary volcano-tectonic structures at tldgei crest. By contrast, at Palinuro
hydrothermal alteration is mostly associated wébaonidary volcanic structures such as
collapsed calderas and volcanism reactivation alorgfaults. In particular, evidence
for intense hydrothermal activity occurs at Palmuvhere volcano-tectonic features

interact with regional tectonic structures.



I ntroduction

Hydrothermal systems and their corresponding ditergpatterns at convergent
plate boundaries are considered to be a bettermaah@logue of processes responsible
for volcanogenic massive sulfide ore deposits tmgirothermal systems located along
mid-ocean ridges (Skinner, 1983; Ishibashi and Erdl®95; de Ronde et al., 2003a,
2003b). Remote sensing of potential fields suchragity and magnetics is important in
evaluating the extent of seafloor hydrothermalratten because they can aid in the
location of potential mineral deposits, rather tihalying solely on locating active vent
sites on the seafloor. Thus, potential field methadd remote sensing of submarine arc
volcanoes will enhance our understanding of then&dion of hydrothermal seafloor

massive sulfide deposits (Hannington et al., 19@5Rkonde et al., 2011).

Hydrothermal solutions or fluids produce physicethical changes in the rocks
through which they circulate via chemical reactiomsulting in the formation of new
mineral assemblages that tend to approach equitibrihorough processes of
dissolution and precipitation (e.g., Pirajno, 2010hese changes, affecting porosity,
density and magnetization of the rocks, enable-héglolution geophysical prospecting
to determine the areal distribution of submarindrbthermal alteration (Woodward and
Mumme, 1993; Tivey and Dyment, 2010; Caratori Tongt al., 2010; Caratori Tontini
et al., 2012a,b). Measurements of gravity and miagmein particular, can provide
insight into submarine hydrothermal system fornrat&s hydrothermal processes can
reduce rock densities and can also decrease, amdreMify the magnetic signature of
the volcanic host rocks (Tivey and Dyment, 2010ra@ai Tontini et al., 2012a,b).
Ship-borne geophysical investigations provide tpatial resolution required to map

and model shallow water (< 500 m) hydrothermal \fezitls. By contrast, near-bottom



geophysical data, typically obtained using AUVstéamwmous underwater vehicles), are
required for deep-water systems (e.g., Caratortimoet al., 2012a).

Submarine volcanic structures affected by hydrotiarcirculation may show
anomalous variations in the corresponding gravaidfas a result of density changes
due to enhanced local permeability, and by altenadif the rock (Caratori Tontini et al.,
2010). In addition, density variations can alsodoe to solidification of a relatively
deep magmatic body that releases latent heat abrfuduring cooling, which is
ultimately responsible for hydrothermal convectiminthe site (Wallace, 2005), these
magmatic bodies can be detected by gravity dataramon. Moreover, faults and
fractures imaged by seismic reflection surveys pesvide additional constraints on
seafloor alteration patterns considering their magon and distribution commonly
control pathways of hydrothermal fluid upflow (e.&mbley et al., 2012). A clearer
picture of shallow seafloor hydrothermal manifdsted can also be achieved by
bathymetric and sonar backscatter imaging of tlaélem. Backscatter from side-scan
and/or multibeam data collected over hydrotherntaked areas may be differentiated
from those areas host to soft sediments, or relgtifiresh volcanic rocks. That is, sites
host to hydrothermal activity may have higher baeki®r than seafloor covered by soft
sediments because hydrothermal systems that foms v&nd sulfide deposits can
increase seafloor roughness. By contrast, highdeafdoackscatter commonly attributed
to fresh lavas forming hummocky terrains can berefsed as a consequence of
hydrothermal alteration. In summary, high-resoltecoustic surveys can be used to
determine which sectors of the volcano are affedtgchydrothermal circulation, as
given by the presence of extensive seafloor aiterahnd massive sulfide and/or

chimney fields (e.g., Klauche et al., 2008; Ondretaal. 2009).



We present here results from ship-borne geophysigateys over Marsili and
Palinuro volcanic complexes in the southern TyrifwerSea. Ship-derived multibeam
bathymetry, reflectivity (backscatter), gravity, gn&tics, and single and multichannel
seismic reflection data were acquired during th@a0201R10 and 2011 MAVA1ll
expeditions with the R/\Urania, in a study of seafloor hydrothermal activity alahg
Aeolian Arc. Complimentary, deep-tow magnetic deddlected during MAVA11l are
presented and discussed in a companion paper ktadiafontini et al. (2013, this
issue). Our work focuses on volcano-scale geophalysgignature attributed to
hydrothermal processes occurring at Marsili andinBed in order to estimate the
regional extent of hydrothermal alteration and rgggationship to local volcanic and

tectonic structures.

