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Abstract

Shallow-water hydrothermal systems in active volcanic arcs serve as natural analogs for
geothermal reservoir characterization and potential sources of Critical Raw Materials
(CRMs). This study examines the Panarea hydrothermal system (Aeolian Islands, Tyrrhe-
nian Sea, 37-207 m depth) to characterize its mineralogical facies and assess CRM enrich-
ment patterns. Sixteen sediment samples collected during 2013-2015 research cruises were
analyzed using SEM-EDS, XRPD with Rietveld refinement, and XRF. Four hydrothermal
alteration facies were identified: (i) a low-temperature iron oxide facies dominated by
nanocrystalline goethite with enrichments in As, V, and Moj; (ii) an argillic to propylitic
facies containing smectite-group clays and high-temperature silica polymorphs, con-
sistent with alteration at 200-350 °C; (iii) a phyllic to propylitic facies showing exceptional
Ba enrichment (up to 46,976 ppm) and base-metal sulfide accumulations; and (iv) an ad-
vanced argillic facies including the first documented aluminophosphate—sulfate mineral
at Panarea, a svanbergite-woodhouseite solid solution. Vanadium concentrations at Pa-
narea exceed values reported across the Tyrrhenian—Aeolian domain, ranking this site
among the highest-V shallow hydrothermal fields in the Mediterranean. These findings
support a genetic model involving fault-controlled seawater circulation, magmatic CO:
input, and episodic redox fluctuations, providing baseline data for CRM cycling and ge-
othermal evaluation in Mediterranean submarine volcanic systems.

Keywords: iron oxyhydroxides; chimney-like structures; svanbergite-woodhouseite;
hydrothermal vents; XRPD; SEM-EDS; XRF; Panarea island; Italy
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Submarine hydrothermal systems are critical natural laboratories where interactions
among magmatic heat sources, circulating seawater, and reactive seafloor materials pro-
duce diverse mineral assemblages that influence local and global geochemical cycles [1-
3]. These systems are characterized by high thermal gradients, chemically enriched vent
fluids, and tectonic controls that create spatially heterogeneous zones of mineral precipi-
tation, including sulfides, oxides, and silicates [4—6]. Beyond their fundamental scientific
value for understanding ore-forming processes and biogeochemical element cycling, sub-
marine hydrothermal systems have attracted growing attention as potential sources of
economically strategic metals, including copper, zinc, cobalt, and rare earth elements,
whose global demand is rapidly accelerating in the context of the clean energy transition
[7,8].

The decarbonization pathways required to achieve net-zero emissions by mid-cen-
tury rely heavily on renewable energy technologies, electric vehicles, and energy storage
systems, all critically dependent on metals whose terrestrial reserves are under supply
pressure [9-11]. This growing demand has intensified global interest in seafloor mineral
resources, including seafloor massive sulfides (SMS), ferromanganese crusts, and
polymetallic nodules, as potential complementary sources to conventional mining [8,12].
In the Mediterranean region, particularly within the Tyrrhenian Sea, hydrothermally de-
rived metallic deposits associated with active volcanoes have been documented since the
early 1990s [13-18], with massive sulfide accumulations enriched in Ba, Pb, and Zn; Fe-Si
oxyhydroxide deposits; and iron-rich sediments highlighting the metallogenic potential
of this geodynamically active basin [18,19]. However, exploitation of such resources raises
profound environmental concerns, as seafloor hydrothermal ecosystems host unique and
fragile chemosynthetic communities whose biodiversity and ecological functions remain
poorly understood [20,21]. Any responsible resource assessment must therefore be
grounded in rigorous scientific characterization of both geological and ecological dimen-
sions so that future governance frameworks can balance resource extraction interests with
the imperative to preserve marine biodiversity and ecosystem integrity [22,23].

In the Mediterranean region, particularly within the Aeolian volcanic arc and the
central-southern Tyrrhenian Sea, submarine hydrothermal activity has been extensively
documented, revealing significant mineralization, vigorous gas venting, and geochemical
anomalies associated with active volcanic and tectonic processes [13,15-19,24]. The arc
spans approximately 200 km from Calabria to the Sicilian shelf, encompassing seven is-
lands (Alicudi, Filicudi, Salina, Lipari, Vulcano, Panarea, and Stromboli) and several sub-
marine edifices. Its geological evolution is driven by the African—-Eurasian plate conver-
gence and Ionian slab rollback, which promote extensional tectonics, volcanism, crustal
thinning, high heat flow (>150 mW/m?), and widespread hydrothermal circulation [25-
29]. Among the Aeolian Islands, the Panarea volcanic complex is notable for its shallow-
water accessibility (37-207 m depth), vigorous degassing activity, and diverse minerali-
zation styles [19,24,30,31]. The Black Point site (23 m depth) releases highly acidified (pH
2.4-3.3) thermal fluids at temperatures up to 140 °C [31,32], while the Smoking Land chim-
ney-like structures field (70-80 m depth) releases CO2-dominated gases with no apparent
thermal anomalies [29,33]. Hydrothermal activity is expressed through Fe-Si oxyhydrox-
ide chimney-like structures, mounds, flat deposits, sulfide mineralization, and iron-rich
sediments forming distinctive yellow to red layers near active vents [29,33,34]. These shal-
low-water vents provide accessible analogs for understanding hydrothermal processes at
deeper mid-ocean ridge and back-arc basin settings, offering insights into fluid-rock in-
teraction, mineral precipitation kinetics, and microbial colonization [35-37]. Di Bella et al.
[34] documented modern iron ooid deposits formed by hydrothermal precipitation of
nanocrystalline goethite, demonstrating that direct inorganic precipitation can produce
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texturally and compositionally complex iron-rich structures under shallow submarine
conditions.

Despite the geological significance of the Panarea hydrothermal field, a comprehen-
sive integrated characterization across different deposit types remains limited. Previous
studies have provided valuable, but fragmented, insights into specific mineral phases or
bulk compositions, leaving gaps in our understanding of systematic phase assemblages,
textural variations, and elemental distributions. This study addresses these gaps through
integrated analysis of sixteen samples representing different hydrothermal deposits col-
lected during 2013-2015 research cruises, including mobile seafloor sediments, sediment
cores, and chimney fragments. We employ scanning electron microscopy with energy-
dispersive X-ray spectroscopy (SEM-EDS) for textural and microchemical characteriza-
tion, X-ray powder diffraction (XRPD) with Rietveld refinement for quantitative mineral-
ogy, and X-ray fluorescence (XRF) spectrometry for bulk elemental analysis. The specific
objectives are (1) to identify and quantify mineral assemblages across different deposit
types and classify them within the established framework of hydrothermal alteration fa-
cies; (2) to characterize textural features, including evidence for biotic and abiotic precip-
itation processes; (3) to determine major and trace element distributions and enrichment
patterns, with emphasis on EU-listed Critical Raw Materials; (4) to elucidate the spatial
zonation of hydrothermal facies in relation to temperature, pH, and redox regimes, and
(5) to provide baseline mineralogical and geochemical data to constrain metal cycling and
hydrothermal dynamics in shallow submarine volcanic systems, with implications for
predictive modeling of analogous deposits in volcanic arc settings.

1.1. Geological Setting

The Aeolian Arc (Figure 1a) represents the youngest phase of orogenic magmatism
in the Tyrrhenian Sea, initiated approximately 23 Ma ago in response to the convergence
of the African and Eurasian plates. The volcanic arc consists of seven islands (Alicudi,
Filicudi, Salina, Vulcano, Lipari, Panarea, and Stromboli) and several seamounts (e.g.,
Sisifo, Enarete, Eolo, Alcione, and Palinuro) arranged in a predominantly submarine ar-
cuate complex surrounding the Marsili basin, overlying a 250-300 km deep Wadati—Ben-
ioff zone related to the subduction of the Ionian Sea beneath the southern Tyrrhenian do-
main. Subaerial volcanic activity began around 250-270 ka; currently, only Stromboli is
active, while Vulcano, Lipari, and Panarea are quiescent. Volcanic products belong to calc-
alkaline, high-K calc-alkaline, shoshonitic, and K-alkaline series, reflecting mantle pro-
cesses above the subducting oceanic crust [28,38]. The arc is located within an active re-
gion shaped by plate convergence and southeastward rollback of the Ionian lithosphere,
generating compression in the eastern sector and strike-slip to extensional deformation in
the central and western sectors [15,32]. The stratigraphic sequence spans basaltic to rhyo-
litic compositions dated from ~0.5 Ma to the present, with progressively younger rocks
eastward [18,24]. The most prominent tectonic feature is the NNE-SSW to NE-SW trend-
ing graben northeast of Panarea, bounded to the west by extensional fault arrays with
fresh volcanic outcrops, along which intense gas venting occurs. Adjacent sedimented ar-
eas display sulfide mineralization patches and iron-rich ochre to red sediments with con-
solidated iron oxide crust fragments [13,15,19]. Massive Ba—Pb-Zn-enriched sulfide de-
posits occur south of the Basiluzzo islet along the eastern fault zone [15-17].

