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Abstract High-resolution magnetic surveys have been acquired over the partially sedimented Palinuro
massive sulfide deposits in the Aeolian volcanic arc, Tyrrhenian Sea. Surveys flown close to the seafloor
using an autonomous underwater vehicle (AUV) show that the volcanic-arc-related basalt-hosted hydrother-
mal site is associated with zones of lower magnetization. This observation reflects the alteration of basalt
affected by hydrothermal circulation and/or the progressive accumulation of a nonmagnetic deposit made
of hydrothermal and volcaniclastic material and/or a thermal demagnetization of titanomagnetite due to
the upwelling of hot fluids. To discriminate among these inferences, estimate the shape of the nonmagnetic
deposit and the characteristics of the underlying altered area—the stockwork—we use high-resolution vec-
tor magnetic data acquired by the AUV Abyss (GEOMAR) above a crater-shaped depression hosting a weakly
active hydrothermal site. Our study unveils a relatively small nonmagnetic deposit accumulated at the bot-
tom of the depression and locked between the surrounding volcanic cones. Thermal demagnetization is
unlikely but the stockwork extends beyond the limits of the nonmagnetic deposit, forming lobe-shaped
zones believed to be a consequence of older volcanic episodes having contributed in generating the cones.

1. Introduction

After the discovery of a magnetic low at the TAG hydrothermal site on the Mid-Atlantic Ridge [Tivey et al.,
1993], deep-sea, high-resolution magnetic exploration has confirmed that basalt-hosted hydrothermal sites
along mid-ocean ridges are associated with a negative reduced-to-the-pole (RTP) magnetic anomaly, i.e., a
weaker or missing magnetization [Tivey et al.,, 1993; Tivey and Johnson, 2002; Tivey and Dyment, 2010; Zhu
et al,, 2010; Caratori Tontini et al., 2012a; Nakamura et al., 2013; Honsho et al., 2013; Szitkar et al., 2014]. At
active basalt-hosted hydrothermal sites, this weak or lack of magnetization can result from a combination
of thermal demagnetization of titanomagnetite in the basalt [e.g., Kent and Gee, 1996], alteration of titano-
magnetite to less magnetic minerals such as titanomaghemite by contact with the pervasive circulation of
hot and reducing hydrothermal fluids [Ade-Hall et al., 1971; Johnson and Pariso, 1987; Watkins and Paster,
1971; Tivey and Johnson, 2002; de Ronde et al., 2011], and the progressive accumulation of a nonmagnetic
hydrothermal deposit covering the underlying magnetized layer and increasing the distance between the
magnetized basalt and the recording sensor, resulting in a decrease of the associated magnetic anomaly
[Szitkar et al., 2014].

Hydrothermal vent fields exist in other tectonic settings such as volcanic arcs [e.g., de Ronde et al.,, 2001];
however, their geophysical characteristics are presently poorly constrained and the studies by Caratori Ton-
tini et al. [2012a, 2014] so far remain the main contributions focusing on their magnetic properties. We use
high-resolution vector magnetic data and associated high-resolution bathymetry collected by the German
AUV Abyss during cruise POS442 of R/V Poseidon in October 2012 to investigate the magnetic signature of a
volcanic-arc-related basalt-hosted massive sulfide occurrence located within a crater-shaped depression
belonging to the Palinuro volcanic complex, in the southern Tyrrhenian Sea [Petersen et al., 2014]. This
depression is located on the eastern wall of the area surveyed by Caratori Tontini et al. [2014], and the asso-
ciated hydrothermal site is in a waning phase, as no indications for active black smoker-type chimneys were
observed either visually or as a plume signal in the water column. Weak, low temperature fluid discharge
(~60°C) is present [Monecke et al., 2009; Thiel et al., 2012], suggesting that thermal demagnetization of the
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uppermost basalt is unlikely although a deeper underlying heat source probably exists. We consider a
nested forward modeling approach combined thermal modeling of the site to address the question of the
shape and size of the nonmagnetic deposit and investigate the geometry of the underlying magnetized
layer, revealing a surprisingly large stockwork zone extending laterally beyond the limits of the deposit
beneath the three volcanic cones surrounding the depression.