Geological setting

The tectonic setting of the central Mediterraneaa esults from African and
Eurasian plate convergence and collision. Evolutibthe Mediterranean area has been
driven since Oligocene times by the sinking and d¢hstward retreat of the lonian-
African slab, with the consequent eastward migmatiof the Alpine/Apennine
collisional belt (Malinverno and Ryan, 1986; Kastet al., 1988; Doglioni 1991, 1999,
2004). The eastward retreat of the subduction sysgessociated with stretching of the
continental crust and basin formation that occupsafressively in the Provencal and
Valencia areas. Since Tortonian times (i.e., 1672 Ma), the rollback process
imposed E-W and NW-SE extension forming the Vavisgmd Marsili back arc basins
(Royden 1988; Patacca et al., 1990; Faccenna, 4198l7). Crustal thinning and oceanic
crustal accretion, which occurred in the VavilovsBaduring the Late Miocene and

Pliocene, migrated southeast-ward and formed thesiM&ack-arc basin during the



Late Pliocene-Quaternary. Consequently, arc-relatdchnism migrated in a southeast
direction, from Sardinia to the current positiontloé Aeolian Arc, forming the present-
day arc and back-arc configuration of the soutiigmrhenian area (Fig. 1). Thus, the
southern Tyrrhenian region is characterized by tthasition from a nearly oceanic
crustal domain (i.e., the Marsili Basin) to a coetital margin offshore Sicily and
Calabria, in a complex geodynamic framework (Daglid991; Patacca et al., 1990;
Mantovani et al., 1996; Argnani 2009; Ventura et 2012).

The Aeolian Arc is located within regions with difent stress regimes (De Astis
et al., 2003). North-south compression occurs & western part of this region, and
NNW-SSE dextral strike-slip in the eastern parte Reolian Arc has an arcuate shape,
open to the west, and includes volcanic islandsvels as large submarine volcanoes
(Fig. 1). Calc-alkaline and shoshonitic volcanisotwred in the area for the last 400
,000 years, with the exception of the older eddio¢ Sisifo (1.3 Ma) and Filicudi (1
Ma) (Bortoluzzi et al., 2010 and reference thereimday, active volcanism occurs on
Lipari and Vulcano, located in the central partteg Aeolian Arc, and on Panarea and
Stromboli, in its eastern part. Panarea and Strdinab® part of a 45 km long volcanic
belt aligned in a NE direction, parallel to the igml fault system affecting the
Calabrian margin. From late 2002 to mid-2003 a pumted episode of degassing
occurred on Panarea (Aliani et al., 2010), whilgngicant eruptions occurred on
Stromboli.

Evidence of hydrothermal processes occurring on dihiemarine parts of the
Aeolian Arc has been documented with the presehsalfide deposits on Palinuro and
Marsili, and Fe-Mn hydroxides on other seamountsn@ti et al., 1972; Gamberi et al.,

1997; Dekov and Savelli, 2004; Dekov et al., 200807, 2009). The first systematic



survey over the Aeolian submarine volcanoes fordtyetrmal plumes was conducted
during the Aeolian2007 cruise with the aim of ldegtseafloor hydrothermal vent
fields (Sprovieri et al., 2008; Lupton et al., 2DIThe volcanoes were surveyed using a
CTDO (conductivity-temperature-depth-optical) résgdrofiling system equipped with
Niskin bottles that enabled discrete water samfuelse collected. Evidena#d active
hydrothermal activity was found over several of gwdmarine volcanoes, including
Palinuro and Marsili, fromiHe/"He results (Lupton et al., 2011).

The Marsili basin is characterized by crustal timgnand the existence of an
oceanic spreading segment (Marani and Trua, 2002k, the evolution of the backarc
basin is related to an immature stage of the ocegmieading centre (Nicolosi et al.,
2006) that started around 2 Ma and continued @r8ilMa with continuous accretion,
but with spreading rates decreasing fré60 mm yi* to <20 mm yf* over that time
interval (Cocchi et al., 2009). The flat, deep k®afof the central part of the basin is
disrupted by the Marsili seamount. The emplacenaet accretion of the seamount
over the last 1 million years is interpreted as régult of a strong magmatic pulse, in
combination with slow seafloor spreading rates @boet al., 2009). In this context, the
Marsili seamount is considered to be a ‘superdaflaridge (Marani and Trua, 2002),
l.e., itis a ~55 km-long linear volcanic edifidgiling N15°E, that rises from a depth of
~3,500 m shoaling to ~500 m in its central-northpamnt (Fig. 2). Recent geophysical
surveys are consistent with widespread hydrotheraglvity occurring on the
shallowest portion of the seamount (Caratori Torginal., 2010; Lupton et al., 2011).
Combined gravity and magnetic data revealed an alous, poorly magnetized and
low density mass up to 2 km deep within the volcadifice, interpreted by Caratori

Tontini et al. (2010) to be a sub-seafloor hydrothed system. Despite direct



observations at Marsili of hydrothermal featureshsas sulfide deposits and chimney
fields (Petersen et al., 2008), a comprehensiveeinoidthe hydrothermal system and
any understanding of the relationship between tt@dl@v hydrothermal features and
local volcano-tectonic setting has not been fonthiog).