Hydrothermal activity is expressed as Fe-Si oxyhydroxide chimneys, mounds, and
extensive flat deposits, with widespread CO2-dominated (92%-98%) seafloor gas dis-
charges associated with variable H2S and minor N2, Hz, He, CO, and CHs [31,39]. Helium
isotope ratios (4.1-4.3 Ra) indicate a strong mantle-derived component. Thermal waters
have pH values of 3-7.45 and temperatures of 25-30 °C, are enriched in K*, Ca?, Li*, and
Cl, and are depleted in Mg?" and SO+ relative to seawater [31]. Geothermal equilibrium
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temperatures estimated from fluid geochemistry range from 150 to 350 °C [31]; these rep-
resent deep subsurface thermal estimates and not direct measurements at the seafloor
depths sampled here (37-207 m b.s.1.). In November 2002, a submarine gas explosion dra-
matically intensified hydrothermal activity, causing widespread seafloor disruption, the
formation of new venting structures, and increased CO: flux and mineral precipitation
[40,41]. The samples analyzed in this study were collected 10-13 years after this event
(2013-2015) and may therefore reflect a post-disturbance recovery phase rather than long-
term steady-state conditions, a temporal context that should be considered when inter-
preting the mineral assemblages and metal enrichment patterns described below.
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Figure 1. (a) Sketch map of the Aeolian Islands and surrounding seamounts in the southern Tyrrhe-
nian Sea, modified from Peccerillo et al. [42], and location of the study area within the Panarea vol-
canic system (red square). The subduction/collision front is shown in the inset map of Italy. IP =
Ionian Plate; SA = Sisifo-Alicudi fault system; smt = seamount; TLF = Tindari-Letojanni fault sys-
tem. (b) Simplified bathymetric morphostructural map of the Panarea Volcanic Complex, modified

from Lucchi et al. [43], showing sampling locations (blue triangles).
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2. Materials and Methods

Sixteen shallow-water marine sediment samples (Figure S1; Table S1) were collected
around Panarea Island during three research cruises: in 2013 aboard R/V Magnaghi and
in 2014-2015 aboard R/V Astrea, coordinated by ISPRA in collaboration with other re-
search institutions. Samples were recovered from depths ranging from 37 to 207 m below
sea level (b.s.l.) in the area between Panarea Island and Basiluzzo Islet (Figure 1b). The
sample suite includes distinct categories based on collection method and material type.
Mobile seafloor sediments (BN1, BN10, BN14, BN16, BN18, BN21, BN23, BCP04, BCP07)
and hydrothermal crusts (BAS1), consisting of sandy to gravel material with variable
grain size and coloration, were collected using a bucket dredge. These sediments show
variable degrees of hydrothermal alteration. Fragments of chimney-like structures, PAN1
and PAN2, were collected from two sites, both retrieved using a remotely operated vehicle
(ROV). Three sediment cores (CR1, CR3, CR4) were obtained using a SW104 core drill to
investigate vertical variations in hydrothermal precipitation and diagenetic alteration.
The coordinates and water depths of all sampling stations are provided in Figure 1 and
Table 1.

Table 1. Location, geographic coordinates, depth, and description of samples collected from the

Panarea hydrothermal field.

Sample Location Latitude Longitude Depth (m b.s.l.) Description
PANT * NE Basi- 15°0746" E 38°40'18" N 184 red brown fragments' of hydrothe{rmal chim-
luzzo ney, some with black patina
PAND * NE Basi- 15°0750" B 38°4019" N 207 red brown fragments. of hydrothelrmal chim-
luzzo ney, some with black patina
BN1** W Basiluzzo 15°06'14"E  38°39'49" N 86 red crusts
BN10** W Panarea  15°03'05" E  38°38'23" N 37 red crusts on coarse-grained sediment
BN14* OV DB sneis e 38039097 N 81 grey brown sand
luzzo
BN15** E Basiluzzo 15°06'15"E  38°39'05" N 81.5 red silty sand
L
BN16 ** lssialjz: 15°06'51" E  38°38'09" N 74 brown sand with dispersed lithic clasts
S Lisca . nar i i
BN18 ** Bianca 15°06'52" E 38°38'08" N 74 red brown sand + crusts with black patina
BN21 OV B se0si60rE 38°3906" N 75 grey green sand
luzzo
BN23 ** W Basiluzzo 15°0529"E  38°39'36" N 81 red, green coarse-grained sediment
E Basi-
BAST ** Nluzzasl 15°07'46" B 38°4021" N 120 red brown crusts and sand
BCPO4 ** Nlifjjl' 15°0707"E  38°40'40"N 87 red brown crusts and sand
Li
BCPO7* SIS ysopgsarE 3803809"N 74.8 Brown-red mound
Bianca
W Basi-
CR1 *** SSIuZZzSI 15°0629" E  38°38'57" N 87 core-red to brown sand
SW Basi-
CR3 *** luzzaoSI 15°05'52" E  38°39'15" N 82 core—grey to green mud with red patina
W Basi-
CR4 *** SsluzzzSI 15°06'30" E ~ 38°38'55" N 75 core—from brown to grey sand

Sampling method, date, and research vessel: * ROV-10/2015 Astrea; ** bucket-05/2014 (BCP4;
BCP07), 10/2015, Astrea; *** corer—-06/2013, Magnaghi.
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The mineralogical and geochemical compositions of all samples were characterized
using a multi-analytical approach that combined Scanning Electron Microscopy with En-
ergy-Dispersive X-ray Spectroscopy (SEM-EDS) for microtextural and compositional
analysis, X-ray Powder Diffraction (XRPD) for mineralogical phase identification, and X-
ray Fluorescence (XRF) spectrometry for bulk major and trace element quantification:

e  SEM-EDS-Microtextural characterization and semi-quantitative elemental analysis
were performed with two electron microscopes: (1) the EMCrafts CUBE II Series (Em-
Crafts Co., Ltd., Gwangju-si, South Korea), equipped with a SE detector and 4CH
BSE detector, located in the Panarea ECCSEL NatLab-Italy laboratory, managed by
the National Institute of Oceanography and Applied Geophysics; and (2) the ESEM-
FEI Inspect-S electron microscope (Thermo Fisher Scientific, headquartered in Hills-
boro, OR, USA) coupled with the Oxford INCA PentaFETx3 EDX spectrometer and
a Si(Li) detector, housed at the Department of Earth Sciences, University of Messina.

The system is equipped with a Si(Li) detector with an ultra-thin window (ATW2),
providing an energy resolution of 137 eV at 5.9 keV. Measurements were conducted
under environmental conditions at a working distance of 10 mm with an acceleration
voltage of 20 kV. Data acquisition used counting times of 60 s, maintaining approxi-
mately 3000 counts per second with dead time below 30%. Spectral processing and
quantification were performed using INCA Energy software (version 4.09), which
implements the XPP matrix correction scheme developed by Pouchou and Pichoir
[44] to account for atomic number, absorption, and fluorescence effects.

e  XRPD-Mineralogical phase identification was performed using a Bruker D8 AD-
VANCE diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) equipped with Cu
Ka radiation and a Bragg-Brentano theta-theta goniometer. The system includes a
Si(Li) solid-state detector (Sol-X), which provides energy discrimination that substan-
tially reduces iron-induced X-ray fluorescence and operates at 40 kV and 40 mA.
Sample preparation procedures were adapted to the material type. Solid samples
were manually pulverized with an agate mortar and dried in an oven at 37 °C. All
samples recovered from the submarine environment, including dredged sediments,
hydrothermal crusts, and sediment cores (CR1, CR3, CR4), were first washed with
distilled water to remove soluble salt from seawater and interstitial pore fluids, then
dried in an oven and pulverized. Diffraction patterns were collected from 2° to 80°
20 with a step size of 0.02° 20 and a count time of 1 s per step. Raw diffraction data
were processed by filtering the Koz component for all samples, exploiting the energy
discrimination capability of the Sol-X solid-state detector, which substantially sup-
presses the Koz contribution while retaining the full Kau signal. For non-ferruginous
samples, an additional background correction was performed using a digital (Fou-
rier) filter, which improved the signal-to-noise ratio without loss of diagnostic infor-
mation. For ferruginous samples, this additional digital background filtering was in-
tentionally omitted: despite the energy discrimination of the Sol-X detector, residual
background noise in these iron-rich samples remained elevated due to persistent Fe
fluorescence, and digital filtering risked suppressing the weak, broad diffraction sig-
nals characteristic of nanocrystalline goethite. The Ka: stripping was therefore the
only data pre-processing step applied uniformly across all samples prior to Rietveld
refinement. Quantitative phase analysis was performed by Rietveld refinement using
Profex 5.6.1 as a graphical interface to the BGMN engine, which implements a fun-
damental parameters approach for line-profile convolution from instrumental geom-
etry and a dedicated instrumental file (.sav) describing the Bragg—Brentano 0-6 con-
figuration with a Sol-X point detector. Refined parameters included scale factor, lat-
tice constants, isotropic or anisotropic crystallite size (B1), microstrain (k2), and pre-
ferred orientation (SPHAR2/4) where required; background was modeled by
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Chebyshev polynomial supplemented, for amorphous-rich samples, by dedicated
amorphous structure files. Goodness-of-fit metrics (Rp, Rwp, Rexp, GoF, Durbin-
Watson) for each refinement are reported in Supplementary Table S1.

