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Hydrothermal systems in volcanic calderas are critical in signalling volcanic
unrest, forming ore deposits, and sustaining chemosynthetic microorganisms.
Analysis of a ~3500-year sequence of sediments collected from the Santorini
caldera, Greece, during International Ocean Discovery Program (IODP) Expe-
dition 398 reveals the behaviour of a prolonged paleo-hydrothermal system.
Sediment geochemical and metagenomic data record vigorous hydrothermal
activity and metal fluxes for ~1100 years, within a 2270-year window between
two major eruptions. Sediment hydrothermally-derived trace metals are sig-
nificantly enriched over background (-200-fold for As and Hg, and 10-50-fold
for Mn, Sb, Mo, and V), with long-term metal fluxes (9 t yr' As, 2.5 t yr Cu,
7 kg yr' Ag) comparable to fluxes from present-day geothermal fields in the
Taupo Volcanic Zone. Metagenomic analysis identifies elevated metal resis-
tance genes—signals of microbial adaptation to heightened hydrothermal
stressors. Here we integrate geological and genomic evidence to decipher the
paleoenvironmental and biogeochemical history of the past hydrothermal
system at Santorini caldera.

Hydrothermal activity provides energy and material fluxes in vol-
canic settings, which are vital for chemosynthetic life, biogeo-
chemical cycling and critical metal resources'”. Hydrothermal
activity also promotes rock alteration, modifying porosity and
permeability* and reducing the rock strength >10-fold, thereby
compromising volcano stability’. Shallow (<200 m water depth)?

and intermediate-depth (200-1500 m water depth)® hydrothermal
systems associated with marine volcanoes in subduction settings
are chemically distinct from better-studied ocean ridge vents"’™’
exhibiting a broad range of fluid compositions'. Since magmatic
volatiles strongly influence fluids in arc settings>', studying
hydrothermal systems in subduction zone environments can
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provide new insights into chemical cycling between the deep Earth
and surface reservoirs"*’.

Changes in the activity at shallow-marine hydrothermal fields may
signal volcanic unrest, based on short-term observations of changes in
seawater appearance (turbidity and colour) immediately before
eruption, However, there are no long-term records (>20 years)" " of
the behaviour of hydrothermal systems in restless, flooded calderas,
where the deep and extensive magmatic system and readily available
fluids may promote sustained subaqueous hydrothermal activity.
Indeed, the long-term nature and behaviour of hydrothermal systems,
particularly in arc settings, remains very poorly constrained. Apart
from studies of the hydrothermal system at Brothers volcano in the
Kermadec Arc'®, there are few estimates of either longevity or varia-
bility of such systems through time", resulting in uncertainties in the
relationships between hydrothermal activity, volcanic events, metal
fluxes and impacts on marine geochemical cycles™,

The Santorini caldera, Greece (Fig. 1a), is a prime example of a
marine-flooded caldera in a volcanic arc and offers a rare opportunity
to address this knowledge gap”®. The semi-enclosed nature of San-
torini’s caldera promotes the preservation of the chemical signatures
from hydrothermal fluids, when their elemental load is precipitated or
scavenged and deposited on the caldera floor*".

The flooded caldera of Santorini (84.9 km?)?* was created during
multiple large, explosive eruptions® >, the latest being the Late Bronze
Age Minoan eruption of ca. 1600-1630 BCE***. The caldera comprises
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Fig. 1| Geological area and lithostratigraphy. a Map of the South Aegean Volcanic
Arc (shaded grey)*. The black rectangle highlights the location of Santorini caldera.
The coordinate system here is UTM Zone 35N, WGS84 datum. b Morphological
map of the Santorini caldera*, showing the IODP Expedition 398 drill sites (red
circles). Areas of currently known hydrothermal activity are shown in purple®.

three basins: a 390-m-deep northern, 320-m-deep southern and 290-
m-deep western basin'>?*%, and holds ca. 27 km® of seawater. The islets
of Palea Kameni and Nea Kameni are the subaerial summits of a vol-
canic edifice that has grown within the caldera since the Minoan
eruption”??%, For decades, active low-temperature, acidic (<35°C,
pH<6) hydrothermal activity in shallow embayments around the
Kameni Islands?*?® has enriched local sea-floor sediments with metals,
including Cu, Pb, V, Fe, Mn, Mo, Hg, As and Sb”*'**°, and microbes have
developed resistance to high concentrations of toxic metals®***. Sub-
mersible surveys have found vent fields on the caldera floor, including
multiple metre-scale bacterial mats and CO, seeps®>**. Mercury (Hg) is
a notable hydrothermal proxy* ¢ in volcanic settings® due to its large
magnitude differences between background concentration in sea-
water (-0.4-3 pM for the Mediterranean Sea*®) and hydrothermal fluids
and associated sediments®****, It is also considered to be geochemi-
cally stable in marine burial settings*’ and easy to measure*'. However,
few studies have quantified marine hydrothermal Hg fluxes****, leaving
the contribution from shallow venting to global geochemical cycles
unresolved.

Investigation of the hydrothermal system in Santorini caldera
found that fluids sampled between 1982 and 1997 from the Kameni
Island embayments exhibited, on average, a stable chemical
composition*. Compared with other hydrothermally-active centres
along the South Aegean Volcanic Arc, these fluids were the most
concentrated in Mn and Fe, reaching a thousand-fold enrichment over
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¢ Generalised lithostratigraphy of the intra-caldera deposits*’. Depth of lithologic
units L1-LS with the corresponding core names, recovery and lithostratigraphic
profiles for Site U1595. L1-L4 from Hole U1595A and L5 from Hole U1595B were used
to form a complete stratigraphy. Black areas in the recovery column indicate core
recovery, and white areas indicate recovery gaps.
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normal seawater’°. While there is little evidence for variation on

decadal time-scales during a period of volcanic quiescence, analysis of
records over longer time-scales is essential to understand the potential
links between deeper magmatic supply, volcanic unrest or eruption
and changes in hydrothermal activity.

Drilling of Palea Kameni in 1988 recovered 200 m of oxidised lavas
and volcanic sediments, but did not reach any areas of epithermal
alteration**. Previous work within the Santorini caldera has been
restricted to sampling the youngest sea-floor sediments from short
cores (-60-250 cm)"*. These analyses showed that caldera sediments
were influenced by hydrothermal activity, since mean concentrations
of Mn, Fe, Cu, Zn, Pb and P were higher in intracaldera sediments than
outside the caldera. The cores contained distinct Mn and Fe-enriched
layers at depth, which were considered to represent a hydrothermal
past that was considered ‘more active’ than the present-day, whether
from higher-temperature venting, carrying more metals to the sea-
floor, or an increase in active vents within the caldera. To date, no
hydrothermal fluids from the basin floors have been analysed on
Santorini.