The Palinuro volcanic complex is located ~30 km dfEMarsili seamount and
rises from the abyssal plain to a depth of ~80 ntsicentral part (Fig. 1). It strikes for
~60 km from west to east with a basal width of k&% (Passaro et al., 2010). Eight
separate volcanic cones that coalesce at their, baseing an E-W elongated edifice,
characterise Palinuro. The morphology of this campk far more intricate than the
simple shapes of the strato-volcanoes that prajecte sealevel along the Aeolian Arc,
such as Stromboli. The southernmost flank of Patinwhich bounds the northeastern
part of the Marsili basin, shows steep scarps dmnanmaximum depth of 3,400 m. The
central part of the complex is built up by two $tnal cones that shoal to water depths
of ~80 and ~150 m, respectively (Fig. 1). K-Ar dgtiof fresh lavas sampled from the
top of the shallower major cone give an age of @330 years (Colantoni et al., 1981).
Andesite rocks recovered from Palinuro show a céamity to calc-alkaline volcanism
commonly associated with the Aeolian islands. Hoavew is still matter of debate
whether or not the Palinuro is structurally partlué Aeolian Arc (e.g., Passaro et al.,
2010).

The Palinuro volcanic complex is host to hydrotharwent fields (Peters et al.
2011; Petersen et al., 2008) that are host to hiyenmal deposits rich in galena, pyrite
and sphalerites that are partially covered by sedim(Colantoni et al., 1981; Minniti
and Bonavia, 1984). These volcanogenic massivédsalhave been located only at a

water depth of ~600 m in the western sector ofvttieanic complex. However, the full



extent of hydrothermal alteration at Palinuro idl gpoorly defined, given that

exploration of the seafloor here has been limited tew specific areas.

Regional magnetic data covering the Palinuro votcamomplex show a clear
difference in rock magnetization between the easted western parts of the complex
(Caratori Tontini et al., 2009). That is, the easteart is the least magnetized area of
the entire volcanic complex, while the central avebstern parts show sharp variations
in magnetic anomaly amplitude, decreasing to aro@ndhT in places where
hydrothermal deposits have been discovered (Calargb al., 1981; Minniti and
Bonavia, 1984). Changes in Palinuro magnetic racpgrties have been interpreted in
terms of hydrothermal alteration of the host voicarock (Caratori Tontini et al.,

2010).

M ethods

The TIR10 and MAVA11 cruises were carried out vilte R/V Urania, which is
equipped with differential GPS and SEAPATH positmansystems. The vessel is also
equipped with single and multibeam bathymetric esyst and integrated geophysical
and oceanographic data acquisition systems, ingjuacoustic doppler current (ADCP)
and sub-bottom profilers (CHIRP).

Bathymetric data were acquired during the cruisgaguan EM710 Kongsberg-
Simrad multibeam system, operating at ~70 kHz Wi beams, with a resolution of
1°x2° and a 150° aperture. A sound velocity prébegted 1 m above the sonar head on
the ship’s keel, continuously provided the surfaeder acoustic velocity data required
for the beam-forming. Conductivity-temperature-the€CTD) casts using &eaBird

SBE 911 probe were used to determine sound velocitiesinvithe water column. The
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multibeam data were processed by the KongsberguNeflRoseidon packages; spatial
analysis and mapping were performed using the GWe&ssel and Smith, 1995) and
PLOTMAP (Ligi and Bortoluzzi, 1989) packages. Dagiterrain models and reflectivity

images were produced down to a horizontal resaiutio2.5 m in the shallower parts

(<200 m) of the Palinuro volcanic complex.

Ship-borne magnetic data were acquired usirfgea8oy marine magnetometer
built by Marine Magnetics Inc. that was towed ~185astern of the vessel. The
acquired data were recorded usiN@rine Magnetics Sealink software. Total-field
magnetic data, after de-spiking, were correcteddiarnal variations using reference
data from the I'Aquila observatory (INGV-InterMadheMagnetic anomalies were
obtained by removing the international geomagnegference field (IGRF) and then
reduced the data to the North Pole by phase shiftiam using the regional inclination
and declination values of the IGRF. The intensitythe rock magnetization has been
obtained by inversion of the reduced-to-the-polegmesic anomalies using a Fourier
method that assumes a variable thickness of theatiagd layer, bounded at the top by
the seafloor and at the bottom by a horizontalrigfaced 2 km below the maximum
depth of the seafloor in the area (Parker, 1978atGea Tontini et al., 2008).

Magnetic gradiometer data were acquired during2d0@ PROMETHEUS cruise
with the R/V Universitatis (Paltrinieri et al., 2006). TwdG880 Cesium marine
magnetometers were used in a longitudinal configpmaand placed 250 m apart, while
the survey followed lines oriented 108° N, or pagieular to the Marsili ridge axis.
Diurnal variations and the regional magnetic field not affect measured magnetic
gradients, given the short distance separatingéhnsors. Thus, the horizontal gradient

was computed by the difference between the twoosansasurements divided by their
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distance. In order to reduce the effects on tha dhthe high relief of the Marsili ridge,
low frequency signals were removed from the meakuragnetic horizontal gradient,
following the windowed method of Grauch and Johms{@002), which helps to
separate local, from regional gradients.

