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Abstract. The Hurd Peninsula of Livingston Island (South Shetland Islands, Antarctica) hosts numerous quartz—
polymetallic veins related to late magmatic to post-magmatic hydrothermal activity within the South Shetland
Island Arc. Field and mineralogical studies conducted between 2019 and 2024 at Bulgarian Beach, Johnson’s
Dock, Caleta Argentina, and Sally Rocks reveal consistent vein orientations, mineral associations, and alteration
patterns. The veins are dominated by pyrite, chalcopyrite, sphalerite, and galena, locally with arsenopyrite and
gold. Gold occurs as visible native grains, electrum and as invisible inclusions in pyrite. The paragenetic sequence
indicates a transition from Fe-sulfide to Cu—Zn—Pb assemblages under evolving temperature and redox conditions,
followed by supergene oxidation and secondary Cu enrichment. These similarities suggest that the studied occur-
rences represent different exposures of a single, multi-stage hydrothermal system developed during the late evolu-
tion of the South Shetland Arc.
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Introduction

The Hurd Peninsula, located in the central part of
Livingston Island (South Shetland Islands, Antarc-
tica) (Bonev et al., 2015), is an area of notable geo-
logical and metallogenic interest related to subduc-
tion-driven magmatism of the South Shetland Is-
land Arc (Smellie et al., 1984; Willan, 1994; Velev
et al., 2016). The peninsula is composed mainly
of siliciclastic rocks of the Miers Bluff Formation
with Late Cretaceous (Campanian—Maastrichtian)
age (Pimpirev et al., 2015), intruded by multiple
generations of dykes and small plutonic bodies of
the Hesperides Pluton. These intrusions and asso-
ciated fault zones provided structural and thermal
pathways for hydrothermal fluid circulation and
ore deposition.
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Between 2019 and 2024, detailed field and min-
eralogical studies were conducted on several miner-
alized localities — the Bulgarian Antarctic Base and
Bulgarian Beach, Johnson’s Dock and the Spanish
Base area, Caleta Argentina Bay, and Sally Rocks
(Sabeva et al., 2020; Sabeva, 2022a, 2022b; Sabeva,
Velev, 2022; Sabeva, Stanimirova, 2024). These
studies documented quartz-polymetallic veins dom-
inated by pyrite, chalcopyrite, sphalerite, and ga-
lena, with local gold enrichment.

This paper integrates morphological, mineral-
ogical, and geochemical data from these sites to as-
sess their spatial relationships and shared features,
demonstrating that the polymetallic veins represent
surface expressions of a single, evolving hydrother-
mal system active during the late magmatic to post-
magmatic evolution of the Hurd Peninsula.
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Geological setting

The Hurd Peninsula as a part of Livingston Island,
one of the South Shetland Islands along the north-
ern margin of the Antarctic Peninsula. Regional-
ly, the archipelago belongs to the South Shetland
Block — an Andean-type magmatic arc produced
by the long-lived subduction of the Phoenix Plate
beneath the Antarctic Plate (Smellie et al., 1984).
The arc, bounded by the South Shetland Trench and
the Bransfield Back-arc Basin, has experienced pro-
longed magmatism and hydrothermal activity since
the Mesozoic (Guild et al., 1998).

The peninsula’s geology is dominated by the
Miers Bluff Formation (MBF) with Late Cretaceous
(Campanian—Maastrichtian) age, composed mainly
of interbedded mudstones and sandstones deposited
in turbiditic to deltaic environments (Pimpirev et
al., 2015; Stefanov, Pimpirev, 2015). The MBF un-
derwent low-grade metamorphism and local contact
alteration caused by subsequent intrusions.

These sedimentary rocks are cut by mafic to
intermediate dykes and small diorite-granodiorite
bodies of the Hesperides Pluton — the principal
magmatic complex of the area (Fig. 1a). The intru-
sions record several magmatic pulses from the Late
Cretaceous (~80 Ma; Georgiev et al., 2023) to the
Oligocene (~31 Ma), reflecting the transition from
subduction-related to extensional tectonics within
the South Shetland Arc. Earlier K-Ar and “°Ar/*°Ar
data suggested an emplacement age of ~73+3 Ma
(Kamenov, 1997; Willan, Kelley, 1999), whereas
new zircon U-Pb dating indicates an older, Early
Cretaceous episode (~125 Ma; Altunkaynak et al.,
2025).