2. Geological Settings

Despite accounting for roughly 26% of the Earth’s magmatic budget [Perfit and Davidson, 2000], volcanic
arcs only started to be extensively surveyed for hydrothermal mineralization in recent years [de Ronde et al.,
2001, 2012, 2014; Embley et al., 2004; Resing et al., 2007]. Although mid-ocean ridges and some volcanic-arc-
related hydrothermal systems may share a common basaltic host, the volcanic arc systems exhibit specific
characteristics such as a comparatively shallower depth, i.e., a weaker hydrostatic pressure [de Ronde et al.,
2005; Hannington et al., 2005; Monecke et al., 2014], allowing fluids to boil during their ascent to the seafloor
and the existence of variably thick volcaniclastic coverage.

The Palinuro volcanic complex is an E-W trending volcanic chain whose tectonic origin is still debated [e.g.,
Colantoni et al.,, 1981; Chiarabba et al., 2008; Marani and Gamberi, 2004a; Del Ben et al., 2008; Milia et al.,
2009; Passaro et al., 2010; Milano et al., 2012]. It is located in the Tyrrhenian Sea, at the northeastern end of
the Aeolian volcanic arc, in the vicinity of Sicily (~100 km South) and Calabria (~50 km East) and extends
over 70 km in length for a 25 km width, at depths reaching 3200 m at the base of its southern slope,
whereas the northern one, reaching 1800 m, acts as a transition with the Calabrian continental shelf. The
shallowest summits shoal to 70 m below the sea surface, forming two 10 and 3 km diameter flat plateaus,
respectively (Figure 1a). Palinuro rocks are characterized by basaltic-andesitic compositions, similar to the
Western Aeolian Seamounts [Trua et al., 2004]. Unconsolidated volcaniclastic material have been recovered
on Palinuro seamounts [Marani et al., 1999] and confirmed by visual observations using ROV and TV-guided
instruments [Petersen and Monecke, 2008]. However, sampling by dredging [Del Monte, 1972; Colantoni
et al, 1981] and drilling [Petersen and Monecke, 2009] recovered coherent lava of basaltic to basaltic-
andesitic composition at various locations within the complex. These observations may be interpreted as an
evidence for thin volcaniclastic coverage.

Along with other volcanoes of the Tyrrhenian Sea (namely Marsili and Panarea), the Palinuro complex shows
evidence for hydrothermal activity [Lupton et al., 2011], especially in its westernmost part. This westernmost
sector is dominated by a half circular rim (4 km in diameter) with steep flanks probably related to caldera for-
mation having occurred during the most recent stage of volcanic activity [Marani and Gamberi, 2004b; Ligi
et al, 2014] (Figure 1a). This western sector hosts hydrothermal activity and its associated seafloor sulfide and
Mn-Fe oxide deposits are covered by a sedimentary layer [Minniti and Bonavia, 1984; Peters et al., 2011;
Petersen et al.,, 2014]. Geophysical investigations of these hydrothermal sites were recently provided by Cara-
tori Tontini et al. [2014] and Ligi et al. [2014]. The northeastern wall has a volcanic summit with three individual
cones topping at 555 m below the sea level (Figures 1b and 2a) and enclosing the 750 m wide circular depres-
sion investigated in this study (Figure 1b). The above mentioned drilling program penetrated a partially buried
sulfide-sulfate mineralization zone at the bottom of the depression (Figure 1b), revealing an accumulation of
hydrothermal and volcaniclastic material [Petersen et al., 2014]. Moreover, the high-resolution bathymetric grid
provided by the AUV Abyss multibeam echo sounder in 2012 unveils two prominent features, potentially
dikes, to the West and the Southwest of the depression but the computed RTP anomaly does not provide any
evidence concerning their extension under the depression (Figures 1b and 2). It also reveals the presence of
volcanic pinnacles located on the internal face of the northeastern cone (Figure 1c). The entire structure is
characterized by a horseshoe shape opening to the Southeast (Figure 1b).