Gravity data were collected during the 2011 MAVAdriise using d.aCoste &
Romberg air/sea model gravity meter controlled by @hraSys system (provided by
GNS Science). The instrument was located closka@éntre of gravity of the ship and
interfaced to the navigation system of the veseelréal-time data geo-referencing.
Gravity values were recorded at 6 s intervals andathed with mean value every 60s
corresponding to an average distance of ~150 mdmgtwdata points registered during
the geophysical profiling, as the ship travellegpe¢ed of 5-6 knots. Gravity reference
points were obtained at the beginning and the énldeoexpedition in order to estimate
the mechanical drift of the gravimeter. In addititine system was calibrated with an
absolute gravity station located at the positio2™Bf the Maritime Station berth of
Naples. The normal gravity (Geodetic Reference eé3ystl980), Eotvos and drift
corrections have been applied to the data in dalebtain the free air gravity anomaly.
The local density distribution was estimated bylgpg a Bouguer correction. The high
relief of both the Marsili and Palinuro volcanicneplexes also requires a topographic
correction. Thus, the complete Bouguer correctioams vobtained by replacing the
overlying water column (density of 1030 kgjmvith a layer of crustal material (density
of 2670 kg/m). Magnetic and gravity data acquired during thislg were then merged
with those collected during previous expeditionsonder to obtain a more detailed
geophysical analysis of the region.

An Edgetech 4200 (100 and 400 kHz) side-scan sonar was used dtiimgleep
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tow magnetic survey (MAVAL11l). The system was irdedd to a 3,000 m depth-rated
Seaspy magnetometer tow-fish (Caratori Tontini et al.120this issue).

Visual surveys were conducted along the crest ofsMavith R/V Daedalus on
May 2011, using the remotely operated vehicle (RBNjjo Palla capable of working
in water depths of up to 4,000 m.

Multichannel reflection seismic lines were acquiceding the 2010 TIR10 cruise
(Doglioni et al., 2012) as part of the Italian CR®®ject (http://www.crop.cnr.it). The
seismic source used was a tuned array of 3 SERCEBUMN (2x45/45, 75/75 ),
towed at 5 m depth, and a pressure of 140 bar.dékee were acquired by a SERCEL
digital streamer with 96 channels and a 12.5 m griaterval, towed at 4-7 m depth.
The sampling rate was 0.5 ms with a record len§th2os, SEG-D storage format on
disk, while shot interval was set at 37.5 m distatravelled. The seismic data have
been processed using an industrial package (Discody by Paradigm Geophysical,
following a standard procedure that produces timgrated sections. Additional steps
were applied to: (a) remove bottom surface mulsiplsing a 2D SRME (Surface-
Related Multiple Elimination) technique and adagtfiters, (b) attenuate random and
coherent noise by filtering in the common shotseffand receiver domains, as well as
f-k and tau-p domains, (c) iteratively refine thelocity model used for normal move
out and migration; and (d) perform post-stack deptigration. Post stack depth
migration was achieved by a finite difference appr@tion to the wave equation using
a velocity model obtained from the time migratiomdal and adjusted iteratively in

order to minimize the over/under migration effeatslepth.

Results

Marsili Seamount
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The ridge crest of the Marsili volcanic complexnole SSW-NNE and is abruptly
disrupted and offset ~1 km to the east at its ehadst part (~39°16.8" N) where the
most recent volcanic activity has been observee @Egs 2 and 3). In this area,
andesitic pillow and sheet lava flows have beeedli&d be ~100,000 years old (Trua et
al., 2011). The sharp crest striking northwardsuado39°15.5' N intersects a wide
plateau that is populated by numerous small votcaones with diameters up to 200-
300 m, forming segmented volcanic ridges. The kirgelge, 2.2 km long and 0.7 km
wide, at 39°16.5' N includes two coalesced volcaddices with ~100 m-diameter
summit craters, with a small 780 m deep depreskioated south of the crest. The
summit of this ridge shoals to 490 m. It is boundgdsteep scarps to the west and east
and is cut by several normal faults along axis.(Big In general, the western scarp of
the summit area of Marsili is marked by high reiility whereas a wide, low-
reflectivity region characterises the NE sectorg(R2). The central area of Marsili
shows a variable reflectivity pattern. High refleity characterises the flanks of the
small volcanic ridges and cones. South of the alatdigh backscatter characterises
both flanks of the Marsili ridge, with several loweflectivity areas along the S-N

trending crest of the volcano (Fig. 2).

The plateau segmenting the ridge-like morphologMafsili can be correlated with
pronounced magnetic and gravity lows (Figs 2c ady, Previously described by
Cocchi et al. (2009) and Caratori-Tontini et aDXRQ). This area is host to hydrothermal
Fe-Mn-oxyhydroxides-rich chimneys, as observed miuiROV dives. For example,
images obtained from ROVs at the crest (summitjhef Marsili ridge show several
extinct sulfide chimneys up to 3 m tall, at a depth495 m (see Figs 2, 3 and 4).

Hydrothermal manifestations, including what appdarde low temperature venting
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together with sulfide deposits, were also obsers@ath of the plateau, at a depth of
~600 m (Fig. 4), coincident with several gravitynima along the ridge crest, as given

in the newly compiled Bouguer anomaly map (see ZGJ).