Hydrothermal veins are widespread, mostly
hosted by MBF sandstones and localized along
fracture and fault zones. They generally trend N-S
to NE-SW and dip steeply, cutting or being cut by
dykes, which indicates several episodes of miner-
alization. The veins consist mainly of quartz with
variable sulfides and carbonates, accompanied by
sericitic alteration and local hydrothermal breccias.
These breccias, particularly around the Bulgar-
ian Antarctic Base and Johnson’s Dock, comprise
angular sandstone fragments cemented by quartz,
carbonates, and sulfides, formed through hydraulic
fracturing and episodic fluid overpressure.

Materials and methods
Fieldwork and sampling were carried out during

several Antarctic expeditions between 2019 and
2024 within the framework of the National Program
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for Polar Research of Bulgaria. The investigated lo-
calities — Bulgarian Antarctic Base and Bulgarian
Beach, Johnson’s Dock and the Spanish Base area,
Caleta Argentina Bay, and Sally Rocks — represent
the main exposures of hydrothermal mineralization
within the MBF (Fig. 1a). Sampling was focused on
representative quartz-polymetallic veins and host
rocks, which were collected in situ along vein struc-
tures and alteration zones.

Polished thin sections were prepared for petro-
graphic and ore-microscopic studies to determine
mineral assemblages and paragenetic relationships.
Microscopic observations were performed using a
Leica DM750 optical microscope at Sofia Univer-
sity “St. Kliment Ohridski.” Powder X-ray diffrac-
tion (XRD) analyses were conducted on a Bruker
D2 Phaser diffractometer (CuKa radiation) to iden-
tify fine-grained minerals.

Scanning electron microscopy coupled with en-
ergy dispersive X-ray spectrometry (SEM—EDX)
and electron probe microanalysis (EPMA) were
used to study microtexture and chemical composi-
tion of the samples. SEM—EDX analyses were per-
formed at the Laboratory of electron microscopy,
University of Mining and Geology ““St. Ivan Rilski”
(Sofia), with a JEOL JSM-6010PLUS/LA micro-
scope operating in back-scattered electron mode.
Quantitative EPMA analyses were conducted at
Eurotest-Control JSC (Sofia) in accordance with
ISO 22309:2011, using a JEOL JSM-35CF system
calibrated with mineral and pure-element standards.

These combined methods provided detailed
mineralogical and textural information forming the
analytical basis for interpreting the hydrothermal
mineralization across the Hurd Peninsula.

Overview of vein morphology
and host lithology

Hydrothermal veins are widespread across the Hurd
Peninsula, cutting sedimentary rocks of the MBF.
They show consistent N-S to NE-SW orientations
with steep (60-90°) westward or northwestward
dips and occupy brittle fractures and fault planes.
The veins occur as subparallel, overlapping seg-
ments, reflecting repeated fracturing and reopening
during successive mineralizing pulses. Individual
veins are a few millimeters to over 20 c¢m thick, lo-
cally forming stockwork-like zones and hydrother-
mal breccias cemented by quartz and carbonates,
particularly around Bulgarian Beach (Fig. 1b) and
Johnson’s Dock (Sabeva et al., 2020).

