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Unravel subseafloor hydrothermal
leaching and magmatic degassing
during chimney formation at
Kolumbo volcano
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Hydrothermal chimneys are the upmost expression of fluids, metals and ligands transfer from

the subseafloor to the hydrosphere, eventually forming seafloor massive sulfides. In volcanic arc
settings, both magmatic and hydrothermal fluids occur together. While each fluid reflects different
metal mobilizing mechanisms (i.e. magmatic degassing and hydrothermal leaching of subseafloor
lithologies), it is unclear which metals they respectively provide to the budget of the chimneys. We
investigate the metal sources and mobilizing mechanisms associated with a gold-rich hydrothermal
field from Kolumbo volcano (South Aegean Volcanic Arc, Greece) by comparing Pb isotope ratios of ore
minerals from a chimney with those of potential source rocks. Four key findings result from our study:
(1) Kolumbo volcanic rocks are the main source of Pb for the chimneys; (2) Magmatic assimilation of
Cycladic Basement allows to track magmatic differentiation and identify metal mobilizing mechanisms
for Pb and metals with similar behavior. At Kolumbo, magmatic degassing mobilizes As, Ag, Au, Cu,
Hg, Sb, Sn and Zn along with Pb, while hydrothermal leaching of rhyolite provides Tl and likely some
base metals to the chimneys; (3) Magmatic fluids contributed to galena and Sh-Pb sulfosalts formation
while pyrite formed from hydrothermal fluids leaching rhyolite; (4) Galena growth zones in pyrite
reveal episodic pulses of magmatic fluids during the chimney growth. The combined use of Pb isotopes
on ore minerals and source rocks provides an additional tool to discriminate between magmatic and
hydrothermal fluids contribution during seafloor massive sulfide formation, especially in arc settings
where magmatic assimilation of crustal material with distinct isotopic signature is more likely to occur.

Hydrothermal chimneys, such as “black smokers”, result from large scale hydrothermal cell below the seafloor,
where fluids, metals and ligands are transferred from the sub-seafloor to the hydrosphere, leading to seafloor
massive sulfide (SMS) formation, dissemination of heavy metals in the environment and development of
thriving ecosystems'. While in mid-oceanic ridges setting hydrothermal leaching of oceanic crust is the
dominant metal mobilizing mechanism??, magmatic degassing is considered to be a major source of metals
during SMS formation in arc environment*~. Deciphering between magmatic degassing and hydrothermal
leaching during arc-SMS formation, however, is notoriously challenging as both mechanisms occur together
within the same hydrothermal cell system®!°. There are numerous geochemical evidences of magmatic fluids
causing an enrichment in epithermal elements (i.e. Au, Ag, As, Hg, Sb, Te, and TI) - e.g. stable isotopes'!~14,
trace elements®!, and fluid geochemistrym'm. However, the contribution of hydrothermal leaching to the metal
budget during arc-SMS formation is widely overlooked?”. In particular, continental margin arc environments
have a wide diversity of leachable lithologies (e.g. volcano-sedimentary, metamorphic, intrusive rocks, etc.) that
may influence the metal budget, especially concerning base metals. Nevertheless, hydrothermal leaching alone
cannot account for the high content of epithermal elements in arc-SMS, because it would require source regions
too large for the hydrothermal system®. Therefore, identifying metal sources and distinguishing magmatic
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degassing and hydrothermal leaching as metal mobilizing processes remain key questions to the understanding
of arc-SMS metallogeny®!3. The submarine Kolumbo volcano, hosted on a thinned continental margin, offers
an ideal setting to tackle these questions thanks to the geochemical signature of igneous rocks being distinct
from country rocks. Unlike in intra-oceanic arcs or mid-oceanic setting, here metals mobilized by hydrothermal
leaching or magmatic degassing will bear different Pb isotope signature. Comparing in-situ Pb isotope ratios of
the Kolumbo Au-rich arc-SMS with those of the different potential sources rocks indicates that hydrothermal
leaching of rhyolite mobilizes Tl and likely base metals while magmatic fluids provide epithermal elements and
base metals to the chimneys. Growth zones in the chimneys with minerals bearing a magmatic fluid Pb isotope
signature (galena and Sb-Pb sulfosalts) reveals that the nature of the mineralizing fluid evolved during the SMS
formation, with episodic contribution of magmatic fluid to the hydrothermal system.