Submarine hydrothermal systems also provide a distinctive
environment for microbial communities, and microbial activity is
known to play an essential role in the cycling of iron in the shallow
hydrothermal embayments***” around the Kameni Islands®. Micro-
organisms can act as sensitive recorders of environmental conditions,
and may directly influence the fate of hydrothermally derived
elements’. Thus, understanding how microbial communities respond
to hydrothermal perturbations improves our ability to interpret mar-
ine, seafloor and subsurface biogeochemical processes.

International Ocean Discovery Program (I0ODP) Expedition 398
deep-drilled the seafloor sediments of the Santorini caldera*® in 2022/
2023. The volcano-sedimentary sequence that was recovered provides
a continuous geological archive spanning the last -3500 years,
including the deposits of a major submarine eruption (726 CE
eruption)*” and allows us to track the trace metal and microbial sig-
natures of hydrothermal activity within the Santorini caldera over this
same time period. Here, we analyse the sedimentary archives, with
supporting microbial evidence, to resolve past hydrothermal activity
at Santorini.

Results and discussion

Lithologies

I0DP Expedition 398 cored four sites in the northern (sites U1596 and
U1597) and southern (sites U1594 and U1595) caldera basins (Fig. 1b).
Five units (L1-LS) were described shipboard*®*’, all of which were
unlithified. Units L1 and L2, consisting of pumice and ash from his-
torical volcanic activity and the 726 CE eruption, respectively, were
partly recovered at all sites, while L3-L5, comprising volcanic and non-
volcanic material, were only recovered at Site U1595. Hence, Site
U1595, consisting of three closely-spaced holes (U1595A-C), is the
focus of our analysis (Fig. 1c). The acoustic basement, thought to be
eruptive products of the -1630 BCE Minoan eruption*’, was not
penetrated*®*’. In Hole U1595A, Unit L1 extends to -20 metres below
seafloor (mbsf) and comprises well-sorted ash and lapilli-ash. Unit L2
(-20-55 mbsf) consists of well-sorted pumice and lapilli-ash from the
726 CE eruption®. Unit L3 (-55-59.5 mbsf) is the most lithologically
variable unit with intercalated ash, tuffaceous mud and green-brown-
red coloured banding, indicating a different depositional environment
to other units. Unit L4 (~60-110 mbsf) contains heterolithologic sands
and gravel. Unit L5 (only recovered in Hole U1595B, below ca. 110 mbsf)
reached 126 mbsf (the limit of penetration), featuring red-hued pumice
and lithic layers. Cores were sampled every 20 cm across Units L1-L4
(U1595A) and L5 (U1595B). Parts of Unit L3 were sampled at 1-cm
resolution to resolve variability in elemental composition associated
with the coloured banding and differing lithologies. This material from
IODP Expedition 398 is the first deep (>2.5 mbsf) sediment analysed

from inside Santorini caldera and offers unique insights into the past
caldera-floor conditions during and between the known eruptions of
the Kameni Islands over the last ~3500 years.

Timescales

We have estimated sedimentation rates for the deposits using the 726
CE eruption at Site U1595 (southern basin) as a timestamp. Since the
eruption can be considered an instantaneous event, we denote the top
of the 726 CE pumice (Unit L2) as the year 726 CE. This allows us to
calculate an average sedimentation rate for L1 between 726 CE and the
time of drilling in 2023 CE. We exclude any instantaneous deposits
(tephras) from the rate estimate and assume that ‘tuffaceous mud’
represents the background sedimentation within the caldera (Fig. 1).
Hole U1595A contains 1.58 m of tuffaceous mud deposited between
726 CE and 2023 CE (Unit L1), corresponding to a sedimentation rate of
0.122 cm yr™. We then use this rate to determine the timescales of the
other lithological units, assuming the same first-order sedimentation
rate. In Unit L3, there is 2.77 m of tuffaceous mud, which suggests this
unit spans ~2270 years. This implies that the base of Unit L3 dates from
~3570 years ago, i.e. directly after the Minoan eruption of the 17"
century BCE. This requires that Units L4 and L5, the volcanic and lithic
material, were deposited very rapidly after the caldera-forming
eruption®®,

The hydrothermal past of Santorini

Concentrations of selected trace elements, considered likely to be
associated with hydrothermal activity> (i.e. Hg, Sb, As, Mn, Mo, V, Fe,
Co, Cu, Pb, Ag), were analysed in bulk samples of the unconsolidated
and unmineralized sediments from Holes U1595A (L1-L4) and U1595B
(L5). Many of these elements show elevated concentrations in litho-
logical Unit L3 (Supplementary Fig. 1).

All sample concentrations were normalised to 726 CE (Unit L2)
mean values (see ‘Methods’), to obtain enrichment factors (EF) relative
to volcanic ‘background’ (Fig. 2). We find a >200-fold enrichment for
both As and Hg at 57.095 and 58.65-59.05 mbsf, respectively. Sig-
nificant enrichments are also found for Mo (EF 43, 59.3 mbsf) and Sb
(EF 22, 58.65 mbsf), whilst V and Mn yield EFs of 14 (57.325 mbsf).
Copper, Pb, Fe, Co and Ag all peak at EF <10, with the maximum
enrichments of Co and Fe aligning with that of As (at 57.095 mbsf), and
the maximum in Pb aligning with Hg at 58.65 mbsf.

Though significant metal enrichments occur predominantly in
Unit L3, near-surface sediments at the top of Unit L1 are also enriched
in most of the trace metals, namely Hg and As (Fig. 2). Arsenic, Sb and
Hg are typically enriched in arc volcano hydrothermal fluids and gases,
and often associated with epithermal deposits*>*.

Previous studies on near-surface sediments from Santorini cal-
dera reported similar elevated metal concentrations of Mn, Fe, Co, Cu,
Zn, Pb and Hg within the top metre of sediment’'? (Table 1) compared
to samples taken from outside the caldera®. Arsenic and Sb have been
measured in the hydrothermal sediments of hot-spring embayments
of the Kameni Islands, with values of 927 ppm As and 3.21 ppm Sb%. In
Unit L3 at Site U1595, we find maximum values of 1030 ppm As and 4.8
ppm Sb, higher than active hydrothermal sediments in the present-day
caldera.