XREF-Bulk major and trace element compositions were determined using a Bruker S8
Tiger wavelength-dispersive sequential X-ray fluorescence spectrometer (Bruker
AXS GmbH, Karlsruhe, Germany). The instrument features an Rh-anode X-ray tube
capable of operating at a maximum power of 4 kW. For trace element analysis, meas-
urements were performed at 60 kV and 67 mA using the LiF220 analyzer crystal with
a 0.23° collimator, providing optimal peak-to-background ratios and spectral resolu-
tion for elements from Sc to U. To optimize signal-to-noise ratios and prevent detec-
tor saturation, tube voltage and current were adjusted according to the atomic num-
ber and concentration of each analyzed element. Sample preparation followed stand-
ardized procedures to ensure analytical reproducibility and minimize contamina-
tion. All samples were dried at 105 °C for 24 h and pulverized to a grain size of <63
um using an agate mortar and pestle. Samples containing seawater were washed
with distilled water prior to drying and pulverization to remove soluble salts that
could interfere with matrix corrections. Homogenized powders were prepared using
two methods: pressed pellets with boric acid binder for trace element analysis and
fused glass beads prepared with lithium tetraborate flux in a Pt-Au crucible at 1050
°C for major element determinations. Loss on Ignition (LOI) was not determined;
major element oxide concentrations are reported as measured, and analytical totals
are included for reference only. All geochemical classifications rely on trace elements
and REE patterns, which are insensitive to LOI normalization. Quantitative analysis
was performed using the fundamental parameters method implemented in Bruker
SPECTRA PLUS (version 3) software packages GEO-QUANT M (major and minor
elements) and GEO-QUANT T (trace elements). The GEO-QUANT programs employ
a hybrid empirical-fundamental parameters approach, with calibration curves based
on international certified reference materials (CRMs) spanning diverse geological
matrices. Matrix corrections are handled through the Compton scattering method
(Rh Kal Compton line), with inter-element correction factors derived from funda-
mental physical constants (mass absorption coefficients, fluorescence yields, jump ra-
tios). Certified reference material GBW07103 (Chinese marine sediment) was ana-
lyzed as an external standard to validate accuracy. Analytical precision, estimated
from replicate analyses of standards, was better than 2% relative standard deviation
(RSD) for major elements (>1 wt %) and 5%-10% RSD for trace elements in the 10—
1000 ppm range. Lower limits of detection (LOD), calculated as 3o of background
intensity at optimized measurement times (Bruker Lab Report XRF 90, DOC-L80-
E00090) [45], are reported in Tables 2—4; values below detection limits are reported
as b.d.1. All XRF analyses were performed on bulk sample powders; element attribu-
tion to individual mineral phases is inferred from integration with XRPD quantita-
tive mineralogy and SEM-EDS data.

Table 2. Major oxide contents (wt %) and trace element concentrations (ppm) in dredged marine

sediments from Panarea Island, determined by XRF analysis.

Sample BN1 BN10 BN14 BN15 BN16 BN18 BN20 BN21 BN23 BAS1 BCP04 BCP07
Major Oxides (wt %)
5i02 1351 415 5882 1136 5517 5598 7151 7046 4813 998 1286 57.49
ALOs 3.71 134 1655 248 1156 11.32 1347 1395 9.05 2.18 1.27  25.65
Fe:0s 7716 8795 915 78.88 1426 20.5 2.55 324 2468 8312 80.78 5.50
CaO 087  2.58 5.10 2.27 1.74 2.05 1.38 1.56 9.11 0.76 0.95 0.54
MgO 0.91 1.12 1.22 0.85 1.16 1.10 0.70 0.73 1.50 0.47 0.36 0.87
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Na:O 1.14 060 377 118 837 476 351 367 295 077 118 1.40
K20 085 020 3.8 088 419 1.79 571 526 310 042 0.1 0.55
TiO2 013 052 054 0027 0317 052 020 0.23 022 010 0.08 1.88
P20s 1.20 138  0.35 1.57  0.36 026 013 016 054 088 0.38 1.26
MnO 014 0.11 0.06 0.06 0.55 016 005 0.05 0.06 028  0.08 0.08
SOs 032 040 046 040 1.94 135 067 058 054 042 081 4.49
Total 99.95 100.35 99.87 9996 99.62 99.8 99.88 999 99.89 99.80 9936 99.71
LOD Trace elements (ppm)
Cd ~1* 9 b.dl. b.d.L 2 bdl. bdl bdl bdl bdl bdl bdl bdl
Sc 0.9 1 15 9 b.d.L 6 16 2 2 5 b.dl. b.d.l 16
\ 1.2 1009 150 171 208 138 163 34 54 244 1030 291 180
Cr 1.0 46 21 28 8 12 29 13 11 36 33 12 37
Co ~1* bdl b.dl 4 b.dl. bdl bdl bdl bdl bdl bdl bdl 5
Ni 0.7 70 8 8 31 17 13 9 9 16 61 35 11
Cu 0.8 31 30 32 26 32 35 23 24 33 45 29 54
Zn 0.5 132 131 86 159 80 179 50 53 101 160 64 57
Ga ~1*  bdl 18 19 b.d.l 16 10 20 19 10 4 4 25
As 2.1 844 89 118 384 100 288 25 30 305 728 184 105
Rb 0.3 51 115 128 65 157 61 231 221 116 34 54 88
Sr 0.3 105 410 370 200 223 383 193 188 463 114 138 1320
Y 0.4 38 22 24 34 27 14 34 34 25 38 22 18
Zr 0.3 71 154 146 41 137 115 170 166 109 39 43 234
Nb 0.3 10 17 20 9 20 9 29 27 16 6 6 20
Mo 0.2 65 21 12 241 59 59 8 9 50 110 188 30
Ba 3.8 96 1066 538 44 390 965 446 327 398 90 74 980
La 3.4 <5 36 43 b.d.L 44 8 65 63 22 12 12 35
Ce 3.8 38 53 71 77 75 31 105 100 71 31 31 24
Pb 0.9 69 147 70 195 118 168 42 47 78 45 30 289
Th 0.8 14 23 27 15 30 15 47 44 24 9 12 15
U 0.8 6 7 6 15 10 10 13 12 8 11 15 10

LOD = Lower limit of detection (30, Bruker Lab Report XRF 90, DOC-L80-E00090). b.d.l. = below
detection limit. * = estimated from GEO-QUANT T specifications.

Table 3. Major oxide contents (wt %) and trace element concentrations (ppm) in PAN1 and PAN2

chimney-like structures from Panarea Island, determined by XRF analysis.

Sample PAN1 PAN2 PAN1_Replica PAN2_Replica
Major Oxide (wt %)
5i0: 9.59 8.46 7.06 8.33
AlOs 0.15 0.22 0.16 0.23
Fe:0s 85.39 86.49 87.67 85.94
CaO 0.77 0.66 0.72 0.63
MgO 0.36 0.44 0.43 0.46
Na20 2.37 2.28 2.30 291
K20 0.24 0.22 0.21 0.25
TiOz 0.00 0.00 0.01 0.01
P20s 0.06 0.05 0.06 0.04
MnO 0.90 0.85 0.40 0.38
S0s 1.03 1.17 1.39 1.17
Total 100.86 100.84 100.40 100.37
LOD Trace elements (ppm)
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Cd ~1* b.d.l. b.d.L b.d.L b.d.L
Sc 0.9 b.d.L b.d.l. b.d.L b.d.L
\Y% 1.2 99 88 69 66
Cr 1.0 b.d.l. b.d.L b.d.L b.d.L
Co ~1* b.d.l. b.d.L b.d.L b.d.L
Ni 0.7 38 50 19 38
Cu 0.8 40 28 28 30
Zn 0.5 41 48 61 65
Ga ~1* 4 4 4 4
As 2.1 65 50 39 35
Rb 0.3 11 13 14 16
Sr 0.3 120 104 85 95
Y 0.4 41 11 8
Zr 0.3 b.d.l. b.d.L b.d.l.
Nb 0.3 3 2 1
Mo 0.2 171 199 255 249
Ba 3.8 32 22 20 14
La 34 12 12 12 12
Ce 3.8 11 1 1 1
Pb 0.9 11 10 10
Th 0.8 3 3 3 2
U 0.8 12 18 19 19

LOD = Lower limit of detection (30). b.d.l. = below detection limit. * = estimated.

Table 4. Major oxide contents (wt %) and trace element concentrations m) in core samples from
] pp P

Panarea Island, determined by XRF analysis.