Palinuro Seamount

The Palinuro volcanic complex consists of seveddtanic edifices that are either
overlapping and/or which have coalesced, and aterpreted as a sequence of
structurally controlled volcanic cones and collapsalderas that developed under a
regional stress field (Fig. 5). A study of the $eaf morphology suggests that structural
elements trending WNW-ESE, WSW-ENE and ~N-S haayqd a major role in the
evolution of the volcanic complex, controlling thecation and shape of the volcanic
edifices. The major cones are elongated in a WN\W-BBection and are located at
intersections of WNW-ESE and WSW-ENE oriented fayktems; volcanic ridges and
collapsed calderas are mainly controlled by a ~$trfRing fault system (Figs 1 and 5).
Morphological and geological evidence suggests that volcanic cones may be
emplaced on a pre-existing boundary formed by WNSEEand WSW-ENE fault
systems that separate the northern continental iddincen the southern oceanic Marsili
Basin (Figs. 1 and 5). Following Passaro et al1(2@he Palinuro volcanic complex has
been divided into western, central and easternosecbased on morphological and

structural differences (see Fig. 5).

Western sector. This sector is characterised by two wide volcatiactures (Figs 5
and 6): 1) a 4 km-wide sub-circular flat depresstlaminates the westernmost area,
with a WSW-ENE striking scarp shaping its south#éank (Fig. 5); and 2) clusters of

small volcanic cones surrounding a ~8 km-wide depom, semi-elliptical shape and
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elongated WNW-ESE dominates the easternmost arga @&). The easternmost
depressed area is bordered by an arcuate shapesdirikiEg scarp to the west and a
WNW-ESE trending volcanic ridge to the north (F&). This morphology suggests a
caldera-forming gravitational collapse event of r@-existing edifice has occurred,
followed by reactivation of volcanic activity alomgng faults, with the volcanic cones
emplaced along the caldera rim. The linear scarghéowest could be the solitary
remains of the original volcano flank. A strong matic anomaly minimum is present
in the NE sector of the caldera (Fig. 7a). Bougargomaly lows are centered on the
caldera rim with local minima seen in the SW seeod again over the NE volcanic
ridge (Fig. 7b). High multibeam reflectivity markise steepest scarps that bound the
depression that is the bottom of the caldera (6im. High reflectivity is also found
along the crest of the NE volcanic ridge and inesjgread, relatively low relief areas
within the caldera, especially near its westerngimarRegions outside the caldera show

lower reflectivity.

Central sector. The two largest volcanic cones located in thereg¢sector of the
Palinuro volcanic complex have flat, circular surtenwith diameters of ~0.8 and ~2.5
km, respectively (Figs 8 and 9). The volcanic eési display several gullies and
incisions, mostly arranged in a radial pattern atbthe summits (Fig. 8a). The flat,
shallow tops of the two cones with depths of 82 md 447 m, respectively, are
interpreted as wave-cut marine terraces due torleealevel in the past. The flanks of
the two cones show low reflectivity, with higherlwas associated with narrow ridges
that project radially outwards from the cone fland@responding to narrow intervening
ridges between small gullies. The flat tops showceatric bands and patchy areas of

high reflectivity corresponding to relict craterms and isolated rocky outcrops,
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respectively (Fig. 8b). In addition, a relativelyde, low relief area of high backscatter
is observed in the NW sector of the largest cong. ®b). Circular shaped regions of
low magnetic anomaly were seen to coincide withtite cone summits that negatively
correlate with the bathymetry, indicating vanishmggnetization (Fig. 9a). Moreover,
these same two cone summits correlate with relgtiosv Bouguer gravity anomalies

(i.e., low density rocks; see Fig. 9b).

The multichannel seismic line TIR10/12 runs S-Nsteards of the above-
mentioned two volcanic cones; it crosses the losastern flank of a volcanic edifice,
that has a summit crater 75 m deeper than thewsatog crater rim, at a depth of ~570
m (see Fig. 9). Further to the north, the seisimig intersects a major fault (i Figs.

5 and 11) that trends WNW-ESE. This fault separ#tesaforementioned volcanic
edifice from the easternmost edifice of the cenRalinuro volcanic complex, that
shapes the south-western flank. Further north agianseismic line cuts a sub-circular
depression with a diameter of ~2 km that we belisvikely related to the caldera-
forming gravitational collapse event. The seisngicti®n shown in Figure 11 highlights
the role played by ring faults in the caldera fotiora (e.g., ff). For example a well

stratified volcanic sequence in the north of thetisa, that dips to the north, is likely
comprised of numerous volcaniclastic layers (wlaoh less reflective; or the light-gray
layers) interbedded with lava flows (which are mitective; or the dark-gray layers),
and which is then entirely collapsed and offsethinitthe caldera (Fig. 11b). The
northern border of the caldera is cut by a majgrareal, tectonic feature §fn Figs 5

and 11) that strikes WSW-ENE that has previousbnbiéentified as a strike-slip fault
(Passaro et al., 2010; 2011). Despite a smootstiftat seafloor marking the bottom

of the caldera, a relatively high backscatter corded in this area (Fig. 12).
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Eastern sector. The easternmost sector of the Palinuro volcanmpiex appears to
be completely different from the others, where thianic features appear structurally
controlled by a WNW-ESE trending faults and cutroginly N-S trending structures
(Fig. 5). High resolution geophysical investigasayver the eastern sector are currently
not available, although this sector appears to Hee ltast magnetized area of the

volcanic complex (Caratori Tontini et al., 2009).