Geological setting

The submarine Kolumbo volcano belongs to the Christiana-Santorini-Kolumbo volcanic field and is located
in the Anhydros rift basin within the South Aegean Volcanic Arc (Fig. 1A)!7!%. 1t is located in the center of
a half-graben structure where faults (2-3 km) cross-cut the stratigraphy to 2-3 km depth!®?°. The northern
part of the crater hosts a hydrothermal field where boiling CO,-rich fluids vent at 265 °C, forming Au-rich
polymetallic SMS (Fig. 1B)?!-2%. The source of the mineralizing fluid remain unclear, Cu isotope in pyrite with
8%°Cu = 0%o suggest contribution of magmatic fluid'*, but may also reflect hydrothermal leaching of rhyolite?*.
The stratigraphy below Kolumbo consists of a 10 to 15 km thick, pre-Alpine, continental basement overlain by
Alpine nappes and post-Alpine sedimentary rocks (Fig. 1A)*>%. The pre-Alpine Cycladic Basement consist of
Carboniferous granite, garnet-mica schist and augengneiss, outcropping on Ios?®. Alpine nappes are divided into
two different stratigraphic units: (1) the Cycladic blueschist unit, composed of greenschist to blueschist facies
schists and marble, outcropping in the northern part of Ios and at the Athinios harbor in Thera?®?’; and (2) the
Pelagonian unit, composed of greenschist and amphibolite facies rocks, ophiolites with meta-pelagic sequences,
marble, flysch and granite, outcropping on the south-eastern part of Thera and on Anafi*’-*%, The presence of
the Pelagonian and/or Cycladic Blueschist units below Kolumbo is not certain due to lack of drill-core data?®?’.
Post-Alpine units, Miocene to Quaternary molasse and volcanic rocks, crop out on the western shore of the Anafi
island?®. The volcanic edifice of Kolumbo is composed of a superposition of volcanoclastic units labelled K1 to
K5, the later resulting from the 1650 CE eruption (Fig. 1B)%. Outcropping units K2 and K5 consist of rhyolitic
pumice with minor basaltic to andesitic pumice and lava flows®3%31. The magmatic plumbing system consists
of at least two magma chambers (Fig. 1A): (1) a lower crustal one where basaltic-andesitic melt differentiates
to rhyolite while assimilating Cycladic Basement’!; and (2) a rhyolitic upper crustal magma chamber, located
between 2 and 4 km depth32.

Samples and analysis

Kolumbo has been sampled in 2010 by the remotely operated vehicle (ROV) Hercules during the cruise NA007
of the exploration vessel'’”. At that time, only samples belonging to the outcropping K2 and K5 units could be
collected (Fig. 1B). Both units are geochemically similar and are referred to as Kolumbo volcanic rocks®. Samples
of the wall rocks below Kolumbo have been collected in outcrops on Anafi, los and Thera. Lead isotopes (***Pb,
206pp, 207pp, 208pb) of bulk rocks (17=39) and ore minerals (n=30) were analyzed by MC-ICP-MS and in-situ
LA-ICP-MS respectively (ESM1).

Results

Chimney paragenesis

The SMS consists of mineralogically zoned sulfide-sulfate chimneys: (1) an outer sulfate layer (OSL) of barite
and anhydrite with accessory pyrite, marcasite, galena, sphalerite and Sb-Pb sulfosalts, locally covered by an
Fe-rich crust??; (2) a transition zone (TZ) of major sphalerite and barite with minor pyrite, galena, marcasite
and Sb-Pb sulfosalts; (3) an inner sulfide core (ISC) of major pyrite and marcasite with minor galena, sphalerite,
chalcopyrite and barite; and (4) the inner vent wall (IVW) with major galena and barite and minor chalcopyrite,
marcasite, pyrite and Sb-Pb sulfosalts (Fig. 2A and B). The OSL, TZ and ISC have a width of 1 to 2 cm, a few mm
and 2 to 6 cm, respectively. The zone contacts are transitional, with complex sulfide-sulfate assemblages (Fig. 2A)
and textures, such as galena growth zones in pyrite (Fig. 2C). Colloform pyrite displays growth zones of varying
composition, with local enrichment in Pb, Sb, Ag and Cu (Fig. 2D).

Lead isotopes

Potential source rocks and ore minerals are compared using only 2°°Pb, 2°7Pb and 2%®Pb. We avoid using 2**Pb as
high Hg contents in some pyrites may lead to high isotopic interferences during in-situ Pb isotope analysis that
cannot be corrected. The isotope signature of the SMS overlaps with that of Miocene to Quaternary sediments
and matches closely that of Kolumbo volcanic rocks (full dataset available in ESM1). Kolumbo volcanic rocks
have narrow 207Pb/2%Pb (0.836+0.001) and 2°Pb/2°Pb ranges (2.071+0.002) except for three samples with
lower ratios (0.828 to 0.832; 2.055 to 2.061) (Fig. 3A-B). Rhyolite has higher 27Pb/2%Pb and 2°8Pb/2%Pb ratios
(~0.836; ~2.073) than basaltic-andesite and andesite (~ 0.834; ~2.067) (Fig. 3B). Similarly, the isotope signature
of the mineralization appears to be divided into two groups: (1) galena and Sb-Pb sulfosalts (OSL, TZ and
IVW, see Fig. 2B) range between andesite and rhyolite; (2) pyrite (ISC, see Fig. 2B) values are similar to rhyolite
(Fig. 3B).
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Fig. 1. (A) Geological setting of the Kolumbo volcano within the Anhydros basin; abbreviation: SAVA = South
Aegean Volcanic Arc (modified after refs?2>-28:31-33; (B) Bathymetric map and stratigraphy of the Kolumbo
volcano with samples and Au-rich SMS locations (modified after refs?*33,