3. Data Acquisition and Processing

During cruise POS442 of R/V Poseidon in October 2012, high-resolution vector magnetic data were collected
using GEOMARs AUV Abyss, a REMUS6000 system. In order to achieve a complete survey of the crater-shaped
depression, the AUV followed 100 m spaced parallel profiles along an either ENE-WSW or NNW-SSE orienta-
tion, at an average altitude of 100 m above the seafloor (ranging from 30 to 165 m; Figures 1 and 2b) and
acquired magnetic data at a 10 Hz frequency, allowing a very precise estimation of the magnetic anomaly. In
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Figure 1. (a) Regional bathymetric map of the Palinuro volcanic complex. The studied area is surrounded by the red box and is located to
the East of that investigated by Caratori Tontini et al. [2014]. (b) High-resolution bathymetric map of the crater-shaped depression. The
black lines correspond to the AUV path whereas the dotted line encompasses the 3-D view presented in Figure 1c and revealing the pres-
ence of chimney-like volcanic pinnacles. The location of coherent volcanic rock samples recovered in the area is also given.

addition, high-resolution bathymetric data were collected using the AUV multibeam echo sounder, resulting
in a bathymetric map gridded at 60 cm with a vertical resolution of 20 cm. These data are completed by a
ship-based bathymetric grid (10 m grid with a vertical resolution of 3 m) provided by an EM122 multibeam
echo sounder and acquired during R/V Meteor cruise M86/4 in early 2012 [Petersen, 2012].

Processing high-resolution magnetic data collected by a fluxgate magnetometer mounted to the frame of
an underwater vehicle must be undertaken with care. Unlike surface measurements, where the
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Figure 2. (a) Perspective view of the crater-shaped depression. The three bathymetric highs clearly appear. (b) Altitude of the AUV above the seafloor. The variations rule out the possibil-
ity to directly reduce the magnetic anomaly presented in Figure 2c to the pole. (d) Equivalent magnetization computed using the ABIC inversion method for a 500 m thick magnetized
layer. (e) RTP anomaly recomputed from the equivalent magnetization and assuming a vertical geomagnetic field. The strongest negative values are centered above the nonmagnetic

deposit.

magnetometer is towed at a sufficient distance to eliminate the magnetic influence of the ship, the immedi-
ate proximity of the underwater vehicle strongly affects the raw data. The magnetic influence of the AUV
has therefore to be quantified and removed, in order to resolve the crustal magnetic anomaly.

The AUV magnetic susceptibility tensor (nine coefficients) and remanent magnetization vector (three coeffi-
cients) are estimated at the beginning of the dive, when the AUV is still at, or near the sea surface, using a
method developed by Isezaki [1986] and Honsho et al. [2009]. The vehicle is then considered far enough
from both the ship and the seafloor, so that the magnetic measurements should be equal to the Earth'’s
magnetic field values (total field) predicted by the IGRF (International Geomagnetic Reference Field) [Inter-
national Association of Geomagnetism and Aeronomy (IAGA) Working Group V-MOD, 2010]. Any variation
from this assumption is seen as a consequence of the magnetic influence of the vehicle. In our case, the
estimation of the coefficients is achieved thanks to a complex calibration pattern performed by the AUV at
the beginning of its dive. This pattern is made of a succession of “figures-8's,” allowing measurements of
the magnetic field in all directions with roll variations but at zero pitch, followed by a combination of short
ascents and descents in both N-S and E-W directions to estimate the effect of pitch variations at zero roll.
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The resulting matrix data of magnetic components, first calculated in the AUV reference frame, is converted
to geographical coordinates using the Euler rotation matrix, and transformed to vector magnetic anomaly
by subtracting the geomagnetic field approximated by the IGRF [JAGA Working Group V-MOD, 2010]. The
resulting magnetic anomaly is presented in Figure 2c and reveals a zone characterized by negative values
to the East of the survey area, whereas the western part is characterized by positive values.

Nevertheless, the directionality inherent in magnetic fields (inclination and declination) results in magnetic
anomalies being phase-shifted so that they are not centered over the causal body, unless the survey area is
located at a magnetic pole. To replace the anomalies above their causative sources, a further processing
step, called reduction to the pole (RTP), is required. This step consists of recalculating the measured anoma-
lies assuming a vertical geomagnetic field (as if they were ideally acquired at the magnetic pole), in order to
ease their interpretation. However, direct reduction to the pole is generally achieved in the spectral domain
and requires data to be collected or reduced to a horizontal plane, but Figure 2b indicates strong altitude
variations of the AUV, ruling out its application. Two options remain:

1. Upward-continuing the data to a datum plane located above the shallowest point of the survey [Guspi,
1987], although this approach results in a loss of short wavelengths, i.e., a reduced resolution.