Sample CR10-3 CR13-9 CR118-21 CR1 21-24 CR1 24-27 CR1 27-30 CR1 30-37 CR3 0-3 CR3 3-12 CR4
Major Oxide (wt %)
S0z 68.27 82.59 74.18 81.60 52.90 73.61 78.03 61.66 64.00 58.70
AlLOs 10.30 6.91 8.15 8.20 25.33 13.22 11.09 16.62 17.24  22.00
Fex0s 4.72 1.70 243 1.74 5.36 2.60 242 4.86 454  6.02
CaO 222 1.06 1.83 1.04 0.33 2.20 1.55 3.25 3.84 154
MgO 0.80 0.67 1.52 0.53 2.35 0.58 0.48 0.99 089 2.30
Na20 2.25 1.47 2.63 1.29 2.62 2.08 1.96 5.45 263 141
K0 1.33 0.51 1.19 0.81 0.51 2.39 2.24 3.87 403 143
TiO:z 0.78 1.40 1.09 0.90 1.26 0.60 0.59 0.59 056 1.03
P20s 0.15 0.09 0.15 0.23 0.13 0.16 0.14 0.30 030 0.19
MnO 0.01 0.01 0.01 0.01 0.01 0.03 0.04 0.03 0.06 0.13
SOs 10.03 3.14 5.72 3.61 7.80 2.52 1.51 0.74 038 3.72
Total 100.86  99.55 98.90 99.96 98.60 99.98 100.05 98.36 98.47 98.47
LOD Trace elements (ppm)
Cd ~1*  b.dl b.d.l. b.d.l. b.d.L b.d.l. b.d.L b.d.l. b.d.l. b.dl b.d.lL
Sc 0.9 12 9 7 10 42 13 9 17 14 39
\% 1.2 90 76 79 98 205 135 114 171 162 257
Cr 1.0 10 11 12 8 44 4 13 36 32 49
Co ~1*  b.dl b.d.l. b.d.l. b.d.L 6 b.d.L b.d.l. 2 4 7
Ni 0.7 5 9 b.d.l. 4 13 6 12 12 9 14
Cu 0.8 38 19 27 28 68 30 27 33 33 79
Zn 0.5 63 23 46 41 1265 40 41 331 362 1920
Ga ~1* 16 12 12 13 26 16 17 19 19 23
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As 2.1 59 47 60 36 251 60 58 132 96 150
Rb 0.3 22 9 18 17 12 83 99 110 125 32
Sr 0.3 2114 791 1467 1485 762 1223 775 474 434 1197
Y 0.4 16 18 16 10 15 19 19 19 20 23
Zr 0.3 351 351 379 230 228 264 247 137 138 269
Nb 0.3 14 22 19 14 17 17 19 15 16 14
Mo 0.2 21 27 31 23 34 30 27 23 13 42
Ba 3.8 46,976 12,753 26,738 19,091 1109 26,174 11,710 2021 1535 132123
La 3.4 <5 7 <5 6 42 <5 19 29 44 15
Ce 3.8 <5 <5 <5 <5 62 <5 <5 26 35 <5
Pb 0.9 209 81 135 282 407 137 99 244 292 400
Th 0.8 11 10 10 11 16 18 22 19 23 14
8] 0.8 8 8 8 8 7 9 8 9 8 9

LOD = Lower limit of detection (30). b.d.l. = below detection limit. * = estimated.

3. Results

The hydrothermal sediments collected from the Panarea volcanic field were charac-
terized using SEM imaging, X-ray diffraction, and geochemical analyses. The following
subsections present the results organized by analytical approach: textural characteriza-
tion, mineralogical assemblages, major element geochemistry and sample classification,
and trace element signatures. Together, these data document the compositional and tex-
tural diversity of the sampled materials, which include ferruginous crusts, silica-domi-
nated sediments, chimney fragments, and sediment cores.

3.1. Textural Characterization of Hydrothermal Sediments

SEM imaging reveals a range of textures reflecting the mineralogical and composi-
tional diversity of the Panarea hydrothermal sediments (Figure 2). Iron-rich crusts (Figure
2A-D) consist of a fine-grained, homogeneous matrix of iron oxyhydroxides and silica
containing dispersed volcanic particles and fragments of variable size and morphology.
At higher magnification, some crust surfaces display ooidal textures characterized by
well-developed concentric layering (Figure 2E), while others exhibit a ferruginous mat
composed of dense filamentous structures (Figure 2F). Secondary euhedral gypsum crys-
tals occur on ooidal crust surfaces (Figure 2G-H), forming prismatic to bladed habits on
the iron oxyhydroxide substrate. Core sample CR1 shows distinct textural variations with
depth. The uppermost interval is characterized by a silica-rich matrix with authigenic
quartz crystals displaying well-developed prismatic forms (Figure 2M-N). Immediately
below, the upper portion contains aggregates of marcasite crystals with complex inter-
grown habits (Figure 2I-J). An intermediate muddy interval deeper in the core contains a
fine silica matrix with scattered euhedral gypsum and halite crystals (Figure 2K-L). Iron
oxyhydroxide-dominated samples also exhibit skeletal crystal morphologies with irregu-
lar, branching outlines (Figure 20-P). Euhedral to subhedral barite crystals with charac-
teristic tabular to bladed habits occur as discrete phases within the sediment matrix (Fig-
ure 2Q-R). Samples of chimney-like structures display filamentous networks and tubular
microstructures closely associated with iron oxyhydroxide precipitates (Figure 25-T),
forming complex three-dimensional frameworks distinct from the abiotic textures ob-
served in the crust and core samples.
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Gth - Si-rich matrix

E] Gth - Si-rich matrix
Gth - Si-rich matrix
Gth - Si-rich matrix oy

Figure 2. SEM images of hydrothermal sediments from Panarea Island. (A-D) BSE images of iron-
rich crusts with goethite—silica matrix and dispersed volcanic mineral fragments; (E) ooids with
concentric layering; (F) filamentous ferruginous mat suggestive of microbial iron precipitation;
(G,H) euhedral gypsum crystals on ooidal crust surface, detail in (H); (I-J) marcasite crystal aggre-
gates from upper core CR1, detail in (J); (K-L) authigenic gypsum and halite in microcrystalline
silica matrix, intermediate interval of CR1, detail in (L); (M,N) authigenic quartz in silica-rich matrix,
uppermost CR1, detail in (N); (O,P) skeletal goethite morphologies indicative of rapid precipitation,
detail in (P); (Q,R) tabular to bladed barite crystals; (S,T) filamentous biogenic microstructures as-
sociated with goethite precipitates, “PAN1” (S) and “PAN2” (T) chimneys. Gth—goethite; Va— vol-

canic ash; Vm-volcanic minerals; Gyp-gypsum; Hl-halite; Qtz—quartz; Mrc-marcasite; Brt—barite.

3.2. Mineralogical Assemblage

X-ray diffraction with semi-quantitative Rietveld analysis identifies the principal
mineral phases in hydrothermal sediments (Table S2 and Figure S2 for representative
XRD patterns). Quantitative analysis of smectite is challenging because turbostratic
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disorder causes diffuse scattering that overlaps with contributions from amorphous com-
ponents such as volcanic glass, opaline silica, and Fe-oxyhydroxides (see footnote t, Table
52). Therefore, the smectite abundances in Table S2 represent combined clay-amorphous
phase estimates and should be interpreted as semi-quantitative.

X-ray diffraction patterns from ferruginous samples BN1, BN10, BN15, BAS1, BCP04,
and chimney-like structures PAN1 and PAN2 (representative pattern shown in Figure S2)
exhibit sharp, well-defined reflections characteristic of goethite (a-FeOOH), confirming it
as the predominant iron-bearing mineral in these samples. Characteristic reflections at d-
spacings of 4.18 A (110), 2.69 A (130), 2.45 A (021), and 1.72 A (221) match the orthorhom-
bic goethite structure. Rietveld refinement using the fundamental parameters approach
(BGMN) [46], where sample-related size broadening is modeled as a Lorentzian integral
breadth (B1) and coherent domain size D = 1/B1 [47], yielded a mean isotropic coherent
domain size of 8.1 + 0.7 nm, with the uncertainty representing estimated standard
deviation (e.s.d.) from the least-squares refinement. This value is representative of all
ferruginous samples analyzed (n = 5), which yielded consistent crystallite sizes within
analytical uncertainty. An anisotropic refinement (Bl = ANISO) performed on a
representative sample yielded 9.1 + 2.3 nm, 8.1 + 1.2 nm, and 10.0 + 3.3 nm perpendicular
to the (110), (101), and (020) crystallographic planes, respectively; the differences are not
statistically significant given the overlapping uncertainties, confirming a nearly
equidimensional crystal morphology.

Among the feldspar-dominated samples, sanidine is the major phase in BN23, ac-
companied by goethite, cristobalite, and carbonate minerals (Mg-calcite and calcite). Al-
bite dominates BN14, with significant anorthite, goethite, and minor quartz and halite,
while BN21 contains roughly equal proportions of albite and sanidine, with quartz as a
notable additional phase. BN16 is characterized by a simple two-phase assemblage of cris-
tobalite and siderite, and BN18 is dominated by illite, along with albite and multiple silica
polymorphs. Sample BCP07 is strongly dominated by kaolinite, with a rare svanbergite—
woodhouseite APS mineral as an accessory phase (Figure 3).