The host rocks are mainly fine- to medium-
grained sandstones and mudstones showing vari-
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Fig. 1. a, General view of the Hurd Peninsula, Livingston Island, showing the main localities of hydrothermal mineralization:
Bulgarian Beach, Johnson’s Dock, Caleta Argentina, and Sally Rocks. The approximate extent of the Hesperides Intrusion is
highlighted in red; b, Hydrothermal breccia with malachite at Bulgarian Beach; ¢, Field exposure of lenticular quartz-sulfide veins
along a fault zone at Johnson’s Dock; d, Strongly oxidized quartz-carbonate-sulfide vein in Caleta Argentina showing abundant
secondary copper carbonates; e, Thin quartz-sulfide vein with malachite and hematite rims in Sally Rocks; (k) Mineral assem-
blages of the quartz-polymetallic veins: f, Paragenetic sequence of pyrite (Py) enclosed by galena (Gal), chalcopyrite (Chpy), and
sphalerite (Sph) in Bulgarian Beach; g, Gold (Au) inclusion in pyrite in Bulgarian Beach; /4, Brecciated pyrite enclosed by galena,
chalcopyrite and sphalerite from Johnson Dock; i, Mineral paragenesis of pyrite, galena and sphalerite in Caleta Argentina; j, Chal-
copyrite and sphalerite with “chalcopyrite disease” in Caleta Argentina; k, Arsenopyrite (Aspy) twinning enclosed by sphalerite in
Sally Rocks.
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able sericite alteration and local silicification and
carbonation. Near Bulgarian Beach and Johnson’s
Dock, several veins follow or intersect andesitic-di-
oritic dykes, indicating that permeability contrasts
between sedimentary and intrusive rocks channeled
hydrothermal fluids.

The most continuous and best-exposed veins oc-
cur near the Bulgarian Antarctic Base and Bulgarian
Beach, reaching up to 25 cm in thickness and sev-
eral tens of meters in length. Veins in the Johnson’s
Dock and Spanish Base area are thinner (1-10 cm),
less commonly up to 1 m in the tidal zone of the
eastern part of Johnson’s Dock Bay. They are ir-
regular and lenticular, hosted by fine-grained mud-
stones and siltstones (Fig. 1c). At Caleta Argentina
(Fig. 1d), mineralization is restricted to narrow,
oxidized veins (2-5 cm) strongly overprinted by
supergene Cu carbonates, whereas at Sally Rocks
(Fig. le), thin (1-5 cm) quartz-sulfide veins con-
taining pyrite, chalcopyrite, sphalerite, galena, and
minor arsenopyrite cut dark mudstones along NW-
SE faults.

Despite local variations in thickness, continuity,
and oxidation, all studied occurrences share similar
orientations, mineral assemblages, and alteration
patterns.

Overview of mineral assemblages

The hydrothermal veins of the Hurd Peninsula dis-
play a consistent polymetallic quartz-sulfide assem-
blage across all localities, reflecting hydrothermal
stage followed by supergene alteration. The prima-
ry ore minerals are pyrite, chalcopyrite, sphalerite,
and galena, locally (Sally Rocks) with arsenopyrite
(Fig. 1f-k). Gangue minerals include quartz, carbon-
ates (calcite, dolomite), and chlorite. Bornite, covel-
lite, and chalcocite build the supergene (secondary)
enrichment sulfide zone while oxidized zone is dis-
tinguished by the greatest variety of supergene min-
erals from several mineral classes: carbonates (an-
kerite, malachite, cerussite, aurichalcite), sulphates
(brochantite, connellite, linarite) and silicates (hemi-
morphite) (Sabeva, Stanimirova, 2024).

A major finding from the Bulgarian Antarctic
Base area is the first discovery of gold on Living-
ston Island (Sabeva, 2022a). Gold occurs both as
visible native gold and electrum inclusions (up to
5 um, 1627 wt% Ag) (Fig. 1g) and as invisible,
submicroscopic particles in pyrite (up to 170 ppm
Au; average 19 ppm). The Au-bearing pyrite shows
zoning and microfractures, indicating early incor-
poration of gold during crystal growth and later re-
mobilization by evolved fluids.
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The paragenetic sequence is: pyrite (+ arseno-
pyrite + native gold, electrum and invisible Au)
— =+galena — chalcopyrite + sphalerite — super-
gene Cu-Fe minerals. Pyrite is the earliest and most
abundant phase, partially replaced by galena, chal-
copyrite and sphalerite (Fig. 1f, h, i). Galena is ob-
served as anhedral aggregates up to 500-600 pm,
typically enclosing pyrite (Fig. 1f, h, 1) and at some
places enriched in Ag. Sphalerite, mainly Fe-bear-
ing, honey-coloured, with “chalcopyrite disease”
together with chalcopyrite dominate as abundance
at Bulgarian Beach and Johnson’s Dock (Fig. 1f,
h—k). Sally Rocks differs by the presence of arse-
nopyrite (Fig. 1k), reflecting slightly higher sulfur
activity. Supergene alteration is strongest at Caleta
Argentina and Bulgarian Beach, moderate at John-
son’s Dock, and weak at Sally Rocks.