Discussion

Lead source

The 207Pb/2%Pb versus 2%Pb/2%Pb ratio plots show that galena, pyrite and Sb-Pb sulfosalts fall in the broad field
of Miocene to Quaternary sediments. However, they also overlap completely with the narrower field of Kolumbo
volcanic rocks. While we cannot exclude that the isotopic signature of the ore minerals results from mixing
between low and high 27Pb/?%Pb and 2%Pb/2%Pb sources (e.g. Pelagonian Unit and Cycladic Basement), the
geographic proximity between the SMS and the Kolumbo volcanic rocks strongly points toward the latter as the
main source of Pb for the SMS (Fig. 3A).
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Fig. 2. Sulfate-sulfide chimney at Kolumbo. (A) Cross cut and uXRF element map of the chimney showing
the mineralogical transition from a sulfate-dominated OSL (Ba-rich) to a sulfide-dominated ISC (Fe-rich);
(B) paragenetic sequence of the sulfate-sulfide chimney; (C) Reflected light, BSE-image and XRF element map
of the ISC to IVW transition, showing growth zones of galena within pyrite; (D) EDX elemental line scan on
the ISC to IVW transition from colloform pyrite with galena growth zones (ISC) to galena (IVW). For each
element, the signal is smoothed using the adjacent averaging method; the raw signal is displayed in light grey.

Magmatic evolution and crustal assimilation

The Pb isotope ratios of a magma are not affected by magmatic differentiation®®, thus higher 2*’Pb/2%Pb
and 208Pb/2%Pb ratios in rhyolite than in basaltic andesite suggests crustal assimilation of rocks with higher
207pb/206ph and 2%8Pb/*%Pb during magmatic differentiation instead of mantle source control (Fig. 3B). The
Cycladic Basement is the most likely contaminant as it consistently displays higher 27Pb/2%Pb and 2*®Pb/2°°Pb
ratios than the Kolumbo volcanic rocks (Fig. 3A; see also Klaver et al., 2016). Monte Carlo-based modeling of
an AFC process indicates that assimilation of up to 20-40% of Cycladic Basement in the lower crustal magma
chamber may explain the Rb content and Pb isotope ratios observed in rhyolite (Fig. 3C; ESM2).
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Fig. 3. Lead isotope ratios of SMS at Kolumbo and potential Pb source rock units (hollow symbols = data from
refs?34, see ESM1). (A) 297Pb/2%Pb versus 28Pb/2%Pb plot for galena, Sb-Pb sulfosalts and pyrite and potential
source rocks. Pb isotope ratios fields for each lithology calculated using 2D Kernel density graphs containing
the data within 1o; (B) Detail of (A) showing the shift of Pb isotope ratios of Kolumbo volcanic rocks to higher
207pp/2%6Pb and 298Pb/2%Pb ratios during magmatic differentiation (MgO content from ref®; (C) Monte Carlo-
based modeling of an assimilation—fractional crystallization (AFC) process of Cycladic Basement at Kolumbo
using Rb as an incompatible trace element to estimate magmatic differentiation (see ESM2).
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Fig. 4. Model of Kolumbo’s magmatic-hydrothermal system and metal mobilizing processes. Magmatic
plumbing system based on refs®!*?, stratigraphy of the K1 to K5 volcanoclastic units based on ref?’. Magmatic
processes and associated metal mobilizing processes based on refs®'°.

Lead mobilization: magmatic degassing versus hydrothermal leaching

Volcanic rocks preserve the Pb isotopic signature of the magma3®, while Pb isotope ratios remain unaffected by
magmatic-hydrothermal processes that lead to sulfide formation®”*%. Therefore, comparing the Pb isotope ratios
of magmatic rocks with those of the ore minerals unveils metal source changes during magmatic differentiation
and their consequences on SMS formation. At Kolumbo, water saturation and degassing during magmatic
differentiation occurs at trachytic composition®. Hence, magmatic fluids should have Pb isotope ratios similar
to trachyte. Injection of mafic melt into the upper magma chamber may also trigger degassing and release of
magmatic fluid with basaltic-andesitic-like Pb isotope ratios (Fig. 4)*!. In the chimney, most galena and Sb-
Pb sulfosalts have trachyte-like Pb isotope ratios, indicating contribution of magmatic fluids. On the other
hand, pyrite shows rhyolite-like Pb isotope ratios, but as rhyolite is degassed at Kolumbo®?!, only hydrothermal
leaching of rhyolite may account for these Pb isotope ratios (Figs. 3B and 4). Unlike pyrite, Pb isotope ratios
in galena and Sb-Pb sulfosalts spread along a mixing line between trachyte-like and rhyolite-like composition
(Fig. 3B). As mafic to intermediate rocks are minor components of Kolumbo volcanic rocks, they are unlikely to
control the Pb isotope ratios of the hydrothermal fluid through leaching. This diversity in Pb isotope ratios likely
reflects pulses of magmatic fluids mixing with hydrothermal fluids (Fig. 3B).