Our new data show a distinct enrichment in hydrothermally-
derived trace metals between 55 and 60 mbsf (Fig. 2, Table 1), below
the pumice deposits from the explosive eruption of 726 CE. This
enrichment is over ten times larger than anomalies seen at the seafloor
surface today in the same core (Fig. 2a). We infer that this considerable
metal enrichment was due to previously unknown submarine hydro-
thermal activity, that was more vigorous than the present-day and
which persisted for much of the time between the 1650 BCE Minoan
eruption and the 726 CE eruption, but which also shows variations in
vigour through time. We suggest that the variations in the metal
enrichments that we see reflect changing fluxes of hydrothermal metal
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Fig. 2 | Normalised trace element concentrations for site U1595. Overall lithos-
tratigraphy for Hole U1595A is displayed to the left. Note the x-axes are on a log
scale, and sampling point depths are shown as black circles on the y-axes. a The
whole sequence showing the full depth of the site and the element enrichments,
0-90 mbsf from Hole U1595A and 108-127 mbsf from Hole U1595B. Dashed

portions of the lines indicate breaks in sampling resolution. b A zoomed-in section
covering depths 55-60 mbsf (Unit L3), to be able to see in detail large enrichments
at those depths in Hole U1595A. Yellow star denotes location of microbiology
sample—note microbiology sample was taken from Hole U1595C so it has been
depth matched onto Hole U1595A here.

inputs into the caldera, and provide compelling evidence for the
prolonged activity of Santorini’s submarine paleo-hydrothermal
system.

Genomic microbial signatures of hydrothermal metals

We successfully obtained DNA from live organisms from one sample
collected from Unit L3 at Hole U1595C (55 mbsf, equivalent to 57.25
mbsf at Hole U1595A, Fig. 2b; ‘Methods’). Recovering high molecular
weight DNA from deep subsurface sediments is a challenging task due
to low biomass and DNA degradation with depth and time. Shotgun
metagenomic sequencing enabled screening for genes involved in
metal resistance and redox transformations. This can help constrain
the seafloor conditions at the time of deposition during past hydro-
thermal events.

The results reveal a diverse repertoire of genes encoding pro-
teins responsible for resistance to toxic metals. Most metals are
essential to the function of organisms, but in elevated concentra-
tions, they can disrupt homoeostasis and become toxic for marine
microorganisms. We identified systems offering resistance or adap-
tation to elevated levels of Hg, As, Cu, Mn, Fe, Mo, Co, Zn and Cd.
These mechanisms are key for element cycling in metal-enriched
environments. Notably, the merA gene from the Hg resistance sys-
tem, coding for the mercury Il reductase protein, which converts
organic-bound Hg?" to volatile Hg®, was present®** (Fig. 3a and
Supplementary Fig. 2). High levels of merA is consistent with a
selective pressure from dissolved Hg?**. Similarly, arsenate reduc-
tase genes (arsC)*, copper resistance and efflux genes (copA, cusA,
cusB)”, and the Co/Zn/Cd efflux system (czcA-D)*® all selectively
remove or detoxify the metal they are specific for due to increased
exposure from those metals. The Fe*" transporter (feoB) imports
ferrous iron under reducing or low pH conditions® and the mtr
system instead transfers electrons to extracellular Fe***°, The Mn*
transporter (mntH) imports Mn** when it is scarce; high levels of

mntH imply fluctuating redox conditions®’. Finally, the Mo cofactor
biosynthesis is regulated by the moeA gene, without it, Mo would not
be incorporated into the cell®”. For full normalised gene counts for
these systems see Supplementary Fig. 2.

We compare the normalised gene counts (see ‘Methods’) of Unit
L3 with those from presently hydrothermally active and inactive areas.
Samples RED (Santorini caldera seafloor) and V59 (hydrothermal vent
chimney of Kolumbo volcano, 7km NE of Santorini) represent con-
temporary hydrothermal environments. Sample VENT is distal vent
water above V59, and W25 is normal seawater, chosen to represent a
non-hydrothermal environment (Fig. 3b).

We taxonomically assigned the metal resistance genes to archaeal
and bacterial phyla (see Supplementary Fig. 3). These data support the
interpretation that Unit L3 formed during metal-enriched hydro-
thermal conditions. In particular, high abundances of czcA (3.44), copA
(3.75), mntH (0.727) and feoB (2.36), along with elevated levels of arsC
(0.98) and merA (0.41) in Site U1595 compared to the W25 background
(0.14, 0.58, 0.0, 0.21, 0.38, 0.07, respectively) (Fig. 3a) are consistent
with a prolonged exposure to metal-rich hydrothermal activity. The
prevalence of efflux systems (czc and cop) implies a strong selective
pressure for detoxification and intracellular metal homoeostasis. The
low levels of mtrA genes (0.67 and 0.49 at Site U1595 and in the W25
background, respectively) indicate that Fe** reduction was not a
dominant pathway, potentially due to the fact that Fe was mostly
present as dissolved Fe?* in hydrothermal fluids rather than particulate
Fe* oxides. This is supported by the increased feo levels, which suggest
bioavailable Fe?* under reducing conditions—typical of hydrothermally
influenced sediments®. Sediment concentrations of Mn (mobile under
reducing conditions) and Mo (immobile under sulfidic conditions)
peak at different depths in the L3 sediments (Fig. 2b), providing further
evidence for reducing conditions and redox fluctuations. Collectively,
this gene distribution reflects the nature of the fluids and sediments at
the time of deposition, and supports the interpretation of the
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Table 1| Comparison of element concentrations (in ppm) for bulk surface sediments from literature with our near-surface

sample from Hole U1595A and sediments outside the caldera

Mn Fe Co Cu Zn Pb Hg
Southern basin sediments, 25 cm depth (this work) 1400 47400 10.7 30.6 85 31.9 0.0192
Southern basin sediments, L3 maximum (this work) 13500 104000 18 52.6 132 92.5 0.233
Average of core-top sediments from two southern basin cores (Cro- 1870 42200 9.5 24.5 85.5 36 n.d.
nan et al.”®)
Sediment from southern basin core (Smith and Cronan’) 1600 42000 8 30 87 23 0.037
Sediments from outside the caldera (Hodkinson et al.>*) 641 18700 9 19 39 17 n.d.