These mineralogical relationships and gold oc-
currences provide crucial evidence for reconstruct-
ing the evolution and spatial coherence of the hy-
drothermal system on the Hurd Peninsula.

Discussion

The polymetallic veins of the Hurd Peninsula dis-
play consistent structural, mineralogical, and para-
genetic characteristics, suggesting formation within
a broadly shared hydrothermal regime rather than
isolated mineralizing events. Their uniform N-S to
NE-SW orientations and steep dips likely reflect
control by pre-existing fracture systems repeatedly
reactivated during late magmatic and early exten-
sional tectonic phases associated with the develop-
ment of Bransfield back-arc system (Smellie et al.,
1984; Willan, 1994; Velev et al., 2016).

The observed paragenetic sequence indicates a
progressive evolution of hydrothermal fluids. Early
Fe-sulfide assemblages appear to have formed from
reduced, sulfur-rich fluids at higher temperatures,
followed by Cu-Zn-Pb mineralization during cool-
ing and oxidation. The occurrence of both submi-
croscopic and visible gold indicates that gold was
introduced during these changing physicochemical
conditions. The spatial and temporal overlap be-
tween base-metal sulfides and Au-Ag phases sup-
ports the hypothesis that they were deposited from a
single, evolving hydrothermal system.

Differences among the studied localities — in
vein thickness, continuity, and oxidation intensity
— likely reflect variations in host-rock competence
and erosional level. Strong oxidation at Caleta Ar-
gentina and Bulgarian Beach may correspond to
near-surface conditions, whereas the Sally Rocks
assemblages could represent deeper, less altered



parts of the same system. These contrasts thus pro-
vide a vertical perspective through one hydrother-
mal field rather than evidence for distinct mineral-
izing centers.

Overall, the structural coherence, shared mineral
associations, and uniform paragenetic evolution
across the studied localities highlight the presence
of comparable ore-forming conditions throughout
the Hurd Peninsula. Although some site-specific
differences occur — primarily in vein continuity, ox-
idation intensity, and relative abundances of base-
metal sulfides — these variations can be explained
by lithological contrasts and differing degrees of ex-
posure. Taken together, the available field, textural,
and mineralogical evidence supports the view that
the studied veins formed within a broadly similar
hydrothermal environment, whose expression var-
ies locally but retains a consistent metallogenic sig-
nature across the peninsula.

Conclusions

The polymetallic quartz-sulfide veins of the Hurd
Peninsula record the evolution of a coherent hy-
drothermal system developed during the late mag-
matic to post-magmatic stages of the island’s geo-
logical history. The consistent orientations, min-
eral assemblages, and alteration patterns observed
at Bulgarian Beach, Johnson’s Dock, Caleta Ar-
gentina, and Sally Rocks suggest that mineraliza-
tion was controlled by a shared structural regime
affecting the MBF.

The paragenetic sequence from early Fe-sulfides
to Cu-Zn-Pb assemblages reflects progressive cool-
ing and redox evolution of the hydrothermal fluids,
while the presence of both visible and invisible gold
in pyrite indicates different physicochemical states
and two mineralizing pulses. Supergene processes
locally overprinted the primary assemblages, lead-
ing to oxidation and secondary Cu enrichment,
mainly near Caleta Argentina and Bulgarian Beach.

Polymetallic veins across the peninsula there-
fore appear to represent different exposures of a
single, multi-stage hydrothermal system devel-
oped under progressively decreasing temperature
and redox conditions. While structural and min-
eralogical evidence supports this interpretation,
it remains tentative and should be further tested
through isotopic and fluid-inclusion studies aimed
at constraining the sources and evolution of the
ore-forming fluids. Such work will enhance un-
derstanding of metallogenic processes in the South
Shetland Islands and their significance within Ant-
arctic hydrothermal systems.
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