Discussion

The ridge crest at Marsili and the westernmostoseot the Palinuro volcanic
complex have been the subject of several studiesséml on shallow submarine
hydrothermal systems in a back-arc and arc sefttMopniti and Bonavia, 1984;
Colantoni et al., 1981; Marani et al., 1999; Pe&terst al., 2008; Monecke et al., 2009;
Caratori Tontini et al., 2010). The magnetic angnadl the Marsili ridge presented in
this study confirms the main conclusion of Carafiantini et al. (2010), i.e., that the
measured summit magnetic minimum is due to a dsergarock magnetization related
to hydrothermal alteration. The deep tow magnedia ghow a similar magnetic pattern
to the ship-derived data presented here. Howekerregion with low magnetization is
narrower and mainly limited to the summit plateaeiaausing the near-bottom data of

Caratori Tontini et al. (2013, this issue).

In this study we have attempted to better ideritily boundaries of areas affected
by hydrothermal alteration by using magnetic graditer data, where the high
frequency components are emphasized, thus providfognation on magnetization of
the shallow crust possibly influenced by hydrotharoirculation. The results show that

the margins of the regions with decreasing rockme#igation occur in the north-central



18

sector of the Marsili ridge and extend the potériaas of hydrothermal alteration into
the southern part of the ridge (Fig. 2d). This ¢asion is supported by local areas of
low magnetization south of the summit plateau sieethe deep tow data (Caratori
Tontini et al., 2013, this issue). Gravity datanfrthe summit area of the volcano show
a density lower than that typical of basaltic andiodesitic rocks (Caratori Tontini et
al., 2010, Fig. 2c); the observed density variagibave been modelled as hydrothermal
alteration affecting the top of the edifice doven~2 km below the seafloor, with sub-
seafloor volcanic rocks characterized by high pioyo&aratori Tontini et al., 2010).
These observations are supported by our new hggitrgon gravity compilation of the
summit region obtained by merging new MAVAL11l datahwthose collected during
earlier expeditions (Fig. 2c). In addition, our Boer anomaly map shows that several
local gravity minima occur along the crest of th@cano, and are not limited to the
north-central part of the seamount. We thus sugggsbbable extension of the region
affected by hydrothermal alteration towards thetlseun end of the Marsili volcanic

ridge, consistent with ROV observations of seaflogatrothermal activity (Fig. 4).

The westernmost sector of the Palinuro volcanic mlexn has a caldera-like
structure. The bathymetry reveals a sub-circularrglated to the collapse of a volcanic
edifice after cessation of volcanic activity (Maramd Gamberi, 2004). Post-collapse
volcanic activity resulted in the growth of smatines along the caldera rim where we
infer hydrothermal alteration to be localized. Baof the volcanic structure host to
hydrothermal activity are covered by fine-graineinipelagic or pelagic sediments that
contain disseminated sulfides, Mn—Fe oxides anyl kimerals (Minniti and Bonavia,
1984; Tufar, 1991; Eckhardt et al., 1997; Maranakt 1999, Monecke et al., 2009;

Peters et al., 2011). Recent ROV surveys at Palimave focused on a vent field
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located in a small topographic depression on tofh@fwesternmost volcanic edifice of
the northern volcanic ridge (Petersen et al., 2008necke et al., 2009). Fine-grained
sediments that locally are marked by patchy digetions cover the seafloor in this
area. Delicate chimney-like iron oxides structudestooned with bacterial mats indicate
low-temperature hydrothermal activity (Monecke let2009). Cores of the sub-seafloor
portion of the active fluid venting area, recovesdcclosely spaced stations using the
shallow drilling system Rockdrill of the British @Gegical Survey, show up to 5 m-
thick deposits of continuous massive sulfides aollates. Massive sulfides were
encountered at depths from a few centimeters geveral meters below a thick cover
of unconsolidated sediments (Petersen and Mon&tk¥), Petersen et al., 2013, this
issue). Most of the areas where hydrothermal dépbaive been discovered show high
backscatter, contrasting with lower values expedtedh the observed fine-grained
sediments and smooth seafloor surfaces apparegheavuter flanks of the caldera (Fig.
6). The high backscatter regions within the flond &lose to the walls of the western
caldera, that do not correlate with scarps and@s@afoughness, are related to Fe-Mn
oxyhydroxide crusts and massive sulfide minerabrast Similar high backscatter
related to hydrothermal vent fields has been oleskat the Lucky Strike hydrothermal
field of the Mid Atlantic Ridge (Ondreas et al.,0®). Here, backscatter values higher
than those of the adjacent areas has been atttiboita rough seafloor surface due to
numerous hydrothermal edifices and sulfide delmduding active and dead chimneys

(Ondreas et al., 2009).

These observations, including rock magnetizati@alloninima inferred from deep-
tow data along the margin of the caldera rim (Qarafontini et al., 2013, this issue)

and with a wide magnetic local minimum within treddera derived from the shipborne
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data (Fig. 7), suggest widespread hydrothermatagiten in the western sector of the
Palinuro volcanic complex. We believe that localma of the hydrothermal systems is
probably related to the reactivation of volcani¢ivaty along the caldera ring faults,

consistent with the cluster of cones surroundirggfibor of the caldera. The formation
and reactivation of ring-faults and their suscadfitybto intruding ring-dikes may be

important for the flow of hydrothermal fluids in ébe areas and corresponding
hydrothermal alteration patterns and ore depos{iog., Stix et al., 2003; Beauducel et

al., 2004; Embley et al., 2012; Caratori Tontinakf 2013 this issue).