Core samples CR1, CR1_liv0-3, and CR3 are all smectite-rich, each associated with
feldspars and silica polymorphs in varying proportions. CR4 is dominated by disordered
kaolinite, with a poorly crystalline component (~20 wt %) and minor jarosite and siderite.
Sulphate minerals (gypsum, barite, jarosite), iron sulfides (marcasite), and carbonates (cal-
cite, Mg-calcite, siderite) occur as accessory phases across several samples.
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Figure 3. X-ray powder diffraction pattern of sample BCP07 (Cu Ka radiation, A =1.5418 A). Upper
panel: smoothed diffractogram with phase identification. Svanbergite-woodhouseite solid solution
peaks are indicated by red-labeled boxes with Miller indices and d-spacings; kaolinite (blue dashed
lines), halite (cyan dash-dot lines), and aragonite (green dash-dot lines) are also shown. The refined
unit cell parameters (a = 6.975 A, ¢ = 16.584 A) are consistent with an intermediate composition
(Sro7sCan22) Al3(PO4)(SO4)(OH)s estimated by Vegard’s law interpolation. Lower panel: background-

subtracted net intensity with phase attribution (red = svanbergite—woodhouseite).

3.3. Major Element Geochemistry and Sample Classification

The analyzed hydrothermal sediments from Panarea Island reveal distinct geochem-
ical groups based on major oxide compositions (Tables 2—4). Ferruginous, silica-domi-
nated chimney fragments and core samples each display characteristic SiO2-Fe20s rela-
tionships and other key oxide signatures that highlight their formation processes.

Ferruginous samples (BN1, BN10, BN15, BAS1, BCP04, PAN1, PAN2) are character-
ized by extremely high Fe2Os (>77 wt %) and low SiO:2 (4-14 wt %). BN10 records the high-
est Fe20s (88 wt %) with minimal SiO2 (4 wt %), while chimney-like samples PAN1 and
PAN2 maintain similarly elevated Fe20s (~85-86 wt %) with slightly higher SiO2 (~8-9 wt
%). Al20s remains consistently low across this group (<4 wt %), and SOs is modest (<1.2
wt %).

Silica-dominated samples (BN14, BN16, BN18, BN20, BN21, BN23, BCP07) show high
Si0z2 (48-72 wt %) inversely related to lower Fe20Os (325 wt %). BN20 and BN21 have the
highest 5iOz (~70-72 wt %) with minimal Fe2Os. Al20s varies widely across the group (9-
26 wt %), reaching its maximum in BCP07, where SO:s also peaks at 4.5 wt %. Alkali con-
tents are variable (Na:0 up to 8.4 wt % in BN16; K2O up to 5.7 wt % in BN20), and CaO
reaches 9 wt % in BN23.

Core samples display SiO:z ranging from 53 to 83 wt % and uniformly low Fe20s (2-6
wt %). Near-surface intervals of CR1 show the highest SiO2 contents (>80 wt %), which
decrease downcore as AlOs rises, peaking at ~25 wt %. SOs decreases markedly with
depth, from ~10 wt % near the surface to <0.4 wt % in CR3. CR3 records the highest alkali
contents of the core samples (Naz0 5.5 wt %, K20 4.0 wt %), while CR4 is distinguished
by elevated Al2Os (~22 wt %) and the highest Fe2Os within the core group.
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3.4. Trace Element Signatures

Ferruginous samples are characterized by exceptionally high concentrations of
arsenic (As) and vanadium (V) (Table 2), reaching up to 844 ppm for As and 1030 ppm for
V, which are among the most distinctive geochemical signatures of this facies. On the spi-
der diagrams (Figure 4), these samples display negative barium (Ba) anomalies with con-
sistently low values (22-96 ppm; BN1, BN15, BAS1, BCP04, PAN1, PAN2), although BN10
is an exception with an anomalously elevated Ba concentration of 1066 ppm. Zirconium
(Zr) is variable (0-154 ppm; peaking at 154 ppm in BN10). Zinc (Zn) ranges moderately
from 41-160 ppm, with peaks in BAS1 (160 ppm) and BN15 (159 ppm), whereas nickel (Ni)
reaches up to 70 ppm in BN1. The PAN1 and PAN2 chimney-like structures subgroup
deviates, showing low As anomalies, prominent positive molybdenum (Mo) spikes (171-
199 ppm), negligible Zr (near 0 ppm), and lower Zn (41-48 ppm).

Silica-dominated samples show distinct positive anomalies for Ba, Zr, and Sr on spi-
der diagrams, clearly distinguishing them from ferruginous samples. Ba displays pro-
nounced enrichment, reaching up to 980 ppm in BCP07 and 965 ppm in BN18, accompa-
nied by consistently elevated Zr (109-234 ppm, with a maximum of 234 ppm in BCP07).
Strontium (Sr) shows similarly high values, up to 1320 ppm in BCP07. Lead (Pb) is en-
riched up to 289 ppm in BCP07, and As varies widely from 25 to 305 ppm, with the highest
value in BN23 (305 ppm). Other elements, such as Zn (50-179 ppm; maximum in BN18),
copper (Cu, 23-54 ppm), and molybdenum (Mo, 8-59 ppm), are present at moderate lev-
els.

Core samples reveal complex, depth-stratified patterns on spider diagrams, with
massive positive Ba anomalies in shallow intervals such as CR1 0-3 cm (46,976 ppm) and
Zn spikes in deeper layers, including CR1 24-27 cm (1265 ppm) and CR4 (1920 ppm).
These correspond with systematic Pb enrichment (81-407 ppm; maximum in CR1 24-27
cm), elevated Sr (434-2114 ppm; peaking in CR1 0-3 cm and 21-24 cm), and variable As
(36251 ppm). Vanadium (V) reaches 257 ppm in CR4, copper (Cu) up to 79 ppm, and
molybdenum (Mo) up to 42 ppm, while Zr remains consistently moderate (137-379 ppm).
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Figure 4. Trace element spider diagrams for the analyzed samples from Panarea Island, grouped as
(A) chimney fragments; (B) ferruginous; (C) silica-dominated; and (D) core samples. Data have been
normalized to the upper continental crust [48].

4. Discussion
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4.1. Hydrothermal Facies: Textural and Mineralogical Constraints

The integrated textural (Figure 2) and mineralogical (Table 52) dataset from the Pa-
narea hydrothermal sediments defines four hydrothermal facies, framed within the estab-
lished classification scheme of hydrothermal alteration facies [49-51], which positions al-
teration assemblages according to their controlling temperature and pH conditions.

Low-temperature hydrothermal iron oxide facies (direct precipitate): The iron oxide facies
is dominated by nanocrystalline goethite (a-FeOOH) forming crusts and chimney-like
structures with three distinct textural types: (i) ferruginous mats of filamentous and tub-
ular microstructures (PAN1, PAN2); (ii) well-developed ooidal textures with concentric
layering (BAS1, BCP04); and (iii) dispersed volcanic glass shards and volcanic mineral
crystals. This facies does not correspond to a hydrothermal alteration facies sensu stricto.
Several lines of evidence support direct low-temperature oxidative precipitation at the
fluid—seawater interface rather than fluid—-rock interaction: (i) the mineralogical assem-
blage is dominated by a single nanocrystalline phase (goethite) with no secondary silicate
or phyllosilicate alteration products that would be expected from fluid-rock interaction;
(ii) the nearly equidimensional coherent domain size (8.1 + 0.7 nm) is consistent with rapid
precipitation from supersaturated fluids rather than dissolution-replacement reactions;
(iif) the ooidal textures and filamentous microstructures are characteristic of Fe-oxyhy-
droxide accretion at a fluid-seawater mixing interface [34]; and (iv) the low venting tem-
perature (<150 °C) at Basiluzzo [31] precludes the thermal conditions required for silicate
mineral breakdown and secondary mineral formation. Quantitative Rietveld analysis re-
veals a mean isotropic coherent domain size of 8.1 + 0.7 nm (n = 5), with anisotropic re-
finement confirming nearly equidimensional crystal morphology. This contrasts with the
strongly acicular habit (axial ratios 2-5) of goethite crystallized at equilibrium from dilute
solutions [51] and is consistent with rapid precipitation from highly supersaturated fluids
suppressing preferential b-axis growth. The prominent filamentous networks in the most
surficial ferruginous sediments are morphologically consistent with iron-oxidizing bacte-
ria [51,52,53]; however, morphology alone does not constitute conclusive evidence of bio-
genicity, though microbial presence in analogous Panarea structures was previously con-
firmed by Bortoluzzi et al. [37].

Argillaceous to propylitic alteration facies (silica-clay assemblage): The silica-clay
alteration facies is characterized by varying proportions of smectite-group clays, high-
temperature silica polymorphs (cristobalite and tridymite), and feldspars (albite and
sanidine). Core samples also contain plagioclase, phillipsite, barite, and maghemite.
Maghemite is interpreted as a product of low-temperature oxidative transformation of
primary volcanic magnetite, commonly documented in submarine hydrothermal
environments where oxygenated seawater interacts with mafic volcanic substrates [54].
Phillipsite records the low-temperature, near-neutral pH end of the alteration spectrum
(60-100 °C) [55], whereas diaspore (a-AlOOH) reflects episodic highly acidic and
aluminous conditions at elevated temperatures, consistent with advanced argillic
alteration [56]. Textures include a microcrystalline silica groundmass with dispersed
clays, well-faceted authigenic quartz, and pseudomorphic replacement of volcanic glass.
Smectite-bearing assemblages are consistent with argillaceous alteration facies (pH~5.5-
7, T<160 °C) [50,56,57,58]. The co-occurrence of sanidine (> 200 °C) and high-temperature
silica polymorphs in samples CR3 and BN23 aligns more closely with propylitic alteration
conditions (pH 5.5-7, T = 230-350 °C) [17,59]. Cristobalite and tridymite should be
interpreted cautiously, as both may also originate from low-temperature devitrification of
volcanic glass [58,60]. Sanidine provides stronger evidence for elevated temperatures,
since its formation requires structural reorganization not achievable by devitrification
alone. The coexistence of high- and low-temperature phases reflects fluid mixing,
temporal cooling, or inheritance of primary volcanic mineralogy rather than a
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contradiction. The inferred temperature range of 200-350 °C for peripheral zones should
be considered a qualitative estimate broadly consistent with Italiano and Nuccio [31], as
no direct fluid temperature measurements were performed. Carbonate minerals (Mg-
calcite, calcite) detected in dredged sediments such as BN23 are interpreted as biogenic
debris from the shallow marine environment (81 m depth), consistent with their
occurrence exclusively in dredged surface sediments and their morphological
characteristics (fragmented shell debris observed in the collected sample; Figure S1I),
rather than as hydrothermal precipitates.