The maximum values for each element within Unit L3 are also included here for further comparison. Only values from other caldera sediments are included, not samples from near-shore the Kameni

Islands. Non-normalised values.
n.d. not determined.

a) Metal System Genes

U1595C_Unit L3P—

RED

V59

Sample

VENT

W25

mntH, manganese transport protein
feoB, ferrous iron transport protein B
mtrA, electron carrier protein

moeA, catalyses Mo cofactor synthesis
copA, Cu(l) transporter

czcA, efflux system protein

arsC, arsenate reductase 2

merA, mercury |l reductase
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Fig. 3 | Metal system genes. a Normalised gene counts of key metal resistance,
transport and redox-related genes in the Unit L3 sample from Hole U1595C, com-
pared with the reference hydrothermal vent samples RED, V59, the distal vent

35 4.0

sample VENT and the non-hydrothermal sample W25. b Map indicating sample
locations for reference samples, the coordinate system here is UTM Zone 35N,
WGS84 datum.

hydrothermal origin of the trace metals in Unit L3. In particular, we
note that Unit L3 showed higher gene abundances for the czc, mnt and
feo systems than in the chimney sample V59, which comes from a high-
temperature, low-pH, vigorous hydrothermal system in Kolumbo
volcano®*’. These gene elevations indicate a higher metal flux in
Santorini’s past than we see in the present-day caldera, perhaps with
metal fluxes and hydrothermal activity similar to present-day Kolumbo
volcano.

Evolution of the pre-726 CE hydrothermal system

The metal enrichments in the sediments over the 2300-year period
recorded by Unit L3 are both elevated above present-day levels and are
variable. This could indicate pulsing of hydrothermal activity or dif-
fering extents of sediment dilution, resulting in the time-varying pat-
terns of the observed elemental enrichments. By analysing the

tuffaceous mud layers, we can map out the nature of Santorini’s past
intervals of hydrothermal metal enrichment and use our sedimenta-
tion rate estimates to approximate their durations (Fig. 4). We com-
bined the Hg data from the three Holes at Site U1595 and focus on this
high-resolution composite record to construct a detailed record of
hydrothermal phases (Fig. 4a). The stratigraphic interval of elevated
Hg in Unit L3 (55-60 mbsf) can be divided into three phases of metal
enrichment (Fig. 4b), and we can estimate timescales of each of these
phases using the tuffaceous mud sedimentation rate (0.122cmyr™).
On this basis, Phase 1 (pre-phase) lasts <50 years and shows a max-
imum Hg -60 ppb, Phase 2 (main phase) collectively lasts 500-1000
years, and has Hg >80 ppb; while Phase 3 (post-phase) lasts 50-100
years with Hg between 40 and 60 ppb. Altogether, this implies a
maximum of ~-1100 years of heightened hydrothermal activity during
the 2300 years of Unit L3. The ranges in timescales reflect irregularity
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Fig. 4 | Hg concentrations down-core at Site U1595 with phased hydrothermal
activity. a Hg concentrations for each hole: U1595A, U1595B, U1595C from seafloor
to ~126 mbsf (maximum depth). Breaks in the line indicate sampling and core
recovery gaps. b Depth interval encompassing Unit L3 (55-60 mbsf), with the
phases/pulses of hydrothermal activity highlighted. The phases are colour-coded
according to the type of phase: pre-phase, main phase or post-phase. The phases
have been split into sub-phases labelled a-d. Estimated durations of phases are
written in the key below the graph, with the duration of hydrothermal quiescence

written in black and labelled with double-headed arrows directly on the graph.
Approximate dates have been assigned to the right-hand y-axis. Cold/wet climate
periods are highlighted in blue in the right-hand bar. The brown triangles represent
the known eruptions of the Palea Kameni Island (197 BCE and 46-47 CE). To ensure
adirect comparison, data from Holes U1595B and U1595C were aligned with U1595A
using the upper boundary of Unit L3. Uncorrected graph can be found at Supple-
mentary Fig. 4.

in sample resolution, and we estimate uncertainties to the nearest 10
years (Supplementary Table 1).

We compare the approximate timeline of the inferred hydro-
thermal pulses, along with known eruptions of the Kameni Islands”,
and the regional (Aegean) climatology® (Fig. 4b). Most of the strongest
episodes of hydrothermal activity (Phase 2) fall within an extended
climatologically cold/wet period® and terminate around the time of
the 197 BCE eruption, which corresponds to the emergence of present-
day Palea Kameni. There may be another pulse of hydrothermal
activity corresponding with the eruption in 46-47 CE, which also
occurs during a cold/wet period, although this inference is only sup-
ported by a single-point increase in Hg. The roles of the hydraulic head
(groundwater) and edifice loading (Palea Kameni) in modulating the
hydrothermal fluxes require further investigation. We speculate that
the growth of the Kameni edifice may have helped to seal the hydro-
thermal system in the lead up to the explosive submarine eruption of
726 CE, since we observe a notable decrease in Hg enrichments at ~57
mbsf (beginning of post-caldera volcanic activity, in 197 BCE) and in
Unit L1 (post-726 CE) (Fig. 4).

Within the present-day caldera, there are no known sea-floor
hydrothermal vents close to the U1595 coring site. Instead, the closest
vents are -2.5 km away (Fig. 1b) and appear to be constrained to spe-
cific areas around the caldera ring faults or the present-day Kameni
edifice. We assume that this spatial pattern was established following
the ~1600 BCE Minoan eruption. Distal seafloor sites can give basin-
wide information about the influence of hydrothermal inputs into the
flooded caldera, as the metal-rich hydrothermal plumes rise from the
submarine vents, entrain and mix with ambient seawater, and their

metals are scavenged by Fe and Mn oxides”. Co-enrichment of Hg with
Fe and Mn is indicative of a hydrothermal plume settling out into the
sediments, which is consistent with our data (Fig. 2 and Fig. 4). In both
the Central Indian Ridge and Kagoshima Bay in Japan, hydrothermal Hg
was detected 1-10 km away from active vent sites®**. Surface sedi-
ments proximal to the hydrothermal field in Paleochori Bay, Milos
(neighbouring island to Santorini), show Hg concentrations of ~200
ppb, similar to our distal sediments prior to the 197 BCE eruption of
Santorini (Fig. 4b).

Short (<20 years) time-series at other volcanic systems have
alluded to the nature of hydrothermal system evolution®">°¢, with
slow-spreading ridges remaining stable over time®® and volcanically
active arc settings exhibiting dynamic behaviour®”. At Brothers volcano
in the Kermadec Arc, dated chimney fragments extend back 1100
years'¢, pointing to the longevity of a hydrothermal system. The work
we report here tracks the continuous behaviour of a hydrothermal
system over two millennia, and corroborates that hydrothermal sys-
tems in volcanically active environments are not stable, but may wax
and wane'® over decadal to centennial timescales, at least in terms of
their surface outputs.