2. Applying an equivalent source method, i.e., inverting the observed magnetic anomalies to equivalent
magnetization from which we recompute the anomaly assuming vertical field and magnetization vectors
le.g. Szitkar et al, 2014] (Figure 2d). We use the inversion method developed by Honsho et al. [2012]
based on the Akaike Bayesian Information Criterion (ABIC) which, unlike other inversion methods, is
achieved along the uneven tracks of the vehicle in the space domain, i.e., it does not require the data to
be acquired on a datum plane. In this method, the magnetization distribution is estimated by a linear
combination of bicubic splines and we aim to determine their expansion coefficients. This inversion takes
full advantage of the varying altitudes of the AUV above the seafloor and consequently allows conserva-
tion of the short wavelengths. As a result of the nonuniqueness of potential field solutions, an infinite
number of solutions exist for magnetic inversions, regardless of the chosen method. The solutions are
obtained by adding or removing a certain amount of annihilator [Parker and Huestis, 1974] (a magnetiza-
tion distribution producing no magnetic anomaly in the geometry of the experiment), among which the
most likely one is chosen based on geological or geophysical considerations. In our case, we search for
an equivalent source which geological significance is of little interest, and therefore adopt the one result-
ing from the application of the Honsho et al. [2013] algorithm under the following hypotheses. The mag-
netized layer is assumed to be 500 m thick with the upper surface defined by the bathymetry, resulting
in a magnetization distribution with a maximum contrast of 1.7 A/m (Figure 2d). With this result, we com-
pute the anomaly assuming vertical field and magnetization vectors, obtaining a mathematically rigorous
RTP anomaly (Figure 2e), which reveals that the area characterized by the strongest negative anomaly
corresponds to the bottom of the crater-shaped depression covered by hydrothermal and volcaniclastic
sediments. As volcanism in this area is younger than the last polarity reversal [Cocchi et al., 2009], this
negative magnetic anomaly corresponds to a weak or lack of magnetization and not to a highly magne-
tized area with a reverse polarity.

4, Forward Modeling

By studying the magnetic anomaly, we aim to constrain both the shape and volume of the nonmagnetic
deposit and the geometry of the underlying magnetized layer, providing crucial information concerning
the characteristics of the stockwork and/or the heat source at depth. We adopt a forward modeling
approach to estimate the influence of various hypotheses on the magnetic anomaly, until we reach a mod-
eled anomaly comparable to that computed in Figure 2e.

Modeled magnetic anomalies result from a combination of three parameters: (1) the thickness of the mag-
netized layer, (2) the magnetization of the basalt, and (3) sediment cover (including a potential hydrother-
mal deposit) increasing the distance between the magnetized source and the magnetometer. An infinite
number of linear combinations of these hypotheses consequently match the observed anomalies and it is
therefore important to consider a nested approach, in order to keep physically and geologically reasonable
hypotheses. It is also worth noting that we do not aim to systematically mimic second order anomalies, as
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Figure 3. Comparison between synthetic anomalies and computed RTP
(bottom right) (a) Modeled anomaly computed in the geometry of the
experiment, assuming a 500 m thick, 1.7 A/m magnetized layer. The shape
of the resulting synthetic anomaly does not match that of the RTP anomaly
and generally follows the bathymetry. (b) Shape and thickness nonmagnetic
material should have to match the computed RTP anomaly on a first order.
Such deposit is far beyond reasonable with respect to the limited amount
of volcaniclastic material observed throughout the volcanic chain.

(c) Requested shape for the underlying magnetized layer to produce a satis-
fying modeled anomaly. This step does not take the influence of the non-
magnetic deposit into account and is therefore not sufficient. (d) (top) High-
resolution bathymetry including the shape of the nonmagnetic deposit
obtained by downward-continuing the cone slopes under the sediment
coverage and associated modeled anomaly. (bottom) Shape of the underly-
ing magnetized layer which, combined with the nonmagnetic deposit, pro-
duces a satisfying modeled anomaly. (¢) Comparison between modeled
and computed RTP anomalies.

short wavelength variations may result from
small sources, on which we lack reliable infor-
mation. Trying to model such sources would
likely result in making doubtful assumptions.