Phyllic to propylitic alteration facies (sulfate-sulfide assemblage): The sulfate and sulfide
assemblages represent the oxidized and reduced ends of a redox-stratified continuum,
broadly consistent with phyllic to propylitic alteration facies conditions (pH 5.5-7, T =
160-350 °C) [61-63]. The sulfate component, including barite and gypsum as euhedral
crystals in shallow core intervals and disseminated grains in muddy sediments, records
exceptional Ba enrichment (up to 46,976 ppm) from mixing Ba-rich hydrothermal fluids
with sulfate-bearing seawater at the sediment-water interface, with concentrations de-
creasing with depth [63-66]. Halite and gypsum are physically enclosed within consoli-
dated silica clasts, confirming their authigenic origin and ruling out surface crystallization
from residual seawater (removed by distilled water washing prior to drying; Section 2).
Their co-occurrence is consistent with crystallization from Cl—-enriched hydrothermal
pore fluids concentrated within sediment porosity during diagenesis. The sulfide compo-
nent consists of marcasite and pyrite as framboidal aggregates, euhedral crystals, and dis-
seminated grains in anoxic subsurface sediments, where bacterial sulfate reduction drives
iron sulfide precipitation; marcasite specifically indicates localized acidic conditions
[67,68]. Both components accumulate base metals (Zn, Pb, Cu) through sulfide precipita-
tion and metal adsorption. Their depth-controlled coexistence, with some samples con-
taining both oxidized and reduced phases, reflects the gradient between oxidizing near-
surface and reducing subsurface conditions and temporal redox variations [17,34,59].

Advanced argillic alteration facies (acid-sulfate assemblage): The acid-sulfate alteration fa-
cies, equivalent to the advanced argillic alteration facies (pH 24, T = 160-300 °C) [49,50],
is characterized at Panarea by nearly monomineralic kaolinite, with svanbergite, jarosite,
cristobalite, and, in some samples, disordered kaolinite, amorphous components, quartz,
pyrite, and siderite. Textures include cryptocrystalline kaolinite aggregates, advanced
mineral replacement, and vuggy porosity. Kaolinite forms through advanced hydrolysis
of silicate phases under high H* activity (pH~4-6, T <200 °C) [66], while associated APS
minerals and jarosite confirm highly acidic conditions from sulfide oxidation or magmatic
SO: degassing [66,67]. The stability fields of these phases further constrain alteration con-
ditions: jarosite is stable at T <90 °C (pH 1.5-3) [68], consistent with near-surface sulfide
oxidation, while svanbergite—-woodhouseite forms at T = 100-250 °C [66,69], indicating
deeper or earlier-stage alteration. APS minerals in kaolinite-bearing deposits can be more
sensitive to physicochemical indicators than phyllosilicates alone [66]. The intermediate
svanbergite-woodhouseite composition (Sro.7sCao.22) in BCP07 reflects the Sr/Ca ratio of
the precipitating fluid: the dominance of the Sr-rich endmember indicates interaction with
Sr-bearing volcanic plagioclase of the Aeolian arc, while the 22 mol % Ca component is
consistent with the Ca-enriched Panarea thermal waters [31]. This composition was esti-
mated from Vegard’s law using the Rietveld-refined unit cell parameter and should be
considered a bulk average, as crystal-scale variations cannot be assessed at this stage.
Rietveld refinement combined with the high bulk Sr content (1320 ppm in BCP07; Table
2) provides consistent evidence for the presence of svanbergite, representing the first doc-
umented occurrence of an APS mineral at Panarea. Future investigations employing com-
plementary analytical techniques would allow crystal-scale compositional characteriza-
tion and further consolidate this identification. The coexistence of pyrite with kaolinite
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and jarosite indicates localized redox variations, and the spatial restriction of this facies to
discrete zones of magmatic volatile input reflects pronounced pH gradients in laterally
zoned alteration systems [70].

The spatial distribution of the four facies reflects systematic zonation controlled by
temperature, pH, redox conditions, and degree of seawater interaction, summarized in
the temperature-pH stability diagram (Figure 5). The low-temperature iron oxide precip-
itate dominates the fluid-seawater mixing zone around Basiluzzo (<150 °C). Argillaceous
to propylitic alteration assemblages characterize peripheral zones at circumneutral pH.
Advanced argillaceous (acid-sulfate) alteration is restricted to discrete zones of intense
magmatic volatile input, and the redox-stratified sulfate-sulfide continuum records
depth-controlled fluid evolution from oxidizing near-surface to reducing subsurface con-
ditions [34]. This zonation is broadly consistent with the hydrothermal alteration zonation
documented in active hydrothermal systems [49,50], adapted here to a shallow submarine
volcanic setting where enhanced seawater interaction, high oxygen availability, and prox-
imity to subaerial volcanic inputs modify the classic alteration patterns observed in conti-
nental geothermal fields.
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Figure 5. Temperature-pH diagram showing stability fields for the four hydrothermal facies
identified at Panarea and the positions of analyzed samples. Stability fields are based on Rietveld
quantitative mineralogy, bulk XRF geochemistry, and published thermodynamic data
[51,58,66,68,69,71]. Sample positions are estimated from dominant hydrothermal mineral
assemblages; non-hydrothermal phases (biogenic carbonates, detrital minerals) are excluded. No
direct fluid temperature measurements were obtained; all temperature assignments are qualitative.
Seawater pH (8.1) is shown for reference (dashed vertical line). Sv—Wh = svanbergite-woodhouseite
solid solution. Symbol shapes: circle = dredge/surface sediment; square = chimney fragment;

triangle = core sample. Symbol colors correspond to facies affiliation.

4.2. Geochemical Signatures and Metal Sequestration Processes
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Major oxide and trace element compositions of Panarea hydrothermal sediments ex-
hibit distinct geochemical signatures that reflect different mineralogical assemblages, var-
iable fluid chemistry, and specific formation processes within this shallow submarine vol-
canic system. The integrated mineralogical, geochemical, and textural dataset reveals clear
spatial zonation of hydrothermal activity corresponding to distinct temperature regimes
and metal sequestration pathways (Figure 5).

Low-temperature Fe-oxyhydroxides form under oxidizing conditions where redox-
sensitive elements are readily incorporated into rapidly precipitating Fe(Ill) structures
[29,33,34]. Trace element incorporation into nanocrystalline goethite reflects element-spe-
cific crystal-chemical, surface-chemical, and redox controls. Vanadium incorporates via
Fe(IIl) substitution in octahedral sites (V>/Fe* ionic radii similarity) and surface adsorp-
tion onto goethite hydroxyl groups at pH 4-8 [72], enhanced by the high surface area-to-
volume ratio of the ~8 nm equidimensional crystallites. Arsenic is scavenged via surface
complexation under oxidizing conditions [73], consistent with concentrations up to 844
ppm. Molybdenum enrichment (171-199 ppm in chimney structures) reflects Fe-oxyhy-
droxide surface adsorption under suboxic conditions [74], with possible biological medi-
ation by iron-oxidizing bacteria [75]. Cobalt depletion reflects the absence of Mn-oxide
phases required for oxidative Co?* — Co* scavenging, precluded by low MnO contents
(0.01-0.90 wt %) and dominance of Fe(Ill) oxyhydroxide precipitation [76,77]. Metalloid
scavenging by Fe-oxyhydroxides is the dominant sequestration mechanism at Basiluzzo,
with V among the highest reported for Mediterranean hydrothermal systems and As
among the highest in the Tyrrhenian—-Aeolian domain, comparable to western Pacific
anlogs where As mobilization and co-precipitation with iron oxides are dominant [78,79],
establishing Panarea’s ferruginous facies as a metalloid endmember in the Mediterranean
domain (Section 4.3). Conversely, systematic Ba depletion (14-96 ppm) and low Zr (0-154
ppm), evident as negative spider diagram anomalies, distinguish these precipitates from
detrital or volcanic inputs. Ba depletion reflects minimal barite precipitation and low goe-
thite incorporation, while low Zr indicates negligible aluminosilicate contamination.