Metal Budgets and Fluxes

From the known trace metal concentrations associated with the Unit
L3 hydrothermal anomaly, we can estimate the element budgets cap-
tured in the sediments of the southern basin and the whole caldera:

m=zxpxCxA @
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Table 2 | The Hg budgets and depositional fluxes (excess over
background) for each phase of hydrothermal activity within
Unit L3 (Fig. 4), all of Unit L3 and post-726 CE (Unit L1) venting
scaled to the southern basin and the whole caldera

southern basin caldera
Phase Hg Bud- Hg Hg Bud- Hg

get (kg) Flux (kgyr") get (kg) Flux (kg yr™)
Post-726 CE 467 0.4 2206 17
(Unit L1)
3b 16.5 0.8 781 3.9
3a 131 0.7 61.6 3.1
2d 174 1.5 820 6.8
2c 24.3 12 115 57
2b 729 2.4 3444 1.5
2a 1385 3.7 6539 17.8
1 20.5 0.7 96.7 3.2
Pre-726 CE 2982 2.2 14080 10.1
(Unit L3)

The Unit L3 values are calculated independently of the phases by calculating an average Hg
value for all tuffaceous mud layers outside the phases, then the Entire Unit L3 values are the
result of adding all the phase values onto that average. The timescales for the phases used to
calculate the fluxes can be found in Supplementary Table 1. For Unit L3, the timescale is 2270
years, and for the post-726 CE system, it is 1297 years.

where m is the ‘excess’ mass of the element of interest (mg) compared
to non-hydrothermally affected deposits (e.g. Unit L2, the 726 CE
eruptive deposit), z is the tuffaceous mud sediment layer thickness
(2.77m for L3), p is the sediment dry bulk density (967 kgm™ for
tuffaceous mud in Unit L3, measured shipboard), C is the element
concentration anomaly over background (ppm), and A is the area of
the anomaly, assuming vents deposit distally within the caldera” (1.8 x
107 m? for the southern basin and 8.5 x 10’ m? for the whole caldera).
While we only have chemical analysis for the Site U1595 core material,
Unit L3 is present in seismic-reflection profiles across the entire
caldera®.

For Hg, the excess metal budget above background (m) is ~3000
kg for the southern basin and -14,000 kg for the entire caldera
(Table 2) over the 2270-year timespan of Unit L3. We can also deter-
mine a metal budget for each phase of Hg enrichment (Table 2). These
metal budgets can be compared with those of the post-726 CE
hydrothermal system (Unit L1). Since 726 CE, 1.58 m of tuffaceous mud
sediment was deposited (average dry bulk density of 699 kg m=) in the
caldera, and with an excess mass of deposited Hg of 470 kg (southern
basin) to 2200 kg (entire caldera).

In Table 2, we estimate the annual Hg depositional fluxes for each
phase of hydrothermal activity between the Minoan and 726 CE
eruptions. The average hydrothermal Hg deposition flux was 10 kg yr™*
for the whole of Unit L3, and ca. 18 kg yr™ during hydrothermal phase
2a. These values are minima for the hydrothermal Hg fluxes from the
system at the time, since not all of the hydrothermally-sourced Hg may
have been deposited in the caldera sediments. However, in a similar
volcanic setting, Kagoshima Bay, Japan (a 200 m deep enclosed basin
with a seafloor hydrothermal system), little hydrothermal Hg is found
in surface waters, suggesting approximately complete deposition
within the basin®.

Our measurements show that Hg fluxes from the pre-726 CE
hydrothermal system were significantly greater than those since 726
CE. The time-averaged Hg flux across Unit L3 is 6x greater than the
modern-day (Unit L1) hydrothermal system; while the flux for Phase 2a
was an order of magnitude larger (Table 2). Although we might expect
to see the influence of anthropogenic Hg after 1850 CE®®, this con-
tribution is in fact quite small. We can estimate the relevant anthro-
pogenic Hg flux from regional (lonian Sea) background marine

sediment Hg accumulation rates. For the lonian Sea post-726 CE, the
average sedimentary Hg accumulation rate is 1.1pg m2yr 'S, equiva-
lent to a whole-caldera Hg flux of 0.09 kg yr™, or -5% of our post-726 CE
values. This indicates that Hg depositional fluxes in the Santorini cal-
dera are dominated by hydrothermal inputs throughout the entire
record.

The only other submarine Hg flux that has been determined for a
subduction zone hydrothermal system is in the Tonga Arc*?, which
yielded a total hydrothermal Hg emission flux of 35 kg yr, about ~3x
higher than the average for Santorini’s hydrothermal system prior to
726 CE (Table 2, entire caldera). For a mid-ocean ridge setting, the
annual Hg flux from the Trans-Atlantic Geotraverse (TAG) in the Mid-
Atlantic Ridge is estimated at a maximum of 4.5kgyr™, which is
comparable with our flux ranges at Santorini (if at the lower end of the
entire caldera-based fluxes). However, both the Tonga and TAG values
were calculated from hydrothermal fluids and plumes themselves,
whilst we are estimating the minimum Hg flux from analysis of distal
sediments alone. Future analysis of hydrothermal fluids or of proximal
sediments would be useful next steps in completing an Hg flux esti-
mate for Santorini and understanding its impact on biogeochemical
cycles. While the true hydrothermal Hg emission flux from Santorini is
not yet confirmed, this helps to constrain the potential scale of such
emissions globally. Based on our limited data, we suggest that
hydrothermal systems in subduction zones are significant point
sources of Hg release to the oceans.

We see similar temporal trends in other hydrothermally-derived
trace metals (Table 3) with Mn, V, Co, Cu, As, Mo, Sb, Pb and Ag all
exhibiting fluxes pre-726 CE (Unit L3) which were an order of magni-
tude larger than post-726 CE (Unit L1). The quantities of metals
deposited within the caldera-floor sediments during the pre-726 CE
hydrothermal event included 5900 tonnes of Cu, 1620 tonnes of Mo
and 16 tonnes of Ag. The deposition fluxes of Ag, Hg, Sb and As that we
estimate for Unit L3 are similar to the hydrothermal fluid fluxes esti-
mated for the present-day Broadlands-Ohaaki and Rotokawa geo-
thermal fields in Taupo, New Zealand'. This comparison confirms that
submarine arc volcanoes can also be significant sources of hydro-
thermal metal enrichment, and of metal emission to the hydrosphere
and atmosphere. By analogy with the Taupo volcanic system, we would
expect that the sustained release of metals from Santorini hydro-
thermal vents since the caldera-forming eruption 3500 years ago is the
sea-floor expression of a shallow crustal epithermal system, which has
the potential to concentrate and deposit metals.