To generate the modeled anomaly, the 60 cm
X 60 cm high-resolution bathymetry is discre-
tized into prisms with a 5 m X 5 m square sec-
tion and an infinite depth. Because of the
average AUV altitude of 100 m above the sea-
floor, we extend the limits of the high-
resolution bathymetry using the surface
bathymetry provided by R/V Meteor to prevent
any edge effect, and consider a 2 km X 2 km
square perimeter filled with 160,000 prisms
(and no gaps) around each AUV observation
point (X, Y, and Depth). As potential short
wavelength variations of the magnetization
intensity within the magnetized layer are not
constrained, we consider a uniformly 1.7 A/m
magnetized seafloor contrast resulting from
the Bayesian inversion (Figure 2d). The mag-
netic influence of every prism forming the
mesh of the model is calculated considering a
90° magnetization inclination and a 0° declina-
tion, producing a synthetic signal that can be
compared to the RTP anomaly computed from
the inversion. Considering the decrease of the
magnetic anomaly amplitude with the cube of
the distance, the magnetic influence of a prism
located at the edge of the 2 km perimeter for
the upper limit of the magnetized layer (i.e,
the seafloor) is only 0.1% of that of a prism
located under the AUV and is therefore negligi-
ble. For the lower limit (i.e, the base of the
magnetized layer), the same calculation leads
to a value of 13% of the prism located directly
beneath the AUV, which remains acceptable,
with respect to the much weaker magnetic
anomalies generated by this interface (~5% of
the influence of the upper interface). Assuming
these hypotheses, it becomes possible to
investigate consequences of thickness varia-
tions of both the nonmagnetic deposit and the
underlying magnetized layer.

In all the following models, the calculation is
done at the observation level of the AUV. This
level is subject to variations, as revealed in
Figure 2b, in order to adjust the position of
the vehicle with respect to the local topogra-
phy. Because the nature of the prominent fea-
tures to the West and the Southwest of the
depression remains speculative, as well as
their extension under the depression, trying
to take them into account would be
extremely hazardous.

SZITKAR ET AL.

DEEP EXPLORATION OF PALINURO

1955



@AG U Geochemistry, Geophysics, Geosystems 10.1002/2015GC005769

1. We test the effect of the bathymetry only, defining a 500 m thick magnetized layer, to remain consistent
with the hypothesis chosen for the magnetic inversion. The result is presented in Figure 3a and reveals
that the modeled anomaly follows the shape of the bathymetry, with positive values centered above
the three volcanic cones surrounding the central depression. This result is interpreted as a consequence
of the comparatively smaller altitude of the AUV above these areas, i.e., its closer proximity to the seafloor
(Figure 2b). The general shape of this first modeled anomaly does not match the calculated RTP anomaly
(Figure 2e), and its peak-to-peak amplitude is too weak, suggesting that additional sources must be taken
into account.

2. We estimate the shape and size a mixture of nonmagnetic hydrothermal and volcaniclastic material
should have to produce a satisfying modeled anomaly, without considering any variations of the underly-
ing magnetized layer thickness. The characteristics of such deposit are defined, so that the magnetic
influence of the three volcanic cones is eradicated. The result presented in Figure 3b reveals that the
only way to get an anomaly roughly matching the RTP anomaly shape over the depression imposes to
consider both an extremely large and deep deposit, largely exceeding that of sites with a comparable
size [Humphris et al., 1995; Hannington et al., 1998]. As the hydrothermal area does not encompass the
two western volcanic cones (no evidence of hydrothermal activity has been observed there), the western
part of the crater-shaped depression should be made of a massive accumulation of volcaniclastic mate-
rial, far beyond reasonable with respect to the observations throughout the volcanic chain. To the North-
east, evidence of only weak hydrothermalism does not support the hypothesis of a thick hydrothermal
and volcaniclastic deposit on the cone flanks either. Moreover, the modeled anomaly does not match
the RTP anomaly beyond the crater-shaped depression, especially to the West, where it remains too
weak despite the lack of any deposit. This step therefore rules out nonmagnetic material as the only
source of the RTP anomaly.