Seismic reflection, gravity and magnetic data asgliin this study, when
combined with high-resolution multibeam and seafl@dlectivity images, provide new
insights in the distribution of hydrothermal actyviwithin the central sector of the
Palinuro volcanic complex. The distribution of roglagnetization over the two major
volcanic cones shows a sharp minimum (with a mednevof ~0 A/m) centred on the
flat summit of the larger cone (Fig. 10a). The hilgaquency components of the
magnetic signal in this area indicate both a shalémd sharp variation of seafloor
magnetization, suggesting that the area of redunadnetization is limited to the
summit areas of the cones. The volcanic rockshibadl-up these edifices should have
acquired their magnetization during the presentmabrgeomagnetic field, since the
entire volcanic complex is believed to be youngant0.78 Ma (Colantoni et al. 1981,
Beccaluva et al., 1985). Thus, superposition ofedéht volcanic layers with reverse
magnetization is an unlikely explanation for thekianagnetization patterns observed.
The complete Bouguer anomaly map for the areasdlsavs a minimum centered over
the main cone summit (Fig. 10b). The short spatiavelengths of both gravity and

magnetic anomalies cannot be related to deep trostaantle sources, suggesting that
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the presence of a low-density and/or low-magnetinategion at, or close to, the
summit of the main volcanic cone. Hydrothermalralien of volcanic rocks, with the
concomitant formation of secondary mineral phases, lower the rock density and
drastically decrease its magnetization (Caratomtifo et al., 2010). Hydrothermal
related deposits, including Fe-Mn oxyhydroxide tsusand abundant Fe-Mn
micronodules, have been recovered from the sunwhifsese two major cones (Rabbi,
1970; Kidd and Armansson, 1979; Dekov and Save004). The location of these
samples, although rather imprecise (as most wetected during the 70s), suggests
that hydrothermal alteration is probably associatét high reflectivity terrains in this
general area (Fig. 8). Diver’s inspections on kit of the main cone reported that
isolated rocky outcrops rise 1-2 m above biogen@siBcene sands (Colantoni et al,
1981), suggesting that the scattered areas of reflbctivity are related to rocky
outcrops, whereas low backscatter characterizegehio sedimentary cover. Thus, the
concentric bands of high backscatter associateld relatively smooth seafloor on the
main cone summit may be related to ongoing tectorassociated with ring faults and
dikes, which in turn produce a rough seafloor acidas conduits for fluid circulation
(Fig. 8). The high backscatter and smooth seaflotihe northwestern sector of the flat
summit also suggest an area of possible intensetigimal alteration. The flat tops of
these two volcanic cones have been subjected ®oeraluring past sealevel changes
(Passaro et al., 2011). In particular, the sumrhithe main cone was likely strongly
reworked during the last sealevel fall and ris®Incene time. Thus, the hydrothermal

deposits located in this area are thought to reptegcent hydrothermal activity.

A similar pattern of magnetic anomalies and lowkrotagnetization is observed for

a volcanic structure northeast of the main conenuitichannel seismic line crossing
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this feature shows the internal structure of aagaéd caldera that has a dense network
of fractures and faults (Fig. 11). This networkregult of the interaction of volcano-
tectonic and regional tectonic structures, promeigs-seafloor fluid circulation. The
collapsed sequence shows enhanced reflection auhgdit relative to those of the
adjacent well stratified volcanic sequence. In fddj high backscatter is recorded for
this area, despite a relatively smooth seafloouooty at the bottom of the caldera,
while low reflectivity observed on the flanks (Fi§j2). Together, these observations

suggest that several hydrothermal deposits mayredthin the caldera.

Conclusions

The Marsili seamount represents the axial ridgigmefMarsili back-arc basin and is
a complex, segmented volcanic structure charaetérisy volcanic activity along a
central ridge and from fissures. The Palinuro woilcacomplex consists of several
interconnected, superimposed volcanic edificesotmmfan W-E oriented, 55 km-long
continuous volcanic ridge. This complex is locaé¢the northern margin of the Marsili
basin, at the boundary between the oceanic basith@&continental slope. Bathymetric
and seismic reflection data suggest that strucfataics trending WNW-ESE, WSW-
ENE and ~N-S control the evolution of the volcao@mnplex, influencing the location
and shape of the volcanic edifices. The westertos@ppears to be the oldest due to a
collapsed caldera. The central sector of Palinsircharacterised by younger and larger
volcanic cones. The two main cones have flat t@sted to erosional processes of
lower (past) sealevels, while the easternmost t@sea volcanic crater with a rim that
is well preserved. The easternmost sector of Palins structurally controlled by