Our deposition flux estimates for Fe and Mn for the past ~400
years within Unit L1 for Santorini’s southern basin are 111 t yr™* (Fe) and
2.61tyr? (Mn); these compare well with earlier estimates® (88.9 tyr?!
Fe and 3.85tyr™ Mn, adjusted for measured bulk sediment density).
The key observation is that elevated hydrothermal fluxes of the San-
torini caldera were significantly elevated from ca. 1400 BCE to 110 BCE,
compared to the modern-day at the same site, suggesting a larger
hydrothermal source in the past than exists today. This is also sup-
ported by the elevated levels of metal resistance genes found in
microbes in Unit L3 and evidenced by the smaller peaks and enrich-
ments in Hg and trace metals in the shallow Unit 1 of the cores (Fig. 2
and Fig. 4) compared to Unit L3. A larger hydrothermal source could
have resulted either from more widespread low-temperature, diffuse
vents (as for the present day)”*'°?%*? across the caldera, or by higher-
temperature flow transporting more metals to the seafloor’®**
(Fig. 5). Whether a hydrothermal system exhibits venting more char-
acterised by one end member or the other will be controlled by a
variety of factors such as permeability, seawater entrainment and
magma supply’®. Since Site U1595 was the only IODP drilling site that
reached 55 mbsf, we are unable to analyse other caldera sites to dis-
tinguish between these hypotheses by quantifying the extent of the
hydrothermal signal. However, since we see gene abundances for the
Mn transport and Co/Zn/Cd efflux system surpassing the levels found
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Table 3 | Metal budgets in Unit L3 (pre-726 CE hydrothermal system) and Unit L1 (post-726 CE hydrothermal system) for
Santorini’s southern basin and the whole caldera for the most enriched elements in IODP Expedition 398 cores

Unit L1 southern basin Unit L1 caldera Unit L3 southern basin Unit L3 caldera
Budgets (t) Fluxes (tyr™) Budgets (t) Fluxes (tyr™) Budgets (t) Fluxes (tyr™ Budgets (t) Fluxes (tyr™)
Mn 3390 2.61 15800 12.2 58600 25.8 274000 121
Fe (kt) 144 0N 670 0.517 548 0.241 2560 113
v 866 0.668 4040 3.1 6570 2.89 30600 13.5
Co 31.4 0.0242 147 013 379 0.167 1770 0.780
Cu 175 0135 817 0.630 1260 0.555 5890 2.59
As 670 0.517 3130 2.41 4570 2.01 21300 9.38
Mo 33.0 0.0254 154 0.119 347 0.153 1620 0.714
Sb 3.42 0.00263 15.9 0.0123 79.4 0.0350 37 0.163
Pb 256 0.198 1200 0.922 1440 0.634 6740 2.97
Ag 0.335 0.000258 1.56 0.00121 3.44 0.00152 16.1 0.00709

Concentrations are averages across the whole unit and sediment thickness based on the tuffaceous mud layers. All budget values are in metric tonnes and fluxes in tonnes per year, except for Fe,

whose values are in kilotonnes (kt) and kt per year.
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Denser, diffuse low temperature QR Focused high temperature

Older caldera infill

Fig. 5 | Conceptual diagram of Santorini’s hydrothermal system before and
after the 726 CE eruption. An overview sequence of the caldera infill is shown for
both the modern-day, with all lithological units found in Site U1595 shown, and for
the pre-726 CE hydrothermal system that was active during deposition of Unit L3
between the Minoan eruption and the 726 CE eruption. a Prior to 726 CE, Palea
Kameni island was beginning to form. Potential scenarios for the pre-726 CE
hydrothermal system include a low temperature, diffuse system similar to post-726

Post-726 CE Hydrothermal System

Palea Kameni

Diffuse, low temperature

Older caldera infill

CE, but with larger coverage and output across the caldera or more focused, higher
temperature venting, able to produce increased fluxes compared to the modern-
day. b The hydrothermal system in Santorini following the 726 CE eruption. Nea
Kameni is not depicted as it began growing 800 years after the 726 CE eruption.
This is the type of activity that is present in the caldera today: low temperature,
mainly diffuse venting, with relatively low coverage across the seafloor. Objects in
the image are not to scale.

in both present-day Santorini and at Kolumbo, which is a vigorous,
high-temperature system, it is likely that the pre-726 CE hydrothermal
system in Santorini was driven by focused, high-temperature activity,
similar to that of present-day Kolumbo.

Our high-resolution sampling reveals the pulsatory nature of the
ancient hydrothermal system, on timescales of decades to centuries.
The parallel enrichment of hydrothermal metals and microbial
adaptations demonstrate that hydrothermal activity was sufficiently
intense and persistent. However, the limited present-day fluid data
from the Santorini hydrothermal system restricts our capacity to
constrain the past hydrothermal fluid emission fluxes and empha-
sises the need to integrate modern fluid data with past geological
records to expand our understanding of the evolution of

hydrothermal systems, the microbes that live there and their links to
the volcanic system.

The episodic nature of the ancient hydrothermal system of San-
torini could have had profound effects on local biogeochemical cycles
for sporadic but extended periods, the effects and timescales of which
remain unknown. Our results indicate that flooded calderas not only
preserve evidence of past hydrothermal activity but may also act as
long-term sinks for hydrothermally-derived trace metals. This accu-
mulation of metal-enriched sediments illustrates the potential to form
metal reservoirs that could be remobilised during later epithermal or
acid-sulphate processes. By providing a long-term insight into the
evolution of a past hydrothermal system and how it compares to its
modern-day counterpart, this study sheds light on the evolving
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relationships between volcanic processes, hydrothermal systems, the
local microbial environment and their metal bounty.

Methods

Drilling during IODP 398

IODP Expedition 398 took place from December 2022 to February
2023 aboard the research vessel JOIDES Resolution. The team drilled 12
sites in and around the Christiana-Santorini-Kolumbo volcanic field.
Standard shipboard measurements of physical properties were carried
out on the recovered cores, and core descriptions followed established
pyroclastic classification. These descriptions accounted for common
drilling disturbances and recovery artefacts such as sediment mixing,
shear deformation, brecciation, biscuiting and ash liquefaction®®.

To improve overall recovery of the caldera stratigraphy, multiple
holes with small horizontal offsets (-50 m) were planned at each site.
However, difficult drilling conditions meant that only a single hole was
completed at sites U1594 and U1597, located inside the caldera. Site
U1595 was drilled with three holes, and Site U1596 with two.