The chimney-like structures subgroup (PAN1, PAN2) displays a distinctive signature
with subdued As anomalies, prominent Mo spikes (171-199 ppm), and near-zero Zr. Ele-
vated Mo is primarily attributed to abiotic adsorption onto Fe-oxyhydroxides under fluc-
tuating redox conditions, a well-characterized process that selectively enriches Mo rela-
tive to As during oscillating oxidation-reduction cycles [74,80,81]. Incorporation into re-
duced sulfide phases under slightly more reducing conditions represents an additional
contributing mechanism. The prominent filamentous networks observed in the textures
of these samples are consistent with microbial iron oxidation, suggesting that biological
uptake or complexation with extracellular polymeric substances [79] may represent a sub-
sequent control on Mo sequestration, potentially overprinting or further enhancing the
initial abiotic enrichment. Mo isotope data, EPS characterization, and direct microbial ev-
idence are needed to fully constrain the timing and relative contributions of biotic and
abiotic pathways [75].

Silica-dominated samples (BN14, BN16, BN18, BN20, BN21, BN23, BCP(07) define a
compositional trend toward high SiO2 (48-72 wt %) with correspondingly lower Fe20s
(2.6-25 wt %), reflecting intense silicification or incorporation of volcanic glass and high-
temperature silica polymorphs. Elevated Al2Os (up to 25 wt % in BCP07) correlates with
clay minerals (kaolinite, smectite) and feldspars, indicating variable degrees of hydrother-
mal alteration of volcanic precursors. The wide range in alkali contents (Na20 up to 8.37
wt %; K20 up to 5.71 wt %) reflects the preservation of primary volcanic feldspars (albite
and sanidine) in some samples versus their alteration to clays in others. Sample BCP07,
with the highest SOs (4.49 wt %), corresponds to the kaolinite—svanbergite assemblage
discussed above, confirming acid-sulfate alteration in higher-temperature zones. Spider
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diagrams for silica-dominated samples show distinct positive Ba and Zr anomalies, clearly
distinguishing them from ferruginous samples. Ba enrichment is pronounced (up to 980
ppm in BCP07), accompanied by elevated Sr (up to 1320 ppm), reflecting the presence of
barite and/or incorporation into altered feldspars and clays. High Zr concentrations (109-
234 ppm) indicate retention of accessory zircon or incorporation of volcanic glass shards,
consistent with textural observations of lithic fragments within the Fe-Si matrix. Variable
As enrichment (25-305 ppm) suggests localized iron oxide precipitation superimposed on
the siliceous-aluminosilicate matrix.

Core samples reveal systematic depth-controlled variations in major oxides and trace
elements reflecting evolving redox conditions and fluid—-sediment interactions. Near-sur-
face intervals show maximum SiO2 (up to 82.59 wt %) with depleted Fe20s (<2 wt %), con-
sistent with silica-rich hydrothermal precipitates or amorphous silica. With increasing
depth, SiO2 decreases while Al2Os increases (up to 25.33 wt %), marking a transition to
clay-dominated assemblages (smectite, kaolinite). Strong SOs depletion with depth, from
10.03 wt % at 0-3 cm to 0.38 wt % at deeper intervals, reflects progressive loss of sulfate
minerals and bacterial sulfate reduction in anoxic subsurface zones, consistent with the
occurrence of framboidal pyrite and marcasite. Spider diagrams reveal complex depth-
stratified patterns: shallow intervals display massive positive Ba anomalies (up to 46,976
ppm in CR1 0-3 cm), documenting exceptional barite enrichment from the mixing of Ba-
rich hydrothermal fluids with sulfate-bearing seawater at the sediment-water interface,
indicative of strong fluid discharge at steep chemical gradients [62,63]. Deeper intervals
display pronounced Zn spikes (up to 1920 ppm in CR4) with elevated Pb (up to 407 ppm),
Cu (up to 79 ppm), and V (up to 257 ppm), reflecting sulfide mineral accumulation under
reducing conditions. The transition from sulfate-dominated upper to Zn-enriched deeper
layers records temporal shifts in hydrothermal flux and redox conditions, and these ver-
tical gradients may provide stratigraphic archives suitable for future high-resolution
geochronological studies.

The integrated dataset supports a genetic model of fault-controlled seawater circula-
tion along distinct thermal pathways, with important implications for trace metal cycling
in shallow marine volcanic environments. Low-temperature pathways around Basiluzzo
(~100-150 °C) leach Fe, Mn, As, V, and Mo from volcanic substrates, with magmatic CO2
input enhancing metal solubility. Upon seafloor discharge, rapid abiotic and biologically
mediated Fe(Il) oxidation produces nanocrystalline goethite precipitates that effectively
scavenge metalloids and prevent their dispersal into the water column. Higher-tempera-
ture pathways reach 200-350 °C at greater crustal depths, driving extensive silicate alter-
ation and generating fluids enriched in Si, Ba, Sr, and alkali elements. The coexistence of
oxidized and reduced mineral assemblages indicates dynamic redox fluctuations con-
trolled by variations in fluid flux, bacterial sulfate reduction, and episodic oxidative
weathering of primary sulfides. The high concentrations of As, V, Mo, Pb, and Zn across
sample types indicate that shallow hydrothermal systems can act as significant point
sources for trace metal input to coastal marine environments, with important biogeochem-
ical and ecological consequences warranting further investigation.

4.3. Classification and Comparative Framework: Mediterranean and Global
Hydrothermal Systems

Among the four facies identified at Panarea, the ferruginous facies is particularly dis-
tinctive in the Mediterranean context. Fe-oxyhydroxide deposits from other Aeolian-Tyr-
rhenian hydrothermal systems show substantially lower metalloid concentrations,
As~20-150 ppm and V~30-280 ppm in Fe-rich crusts across the arc [14] and As typically
below 200 ppm in hydrothermal sediments from the same province [15]. These values are
exceeded at Panarea, where As reaches up to 844 ppm (BN1) and V up to 1030 ppm
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(BAS1), establishing the Basiluzzo low-temperature system as a metalloid endmember in
the Mediterranean domain.

In the (Co + Ni + Cu) x 10-Fe-Mn ternary diagram (Figure 6A), ferruginous samples
plot within the hydrothermal iron oxide field, consistent with goethite-dominated low-
temperature oxidative precipitation, while silica-dominated and core samples extend to-
ward mixed hydrothermal-volcaniclastic compositions. The Co/Zn vs. Co + Ni + Cu plot
(Figure 6B) confirms the hydrothermal origin of all Panarea samples, which occupy a hy-
drogenous/hydrothermal transitional field typical of low- to intermediate-temperature
systems, distinct from high-temperature mid-ocean ridge black smokers. The Zn-(Ni +
Co)-(As + Mo) diagram (Figure 6C) places Panarea between the East Pacific Rise and West-
ern Woodlark Basin fields; elevated As + Mo distinguishes it from basalt-hosted EPR sys-
tems, indicating greater sediment interaction and more oxidizing conditions. In the Cu-
Pb x 10-Zn diagram (Figure 6D), core samples plot toward the Zn-Pb apex, resembling
Kuroko-type and back-arc basin deposits (Okinawa, Lau, and Fiji), consistent with sub-
surface sulfide precipitation and metal remobilization [82]. Immobile element ratios
(Nb/Ti, Zr/Nb, and La/Y; Figure 6E,F) confirm that many samples retain volcanic protolith
signatures consistent with calc-alkaline to shoshonitic magmas of the Aeolian arc [26-28].

The overall compositional range, from iron-rich precipitates to silica-aluminosilicate
assemblages to base metal-enriched sulfidic sediments, is comparable to back-arc basin
hydrothermal systems [83], though the shallow setting (37-207 m) imparts distinctive fea-
tures: enhanced oxygen availability promotes extensive goethite precipitation, greater
seawater mixing facilitates barite formation, and proximity to subaerial volcanic inputs
contributes high-temperature silica polymorphs. Comparison with the Savelli et al. [13]
compositional field (gray field in Figure 6) confirms general agreement for ferruginous
and silica-dominated surface samples, validating the present dataset and the long-lived
nature of iron oxide and silica precipitation at Panarea. However, the exceptional Ba con-
centrations in core samples (up to 46,976 ppm in CR1 0-3 cm) and elevated Zn-Pb concen-
trations fall outside the Savelli et al. [13] field, which was based exclusively on surface
precipitates. This discrepancy reflects a genuine difference in sampling strategy rather
than contradiction: subsurface barite enrichment and depth-controlled sulfide accumula-
tion represent newly recognized geochemical endmembers for the Panarea system, docu-
menting vigorous subsurface Ba flux and active biogeochemical cycling not captured in
earlier surface-focused studies.