3. We now test the effect of a variably thick magnetized layer only. Indeed, the presence of hydrothermal-
ism and associated massive sulfides-sulfates strongly suggests the existence of an area located beneath
the site and hydrothermally altered by fluid circulation and/or heated above the Curie temperature of
titanomagnetite (~200°C) by a deeper magma chamber [e.g., Kent and Gee, 1996], leading to thermal
demagnetization (see below). Such an area can be related to a thinning of the magnetized layer under
the hydrothermal site, where the hot hydrothermal fluids ascend to reach the seafloor. The result pre-
sented in Figure 3c is close to the RTP anomaly but remains unsufficient, as it does not allow quantifying
the effect of the nonmagnetic deposit covering the center of the crater-shaped depression.

4. The final step consists in considering a well-constrained combination of the previous parameters, i.e., the
effect of a nonmagnetic deposit locked between the three cones, as suggested by the bathymetry, and
covering a variably thick magnetized layer. The strongest negative values of the RTP anomaly perfectly
match the center of the crater-shaped depression (Figure 2) and the bathymetric map allows constraining
the shape and dimensions of the corresponding nonmagnetic deposit with a downward-continuation of
the cone slopes below the sediment coverage to determine the location and depth of their merging
point. The role of such nonmagnetic deposit is estimated in Figure 3d (upper row) and the associated
negative anomaly logically appears stronger than in Figure 3a, but the magnetic signature of the three
cones still exists. As there is no reason to envisage consistent sediment coverage anywhere else, it finally
becomes possible to constrain the shape of the underlying magnetized layer, confirming that a large
nonmagnetic area extending under the cones is required. The shape of the underlying magnetized layer
is presented in Figure 3d (lower row), along with the modeled anomaly produced by a combination of
this variably thick layer and the nonmagnetic deposit. Figures 3e and 4 summarize our nested approach
by comparing the final modeled anomaly with the computed RTP anomaly and displaying 3-D views of
the deep structure of the site.

5. Discussion

The magnetized layer thickness chosen for the Bayesian inversion remains a matter of discussion. However,
the line spacing of the survey and the average altitude of the measurements combined with the rapid
decrease of the anomaly intensity with distance suggest that any thickness of more than several hundred
meters would not have a noticeable impact on the magnetization contrast. Moreover, even if this thickness
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Figure 4. Perspective view of the crater-shaped depression, taking the hydrothermal occurrences into account and thickness of the underlying magnetized layer (shown are various
angles), leading to the final modeled anomaly.

remains uncertain, it does not have any influence on the shape of the observed RTP anomaly and the only
difference concerns its peak-to-peak amplitude, which slightly varies. While the 500 m value could be an
arbitrary estimate for the thickness of the magnetized layer based on previous magnetic studies of arc vol-
canoes [Caratori Tontini et al., 2012a, 2012b], the inversion model resolution is not particularly sensitive to
reasonable variations of this parameter (4.6% of variations for a thickness varying from 300 to 500 m), with
little impact on the conclusion related to the shape of the hydrothermal deposit and the geometry of the
stockwork zone.

Assuming our hypotheses, we roughly estimate the volume of Palinuro’s nonmagnetic deposit. Figure 1b
and 3 suggest a deposit with a roughly conic shape pointing downward (circular base with a 400 m diame-
ter). Moreover, the downward-continuation of the cone slopes reveals that their merging point is located
50 m below the top of the sediment coverage. Simple calculation allows estimating a volume of ~2 X 10°
m?, comparable to that of other basalt-hosted hydrothermal sites [e.g., Humphris et al., 1995; Hannington
et al.,, 1998].

The forward modeling approach reveals that the zone characterized by a thinner magnetized layer expands
beyond the limits of the known nonmagnetic deposit (Figures 3-5). Such geometry is interpreted as an
altered and/or hot zone below the bathymetric highs surrounding the depression (Figure 5) and these
“lobes” extending upward may be a consequence of older volcanic episodes having altered or heated the
underlying magnetized layer above the Curie temperature of titanomagnetite.