Stratigraphic correlation was used to align overlapping sections
from adjacent holes and construct the most complete possible sedi-
mentary record. This process relied mainly on shipboard physical
property data and core images. Measurements were collected using
the whole-round multisensor logger (WRMSL), which provided mag-
netic susceptibility and gamma-ray attenuation data, and a gamma-ray
track system, which recorded natural gamma radiation.

Using these data, depth adjustments were applied as needed to
develop a composite depth scale. This allowed the construction of a
continuous stratigraphic section by splicing together the most repre-
sentative intervals from multiple holes at each site.

The cores were sampled at specified locations or intervals, keep-
ing as best as possible to a homogenous lithology, with a couple of
grams of material taken per sample. Samples were taken with a stan-
dard 1cm-wide plastic 5 cm? scoop, and all analyses were conducted on
bulk sediment.

Geochemistry
All sediment samples (n =298, depth range = 0.25-126.43 mbsf) from
Site U1595 (Holes A, B, C) were oven-dried at low temperatures (40 °C).
Roughly 1 g of each bulk sample was ground to a fine powder by agate
mortar and pestle, and 0.1g used for each analysis in the labs at the
University of Oxford. A slightly larger sampling focus was put onto Unit
L3 since, due to lithology, L3 is more suitable for preserving hydro-
thermal signals compared to volcanic layers.

For Hg analyses, the LUMEX RA-915M with PYRO-915+ attachment
Hg analyser was used. Mercury analysis followed the protocol* where
the sample is pyrolysed at 700°C and Hg quantified using atomic
absorption spectrometry. The instrument was calibrated with NIST SRM
2587 (paint-contaminated soil) with a reference concentration of 290 + 9
ppb (ng/g). The percentage error for long-term observations of certified
reference material NIST 2587, was ~-5% and sample duplicates had a
relative standard deviation of <+10%. Samples very close to the detec-
tion limit (<2 ppb), showed reproducibility of ~20% based on repeat
measurements of the samples. Full Hg data in Source Data for Fig. 4.

Trace metal analysis was carried out on 40 samples in two rounds
using a PerkinElImer NexION 350D Inductively Coupled Plasma Mass
Spectrometer (ICP-MS) following a two-step heated acid digestion: 1:3
HF:HNO; followed by 50% HNO;. Each sample was blank corrected to
remove memory artefacts and paired with internal standards to nor-
malise instrument drift. The metals analysed by the first round of ICP-
MS were Fe, Mn, P, Sc, V, Co, Cu, Zn, As, Mo, Ag, Sb, Ba, Au, Pb. The
elements Al, K, Na, Mg, Sr, Cd, Li and Ni were only analysed in the
second round, so only half of the samples have measurements for
these elements. Detection limits and standard deviations were calcu-
lated using the data obtained for the 39 down-hole samples by ICP-MS.
In the first ICP-MS run, all elements analysed were above their

respective detection limits. Percentage error for certified reference
materials (BCR-2, SLRS-6) was <13.7% for all elements except for As, V
and Zn. As was $17.9%, however, its certified value was below the
method quantification limit so a lower accuracy was expected. V and
Zn had percentage errors compared to the certified value of +20.6%
and 27.1%, respectively for standard material SLRS-6, but percentage
errors of only +4.5% and 3.5% for BCR-2. The certified reference
materials had a precision (relative standard deviation) of <4% for
repeats of all elements. Sample duplicates (where the same sample was
digested twice and run separately on the ICP-MS) and instrument
duplicates (where the sample was measured twice by the machine)
were also conducted. Sample duplicates were found to have a relative
standard deviation of <6.5%, except for Pb in one sample duplicate that
had a precision of <15.6%. Instrument duplicates were all <3.1%. Blanks
were <2.5 ppb.

In the second ICP-MS run, all elements in the samples were above
their respective detection limits except for Au, so Au was excluded
from further analysis. Percentage error was found to be <12.7%, except
for As, V, Zn and Cd, as well as some of the major elements for certified
reference materials (BCR-2, SLRS-6). As and V had percentage errors of
+21.6% and 20.8%, respectively in SLRS-6, but both these elements
were below the method quantification limit, so lower accuracy was
expected; however, V had a percentage error of +7% in BCR-2. Simi-
larly, Zn had a percentage error of +28.8% in SLRS-6 but only +8.2% in
BCR-2. This was a similar pattern to the first ICP-MS run. Cd was below
the detection limit in SLRS-6, but had a percentage error of +25.9% in
BCR, and Mo went over range in BCR-2. For the major elements (Na,
Mg, Al, K, Mn, Fe), they all had percentage errors <27.2% in BCR-2, but
in SLRS-6, they showed much better accuracy, with an error of only
<5.9%, highlighting the importance of having more than one type of
standard when conducting analysis. The certified reference materials
had a precision of <6.7% for repeats. Sample duplicates proved to be
more variable due to the heterogeneous nature of the samples in the
second run of ICP-MS. The highest precision was found to be +11.42%
for Sb. However, this was for a sample whose concentrations were very
close to the detection limit and below the method quantification limit,
and thus, lower precision was expected. Most other sample repeats
were <10%. Instrument duplicates peaked at 14.5% for Mo, whose value
was close to the method quantification limit. Most other duplicates
were <10%. Blanks were <2.5 ppb. For both ICP-MS runs, only elements
that showed a coefficient of variation over 0.3 were included in graphs
and comparisons. For full ICP-MS data, including all accuracy and
precision values, see Supplementary Data 1 and 2.

To better identify trace element anomalies, the values obtained
were normalised against the 726 CE eruption (Unit L2) of the Kameni
Islands, which represents the most recent sedimentation signature for
the caldera. The Kameni Island products have been shown to have
consistent compositions over the last ~2000 years®. Since Kameni
products make up most of the ~130 m worth of caldera sediment-fill,
the 726 CE was used as a ‘background’ value for Santorini’s intra-
caldera sediments. Raw element concentrations are shown in Supple-
mentary Fig. 1. The normalisation was carried out by averaging all 726
CE values for each element obtained from the ICP-MS run and dividing
all other values for each element by this number. For the full 726 CE
normalised dataset, see Source Data for Fig. 2.

Aluminium is usually used as a reference element, since it is lar-
gely inert and non-anthropogenic, when normalising concentration
data to calculate an enrichment factor (denotes concentration):

(Sample[X1/Sample [Al])
(Background [X]/Background[Al])
@

Enrichment factor of element X =

However, this method could only be applied to 22 samples from
the second ICP-MS run, and the resulting figure is shown in
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Supplementary Fig. 5. The patterns and enrichment factors are con-
sistent with those in Fig. 2.