Constrains on metals sources for hydrothermal leaching

The submarine arc setting at Kolumbo, where faults crosscut the different stratigraphic units of the basin, favors
hydrothermal fluid circulation through multiple potential metal sources (Fig. 1A). Modelling shows that the
reaction zone - where hydrothermal leaching is most efficient? - is focused to up to ~500 m above an intrusion,
only spreading ~ 100 m laterally”. Hence, at Kolumbo, the reaction zone should be located between ~ 1.5 and
2.0 km depth below the crater. The lithologies at this depth are not well constrained but may correspond to
the crystallized margin of the upper magma chamber within the Pelagonian Unit (Fig. 4). The rhyolite-like Pb
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isotope ratios of pyrite suggest that the country rocks do not provide metals to the hydrothermal fluids and
support a reaction zone where rhyolitic rocks are the dominant lithology (Fig. 3B). In addition to Pb, other base
metals such as Cu and Zn may be leached from rhyolite, contributing to the metal budget of the SMS*.

Episodic input of magmatic fluids in the hydrothermal system

The chimneys at Kolumbo show mineralogical zoning, reflecting changes in the nature of the mineralizing
fluid (Fig. 2A-D) and allowing to track changes in fluid source during the SMS formation when combined
with the Pb isotope ratios of the sulfides. Pyrite is the main sulfide occurring in the chimney, especially in the
ISC (Fig. 2B). According to its rhyolite-like Pb isotope ratios, hydrothermal fluids were dominant during the
chimney growth (Fig. 3B). On the other hand, the Pb isotope ratios of galena and Sb-Pb sulfosalts indicate a
magmatic origin (Fig. 3B). Hence, galena growth zones occurring into pyrite at the ISC-IVW transition, and
galena, Sb-Pb sulfosalts occurring at the TZ and IVW (Fig. 2B and C) likely reflect pulses of magmatic fluids
into the hydrothermal system. Upon magmatic degassing, As, Ag, Au, Cu, Hg, Sb, Sn and Zn preferentially
partition, along with Pb, into the volatile phase at Kolumbo, either from the silicate melt or within sulfide-volatile
compounds (Fig. 4)%!%. Systematic enrichment in Pb, Sb, Ag and Cu associated with galena layers and dense
growth zones - likely nanoscale galena or Sb-Pb sulfosalts — in colloform pyrite supports repeated contribution
of magmatic fluids during the chimney growth (Fig. 2D). Episodic pulses of magmatic fluids in the hydrothermal
system likely contribute to the high content of epithermal elements in the Au-rich SMS at Kolumbo. The origin
of the high TI content in the SMS is uncertain. At Kolumbo, Tl is not depleted after degassing, unlike other
chalcophile elements®, suggesting that Tl is leached from rhyolite (Fig. 4).

Conclusion

The particular geological setting at Kolumbo volcano, with geochemically distinct country rocks and igneous
rocks, allow to discriminate the sources of metals for the SMS and distinguish if they are mobilized by magmatic
degassing or hydrothermal leaching using Pb isotope ratios. Here, the country rocks do not appear to contribute
to the metal budget of the SMS. A single source — the igneous rocks — provides metals via two mechanisms:
magmatic degassing brings epithermal and base metals, while hydrothermal leaching mobilizes T1and likely some
base metals. Additionally, specific mineral assemblages in the chimneys are associated with magmatic degassing
and hydrothermal leaching, allowing us to track magmatic fluid pulses during the chimney growth. This study of
Kolumbo highlights processes that cannot be easily discriminated in geochemically more homogeneous settings,
such as oceanic arcs, and provides strong evidences that episodic pulses of magmatic fluids are responsible for
enrichment in epithermal element during arc-SMS formation. Hydrothermal fluids leaching the subseafloor are
also contributing to the metal budget of SMS and may be a major source of base metals, especially in areas with
well-developed hydrothermal system and large reaction zones within country rocks.

Data availability
All the supporting data and methods for this study are published in the electronic supplementary material
(ESM1 and ESM2, respectively).
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