To discriminate among these hypotheses, we compute a 3-D thermal model with the open KWare Heat3D
geophysical heat flow simulator. The code models the thermal state by finite difference solution of energy
and momentum conservation equations (i.e., Navier-Stokes) (Wohletz et al., 1999). These equations express
heat transfer by conduction and convection with nonlinearities arising from variations of thermal conductiv-
ity within a heterogeneous material and heat sources/sinks (e.g., latency). We assume the existence of a
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Figure 5. Schematic representation of the deep structure of the Palinuro hydrothermal site along two profiles. (top) SW-NE profile cutting
across the two main bathymetric highs. (bottom) Additional NW-SE profile cutting across the smaller cone located to the Northwest of the
crater-shaped depression and drilled massive sulfide-sulfate occurrence. The two profiles correspond to the dotted black lines on the bath-
ymetric map. The particular geometry of the magnetized layer is interpreted as a consequence of older volcanic episodes having gener-
ated the three cones surrounding the depression and altered the underlying magnetized layer. The presence of hydrothermal discharge
next to the observed chimney-like volcanic pinnacles on the internal face of the northeastern cone supports the hypothesis of a complete
eradication of the underlying magnetized layer.

cooling heat source at depth, transferring the heat to other layers by conduction and evaluate its character-
istics, so that the lower magnetized interface corresponds to a thermal demagnetization of titanomagnetite.
Assuming a basaltic-andesite lithology forming the area of interest, we consider the following parameters:
(1) Heat source with a melting temperature of 1200°C, density of 3000 kg/m?, thermal conductivity K = 1.8
W/(mK), specific heat C, = 1.2 J/(kg K); (2) Basalt-andesite host rocks having a density of 2750 kg/m?, ther-
mal conductivity K= 2.6 W/(mK), specific heat C, =910 J/(kg K) [Sleep, 1975; Parker and Oldenburg, 1973].
Both the bathymetry and the base of the magnetized layer are discretized into prisms with a 100 m X
100 m square section and we surmise the presence of a 2000 year old heat source 1000 m below the sea-
floor (Figure 6a)—which is considered as a minimum reasonable depth—in order to investigate the cooling
process. During the first 1000 years (Figure 6b), the isotherms follow the shape of the intrusion with a steep
heat gradient, the temperature decreasing from 1200°C within the intrusion to 250°C in 100-200 m. On the
longer term, the isotherms become progressively smoother. The last cooling step appears to be the most
consistent with the current situation, as the lack of active high-temperature discharge (e.g., black smokers)
rules out the presence of an active heat source at depth. With this heat source, thermal demagnetization of
titanomagnetite in the basalt would only occur at depths of ~800 m below the seafloor, i.e., much deeper
than the lower base of the magnetized layer. To get a thermal demagnetization consistent with the base
of the magnetized layer, the heat source would have to be located at an unrealistic shallow depth, suggest-
ing that the base of the magnetized layer likely results from alteration of titanomagnetite rather than ther-
mal demagnetization. Moreover, on the northeastern volcanic cone, this base is located immediately below
the volcanic pinnacles, supporting the hypothesis of an alteration of magnetized material resulting from
volcanic activity (Figure 5).

The lower limit of the stockwork remains ambiguous and would require further exploration such as ODP/
IODP deep drilling. It remains therefore possible that the vertical heat gradient, although relatively weak,
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Figure 6. Thermal modeling of the site. (a) Assumed heat source corresponding to a magma chamber located ~1000 m below the seafloor and characterized by a 1200°C temperature
within the intrusion. (b) Progressive cooling of the source with time. The lack of active chimneys on the seafloor suggests that the fourth step of the process is the most likely, but rules
out the hypothesis of thermal demagnetization as a significant contributor for the specific magnetic signature of the site.
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could lead to a thermal demagnetization at greater depths, possibly resulting from an ascending hydrother-
mal pipe beneath the site [e.g., Szitkar and Dyment, 2015].

6. Conclusions

Like all other basalt-hosted hydrothermal sites investigated to date, the volcanic-arc-related basalt-hosted
hydrothermal site Palinuro exhibits a strong negative magnetic anomaly, i.e., a lack of magnetization. This spe-
cific magnetic signature, combined with a nested forward modeling approach and thermal modeling allows
structurally constraining the deeper parts of the volcano. Our study reveals that the nonmagnetic deposit
associated with the site cannot account for the observed anomaly, suggesting variations in the thickness of
the magnetized layer at the site. This thin magnetized layer laterally extends beyond the limits of the non-
magnetic deposit and provides insight into the location of a stockwork zone that forms lobes under the flanks
of the volcano. These lobes are believed to be a consequence of older volcanic episodes having created the
cones surrounding the depression and largely altered underlying magnetized layers. To the Northeast, the
presence of hydrothermal discharge located next to the volcanic pinnacles also concurred to increase this
alteration process by totally eradicating the magnetized crust under the internal face of the cone.
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