Microbiology

A whole-round core sample from Unit L3 at 55 mbsf was chosen for
metagenomic analysis from Hole U1595C and transferred immediately
into a sterile Whirl-Pak bag and then into the hard-shell anaerobic
chamber (COY anaerobic chamber rigid glove box with purge airlock,
COY Laboratory Products Inc.) on board the R/V JOIDES Resolution.
The outside of each core was sprayed three times with 70% ethanol.
The core interior was carefully collected using an ethanol-sterilised
stainless-steel spatula and immediately stored at —-80°C for shore-
based DNA extraction®®. Approximately 500 ng of high molecular
weight DNA (>23 kb) was isolated from 50 g of sediment material’®.
Sequencing was performed using lllumina NovaSeq 6000 S4 PE150 XP
platform, and 31,632,300 reads were produced. The assembly of the
sequencing data and the annotation of the assembled sequences were
performed using the IMG/M metagenome analysis system. A set of
metagenomic libraries, previously constructed from samples collected
during sampling expeditions of the IMBBC-HCMR in collaboration with
the Joint Genome Institute, Department of Energy, USA (JGI, DoE), were
also included in the analysis for comparison. These included: (a) the
red mat sample RED, retrieved from the sea-bottom of the North
Santorini caldera (36.4499° N, 25.4021° E, depth: 336 m); (b) the
microbial mat sample V59, covering the surface of the sulphide
chimney V59 in the active hydrothermal vent area of Kolumbo volcano
(36.5263° N, 25.4867° E, depth: 505m); (c) the water sample VENT,
collected from the water column, at an altitude of 30 m above the
active vent chimneys of Kolumbo (36.5264° N, 25.4868° E, depth:
470 m); and (d) the water sample W25, collected from the bottom of
the inactive area of Kolumbo, at the southern part of its crater (36.527°
N, 25.4871° E, depth: 495 m). Samples RED and V59 were selected as
representatives of a high hydrothermal environment, the Vent sample
as a distal vent water sample and sample W25 as a representative of a
non-hydrothermal environment. All metagenomes were screened for a
series of genes related to the mer system with KEGG Orthologs (KO)
identifiers K07721, K00221, K19059, K19057, K19058, K08363, K00520
and KO08365, to arsenate As(V) reductase with KO0537 and K03741, to
heavy metal efflux systems for Co, Zn, Cd with K15726, K16234, K15725
and K15727, to Cu resistance and efflux with pfam13743, K17686,
K07787 and K07798, to Mo co-factor associated metabolism with
K03750, to Fe resistance (Fe reduction and extracellular electron
transfer) with K18915, pfam13435, pfam11854, pfam14522, K04758 and
K04759 and to Mn transport with K03322. Taxonomic assignment of
the merA, arsC, czc complex, Cu-binding, copA, cusA, cusB, moeA, ferR,
mtrA, mtrB, mtrC, feoA, feoB and mntH genes of the deep subsurface
sample U1595-Unit L3, available in the IMG/M system, were also
retrieved at the domain, phylum, class, order, family, genus and spe-
cies levels. All gene counts were normalised using a set of ribosomal
protein reference genes with COG IDs: COGO0048, COGO0049,
C0OGO0051, COG0080, COGO089, COGO091, COGO093, COGO096,
COGO0098 and COG0099 for each metagenome. The reference data-
sets used in the present study are available in the IMG/M system with
accessions 3300066567, 3300002231, 3300009702, 3300024344,
3300009703 for samples RED, V59, VENT and W25, respectively. For
the data used to make Fig. 3, see Source Data for Fig. 3.

Metal Budgets and Fluxes

The dry bulk density for representative samples from each core was
analysed shipboard*®. Within Unit L3, there were two densities pro-
vided—one in ash and one in tuffaceous mud. The tuffaceous mud
density value was used in the calculations using Eq. 1 since it best
represented our hydrothermal layers. For the post-726 CE values (Unit
L1), the average of all the dry densities provided for the tuffaceous mud
layers within the top 20 mbsf was taken and used in Eq. 1. The element

anomaly over background was calculated by subtracting the average
726 CE Hg value (0.00075 ppm) from the average Hg value for the
tuffaceous mud layers in each phase, the whole of Unit L3 and the post-
726 CE values (Unit L1). This was repeated for the elements in Table 3
for Unit L3 and Unit L1.

For the comparison of Mn and Fe fluxes with previous work* we
used only core material available from the southern basin and recal-
culated values from published bulk sediment concentrations to avoid
any sediment density or basin area differences. The only core material
directly comparable to our newly generated data is from ‘Core 15'.
Assuming a tuffaceous mud sedimentation rate of 0.122 cmyr?, the
first 45 cm (9 samples) represents ~370 years. We hence calculated the
average Mn and Fe concentration values for the top 45 cm of that core,
subtracted the quoted background value (taken outside the caldera)
from the averages and assumed a dry bulk density equivalent to the
top of the IODP core material (700 kg m®) rather than a generic wet
density value. This yielded fluxes for Fe from 553 to 88.9 t yr and for
Mn from 35 to 3.85 t yr, respectively for the southern basin.

Five values were reported for Hg sediment accumulation rates in
the lonian Sea®®, we excluded the final value from 1884 CE as it is in the
midst of the industrial revolution and would skew the average. The Hg
sediment accumulation values included to create the average of
Llugm2yr?! were from the years 945 CE (0.4ugm™2yr?), 1179 CE
(043pgm2yr"), 1414 CE (0.78ugm?yr?) and 1649 CE
(2.8ug m2yr™). The average value was then multiplied by the size of
the southern basin and entire caldera to obtain the estimated back-
ground Hg fluxes for Santorini. The calculations and data in Table 2 can
be found in Source Data for Table 2.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The deep subsurface sequence reads of the present study (U1595C Unit
L3) have been deposited to the IMG/M system with accession
3300066567  (https://img.jgi.doe.gov/cgi-bin/m/main.cgi?section=
TaxonDetail&page=taxonDetail&taxon_o0id=3300066567) and to the
National Centre for Biotechnology Information Sequence Read
Archive under access numbers SRR37198718, Biosample
SAMNS55199529  (https://www.ncbi.nlm.nih.gov/biosample/55199529)
and Bioproject PRJNA1419865 (https://www.ncbi.nlm.nih.gov/
bioproject/1419865). The reference datasets used in the present
study are available in the IMG/M system with accessions 3300002231,
3300009702, 3300024344, 3300009703 for samples RED, V59, VENT
and W25, respectively. Source data are provided with this paper.
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