Panarea occupies a distinctive intermediate position within the Mediterranean hy-
drothermal domain. At Milos (Greece; 5-20 m depth), As in Fe-oxyhydroxide precipitates
reaches up to 1200 ppm, exceeding the 844 ppm maximum at Panarea, due to more acidic
fluids (pH 2-6 vs. pH 3-7.5) that substantially enhance As mobility [84,85]. However, V at
Milos is typically only 30-120 ppm, and Mo is not anomalous, in stark contrast to the
exceptional V (up to 1030 ppm) and Mo enrichment (171-199 ppm in chimneys) at Pana-
rea. Milos sediments also show lower base metal (Zn, Pb, and Cu) concentrations, sug-
gesting less water—rock interaction or different fluid source characteristics. At Vulcano
(Italy; 0-20 m depth), shallow submarine fumarolic activity produces Fe-oxyhydroxide-
rich sediments enriched in As (50-300 ppm), Sb, and Hg, but with lower V (80-200 ppm)
and base metal concentrations, reflecting a more gas-dominated regime with less water—
rock interaction than at Panarea [84,86]. Panarea’s fluid pH (3-7.5) is less acidic than Milos,
limiting As mobilization relative to that system, but more acidic than seawater-dominated
ridge systems, enabling significant As and V scavenging by goethite, while greater water—
rock interaction than at Vulcano accounts for elevated Zn, Pb, and Ba. The combined As—
V-Mo-Ba—Zn signature of Panarea, reflecting a specific combination of fluid temperature,
pH, redox conditions, and biological mediation, is unique within the Aeolian arc and un-
replicated at either Milos or Vulcano.
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Beyond the Mediterranean, Panarea compares favorably with shallow arc hydrother-
mal systems worldwide. The Ambitle Island system (Papua New Guinea; 5-30 m depth,
50-98 °C) also produces Fe(Ill) oxyhydroxide deposits with extreme Fe enrichment, ele-
vated As, and evidence of microbial mediation, though more acidic fluids (pH 5.2-5.8)
result in higher dissolved metal concentrations than at Panarea [86]. Western Pacific sys-
tems, including Kagoshima Bay (Japan) and White Island (New Zealand), share similar
shallow-water arc-volcanic settings with significant As—Fe co-precipitation and biological
involvement in mineral precipitation. Element ratio plots confirm compositional con-
sistency with other Mediterranean shallow-water vents [14,15,84], though Panarea exhib-
its unique characteristics attributable to its local geological setting. Panarea is nonetheless
distinctive in hosting both low-temperature iron oxide zones and higher-temperature sil-
icate alteration within a small geographic area (~2 km?), representing an exceptional nat-
ural laboratory for studying hydrothermal spatial zonation and the interplay between abi-
otic geochemical processes and biological mediation in shallow submarine volcanic sys-
tems.
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Figure 6. Geochemical discrimination and variation diagrams for classification of hydrothermal sed-
iments from Panarea. (A) Ternary diagram of (Co + Ni + Cu) x 10-Fe-Mn showing compositional
fields of different hydrothermal sediment types and hydrogenous deposits; (B) bivariate plot of
Co/Zn vs. Co + Ni + Cu distinguishing hydrogenous from hydrothermal origins; (C) ternary dia-
gram of Zn—(Ni + Co)—(As + Mo) showing East Pacific Rise (EPR) [87] and Western Woodlark Basin
(WWB) [88] hydrothermal fields; (D) ternary diagram of Cu-Pb x 10-Zn displaying compositional
trends for mid-ocean ridge and back-arc basin systems (Kuroko, Okinawa back-arc basin (bab), Lau
bab, and Fiji bab); (E) Nb/Ti vs. Zr/Nb; (F) La/Y vs. Zr/Nb. Sample types: chimney fragments (blue),
ferruginous samples (grey), silica-dominated samples (red), and core samples (green). Grey field

represents compositional range from Savelli et al. [13].

4.4. Panarea as a Natural Laboratory to Study Metal Precipitation

The Panarea hydrothermal system serves as an accessible natural laboratory for stud-
ying the formation of seafloor Fe-rich deposits across various temperature regimes. Shal-
low water depths (37-207 m) and active hydrothermal discharge at multiple temperature
settings allow for ROV and scuba-based observations and time-series monitoring that are
otherwise logistically challenging in deep-sea systems. Although Fe:0s concentrations in
Basiluzzo deposits (77-88 wt %) rival those of terrestrial hematite ores, small deposit vol-
umes, high water content, and protected status preclude extraction. Nonetheless, geo-
chemical characterization provides baseline data relevant to ongoing discussions on sea-
floor mineral resource exploitation (e.g., [8,12]). Extreme enrichments in As, V, Mo, and
Ba show that shallow hydrothermal systems can generate significant local metal concen-
trations, while insights into metal cycling and mineral-microbe interactions inform pre-
dictive models for ancient and modern seafloor mineralization in volcanic arc settings
worldwide. The fault-controlled thermal architecture, with geothermal gradients of 150—
350 °C at depth [34] and sustained magmatic CO: input, offers a structurally accessible
analog for shallow low-enthalpy geothermal reservoirs within the Aeolian arc, which is
increasingly relevant for renewable energy assessment [89,90]. The co-enrichment of EU-
listed critical raw materials, especially V, Mo, and Zn, within distinct hydrothermal facies
further underscores the scientific value of this system for understanding element mobility
and sequestration in submarine volcanic environments.

5. Conclusions

This integrated study identifies four hydrothermal facies at Panarea, framed within
the established hydrothermal alteration classification and reflecting temperature-depend-
ent metal partitioning across the system. The low-temperature iron oxide direct precipi-
tate, nanocrystalline goethite with nearly equidimensional coherent domains of 8.1 + 0.7
nm, forms by direct oxidative precipitation at the fluid-seawater interface around Basi-
luzzo (<150 °C), rather than by fluid-rock interaction sensu stricto. It displays high Fe:0s
(77-88 wt %), extreme As (up to 844 ppm) and V (up to 1030 ppm), and a distinctive Mo-
enriched (171-199 ppm), As-depleted chimney signature attributed to differential micro-
bial mediation. This combined As-V-Mo fingerprint establishes Panarea as a metalloid
endmember among Mediterranean shallow-water hydrothermal systems.

The argillaceous to propylitic alteration facies contains smectite-group clays consistent
with argillaceous conditions (pH~5.5-7, T < 160 °C), with sanidine and high-temperature
silica polymorphs (cristobalite, tridymite) in samples CR3 and BN23, suggesting propy-
litic conditions (T = 230-350 °C) in peripheral zones. Temperature estimates from miner-
alogical proxies should be regarded as qualitative indicators only. The phyllic to propylitic
alteration facies records systematic vertical redox stratification, from sulfate-dominated
near-surface intervals (Ba up to 46,976 ppm in CR1 0-3 cm) to base-metal sulfide accumu-
lations at depth (Zn up to 1920 ppm in CR4), documenting evolving hydrothermal flux
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and bacterial sulfate reduction. The co-occurrence of elevated SOs (7.80 wt %), high Zn
(1265 ppm), and Ba (19,091 ppm) in the same interval (CR1 24-27 cm) indicates that the
redox transition is not a sharp boundary but rather a mixed redox zone where sulfate and
sulfide phases transiently coexist; this is consistent with oscillation of the sulfate reduction
front driven by episodic variations in hydrothermal fluid flux, rather than a simple static
vertical gradient [91]. The advanced argillaceous alteration facies is characterized by kaolinite,
jarosite, and the first documented APS mineral at Panarea, svanbergite-woodhouseite
(Sro7sCao22), providing new constraints on fluid Sr/Ca ratios during acid-sulfate alteration.

Spatial zonation, broadly consistent with hydrothermal alteration zonation in active
geothermal systems, shows clear separation between the low-temperature Basiluzzo area,
dominated by metalloid scavenging, and peripheral higher-temperature zones of silicate
alteration and sulfate mineral formation. This pattern is adapted here to a shallow
submarine setting where enhanced seawater interaction and high oxygen availability
modify classic alteration patterns. The integrated dataset supports a genetic model of
fault-controlled seawater circulation with magmatic CO: input and episodic redox
fluctuations. Extreme metalloid concentrations, among the highest in the Mediterranean
domain and comparable to western Pacific arc systems, together with the co-enrichment
of EU-listed critical raw materials (V, Mo, and Zn) within distinct facies, provide a
mineralogical framework relevant to understanding CRM cycling in submarine volcanic
systems. The documented thermal zonation also offers reference constraints for
geothermal potential assessment in the Aeolian arc.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/min16050505/s1, Table S1: Rietveld refinement quality-of-fit
metrics and refined phase assemblages for Panarea hydrothermal sediment samples; Table S2: Semi-
quantitative mineralogical compositions (wt %) of Panarea Island samples, determined by Rietveld
refinement of XRD data. Ferruginous samples are excluded as they consist entirely of goethite. Fig-
ure S1: Photographs of hydrothermal sediments from the Panarea Island study area. Panels (A-R)
show representative samples illustrating the diversity of precipitates, including iron-rich crusts, sul-
fur-bearing sediments, and mixed lithologies from the submarine hydrothermal system (research
cruise “PANA15”, R/V Astrea). Panels (L) and (M) depict external portions of chimney fragments
PAN1 and PAN2. Panels (N-P) show sediment cores CR1, CR3, and CR4, respectively (research
cruise “PANA13”, R/V Magnaghi). Figure S2: XRPD patterns of the main classified groups of the
samples studied. BN10 and BCP04 as representatives for the “Low-temperature iron oxide facies”;
BN14 and BN23 as representatives for the “Argillic to propylitic facies”; CR1 for the “Phyllic to

propylitic facies”; CR4 as representative of the “Advanced argillic facies”.
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