fabrics trending WNW-ESE, with volcanic edificed &y N-S trending faults.
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The Marsili and Palinuro volcanic systems show wpfead hydrothermal
alteration that correlate with gravity and magnédigs. Several geophysical parameters
enabled us to determine the distribution of hydeatial alteration and its relationship
to both volcanic and tectonic structures, includihg role played by ring complexes
that favour hydrothermal circulation. The distriobat of hydrothermal alteration at
Palinuro is mainly related to secondary volcaniactres, such as collapsed calderas
and reactivation along ring faults. By contrasg tarsili ridge shows hydrothermal
alteration is largely distributed over the summita along primary volcanic and
tectonic features, similar to systems surveyed qalond-ocean ridges. The different
distribution of hydrothermal alteration seen todayMarsili and Palinuro may be
attributed to their different tectonic setting,.j.@ back-arc spreading segment (Marsili)

and an arc-related volcano (Palinuro), respectively
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Bathymetry of the southern Tyrrhenian Sea (datenfMarani et al.
(2004). The numbered boxes indicate the figureatedl to the
volcanic edifices covered by this study (i.e., Marand Palinuro
volcanic complexes). The inset shows a schemagitesentation of
the tectonics affecting southern Italy (after D'Atino & Selvaggi,

2004).

Marsili volcanic complex.A Shaded relief image derived from
multibeam bathymetry. Illumination from the NNE. &box outlines
the location of morphological details shown in Fg@.B Multibeam
reflectivity. C Complete Bouguer anomaly map obtained by merging
data from this study (cruise MAVAL11l) with those lested during
previous expedition®d Horizontal magnetic gradient along a 108° N
direction (i.e., perpendicular to the ridge axif)eraremoving the
regional gradient in order to minimize high releffects of Marsili
ridge. The gradiometer data were collected durimg 2006
PROMETHEUS cruise (Paltrinieri et al., 2006). Batigtric contour
intervals are 50 m. Hydrothermal deposits are eteid by blue stars
(vents) and red filled squares (Fe-Mn oxyhydroxidesl massive
sulfides).*He/He anomalies from active vent sites are from Lupgbn

al. (2011) and are given by the yellow filled o&sl

High resolution multibeam bathymetry of the summeagion of

Marsili ridge. Bathymetric contour intervals are @6 Hydrothermal



Figure4.

Figureb.

Figure®6.

Figure7.

Figure8.

deposits are given by the same symbols as in F@uRed solid lines

indicate lineaments and/or faults.

ROV images of hydrothermal chimneys observed qlitve crest of

Marsili ridge. Vent locations are shown in Figute 3

Map showing the distribution of the main volcanstructural and
sedimentary features of the Palinuro volcanic cexplhe labelled

dashed boxes indicate the three sectors of theani@lcomplex:W,
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western;,C, central; ande, eastern. The numbered boxes refer to other

figures of the volcanic complex given in this paper

Western sector of the Palinuro volcanic compléxShaded relief
image derived from multibeam bathymetry. Illlumircatéom the

NNE. B Multibeam reflectivity. Bathymetric contour intedg are 20
m. Hydrothermal deposit locations taken from Cadanet al. (1981),
Eckhardt et al. (1997), Minniti and Bonavia (198Bgterson et al.
(2008), Monecke et al. (2009) and Peters et all1Xp0°He/He

anomalies from Lupton et al. (2011) are also shg¢symbols as in

Fig. 2).

Western sector of the Palinuro volcanic compléx.Map of the
reduced-to-pole magnetic anomaB/.Map of the complete Bouguer
gravity anomaly. Bathymetric contour intervals 2éem. Symbols for

the various hydrothermal deposits given in Figure 2

Central sector of the Palinuro volcanic compléx.Shaded relief

image derived from multibeam bathymetry. Illlumircatéom the



Figure.

Figure 10.

Figure 11.

Figure 12.
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NNE. B Multibeam reflectivity. Bathymetric contour intedg are 20
m. Hydrothermal deposits taken from Colantoni et (4B81) and
Eckhardt et al. (1997)He/He anomalies from Lupton et al. (2011)

are also indicated (symbols as in Fig. 2).

Central-Eastern area of Palinuro seamount. Medtibb bathymetry
data was obtained by merging the data from thiglyst(cruise
MAVA11) with those of Marani et al. (2004). Contaaterval 100 m.
The yellow solid line shows the shot locations lo¢ tmultichannel
seismic line TIR10/12, as shown in Figure 11. Hyldeomal deposits
and *HefHe anomalies from Lupton et al. (2011) are alsowsho

(symbols as in Fig. 2).

Magnetic and gravity maps for the Central-Eastewa af Palinuro
seamount.A Map of the magnetization obtained by inversion of
reduced-to-pole magnetic anomaliBsMap of the complete Bouguer
gravity anomaly. Bathymetric contour interval 20 8ymbols as in

Figure 2.

Depth migrated section of seismic line TIR10/A2Processed data
only; B interpretation of the processed data. Red linek fiaallts and
fractures.F; andF, are two main regional faults that intersect with
local volcano-tectonic features. Location of thesiséc line is shown

in Figure 9.

Northern-eastern part of the central sector, Padinolcanic complex.

A Multibeam bathymetry (contour interval 50 nB),reflectivity, and



C sub-bottom profile (CHIRP) and reduced-to-pole n&iz anomaly

(solid red line) along seismic line TIR10/12.
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