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Cosmogenic nuclei production for dating the Earth surface exposure of rock/mineral samples,
especially 3He, is a robust technique in geochronology. We describe its application to constrain the
ages of key eruptive episodes of the volcanic history of Deception Island (Antarctica): (i) the volcanic
products of the island formed before the caldera collapse (pre-caldera material); and (ii) the caldera-
forming event (syn-caldera material). High *He/*He ratios (up to 910 R,; R, =1.39x107) in the crystal
structure of olivine phenocrysts measured through total fusion He release are much higher than the
magmatic values previously obtained in the inclusions of the same olivines obtained by hydraulic
crushing. Such high values indicate a cosmogenic origin and reveal an age of c. 4 Ma for the pre-caldera
material, and c. 4.6 ka and 170 ka for the syn-caldera deposits. The result of c. 4.6 ka for the caldera
collapse episode is consistent with previous age estimations based on tephrochronology, whereas the
c. 170 ka result reveals the presence of pre-caldera olivines embedded in the syn-caldera deposits that
experienced less exposure to cosmic rays compared to the samples with ages of 4 Ma. This oldest age
estimate represents the first quantitative geochronological approach attempting to date Deception
Island formation.

Our main aim is to apply cosmogenic *He (*He_, ) dating in olivines to determine the age of volcanic materials
deposited before (pre) and during (syn) the caldera-forming event on Deception Island, Antarctica!. The
caldera collapse on Deception Island, one of the largest volcanic eruptions confirmed in Antarctica during the
Holocene, occurred between ~8300 years® (paleomagnetism) and ~3980 + 125 calibrated years Before Present
(cal a BP)? (tephrochronology based on 'C). A further aim is to compare ages determined by cosmogenic *He
ages, tephrochronology and paleomagnetism of the syn-caldera erupted tephras, to assess recent calibrations of
cosmogenic nuclide production rates at south polar latitudes.

Noble gases have been widely employed to characterise the different Earth reservoirs including the mantle
(e.g.,*) and to understand processes related to crustal assimilation or recycling of materials through subduction
zones (e.g.,’). However, interactions of cosmic ray particles have been proven to influence the noble gas
isotope production when they interact with rock surfaces (e.g., ®’), showing characteristically different isotopic
abundances from the ones of the Earth reservoirs (e.g., 7). The cosmogenic noble gases have been applied to
study glaciers and ice sheets movements, the determination of rates of erosion or tectonic uplift, and for dating
lava flows (e.g., ®).
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In dense minerals of volcanic rocks, such as olivines, *He can be preserved in the crystal structure through
nucleogenic 1, a reactions with 6Li *1%, or in melt/fluid inclusions of mantle origin!!. Once erupted and exposed
at the surface, cosmic-ray spallation reactions in minerals provide an additional source of *He and other
cosmogenic noble gas isotopes. If the concentration of cosmogenic *He is measured and the production rate
known, then a surface exposure age can be calculated. Lava flows were one of the first surfaces to be studied
via cosmogenic noble gases, particularly *He coupled with K-Ar dating techniques!?>-!%. Surface dating via
cosmogenic noble gases has also been used to date volcanic eruptions, especially using cosmogenic *He in olivine
and pyroxene phenocrysts in basaltic samples!>!315-1%, and when other methods like *C and “°Ar/*Ar dating
are not suitable because the erupted rocks are very young, or both lack carbonaceous/organic material and
appropriate textures, respectively®. Volcanic products are highly suitable because the relatively short duration
of the exposure to cosmic rays means it is commensurate with eruption age (within age uncertainty)!>1315:20,
However, they can be affected by processes that may limit the precision of cosmogenic *He for eruption timing,
such as erosion, a potential windblown cover, or deposition of river borne sediment (e.g.,ﬂ), as well as change of
altitude (e.g.,??), or even poor understanding of production rates.

We measured *He___in olivine phenocrysts by stepwise heating and total fusion from four pre-caldera basaltic
material (juvenile inside a syn-caldera ignimbrite, tuff, crystal-rich rock and pyroclastic breccia), and two
pyroclastic density current deposits (mostly basaltic-andesitic ignimbrites) belonging to the caldera-forming
event on Deception Island (Antarctica). Helium isotopic ratios of fluid/melt inclusions in the same olivine
samples were previously analysed (extraction by crushing) to advance understanding of magma degassing under
Deception Island and its primary source?.

Geological setting

Deception Island is located on the southwestern side of Bransfield Strait (Fig. 1a), a NE-SW oriented basin
400 km long and 80 km wide?4, at the northernmost part of Antarctica. Its formation is related to the back-arc
rifting associated with the subduction of the Phoenix plate under the Antarctic plate during the Cenozoic, ~4
Ma ago?>~28 (Fig. 1a). Spreading of the Phoenix plate slowed down 3.3 Ma ago,”®-3! however subduction is still
ongoing at very slow rates of 1 cm/a®.

Deception Island (Fig. 1b, 2a) is a 30 km basal diameter composite volcano, which rises from ~1400 m below
sea level up to ~ 540 m above sea level***. The emerged part of the volcano is a horseshoe-shaped island that is
15 km in diameter, whose central part is occupied by a sea-flooded volcanic collapse caldera (Port Foster) with
dimensions of about 6 x 10 km, and a maximum water depth of ~ 190 m (Fig. 1b). The caldera-forming eruption
was the most remarkable event in Deception Island’s geological history, dividing the evolution of the island in
to three main stages: pre-caldera, syn-caldera and post-caldera'. The pre-caldera stage was characterized by the
coalescence of multiple seamounts (Fumarole Bay Formation) that led to a subaerial volcanic shield (Basaltic
Shield Formation)**** (and references therein). The available geochronological database for the eruptions
during this pre-caldera period yield ages ranging from < 100 ka (lithostratigraphy)®¢, 0.75 Ma (paleomagnetism
and K-Ar data)¥, to < 12 ka (paleomagnetism)?. The syn-caldera deposits correspond to the Outer Coast Tuff
Formation (OCTF)*>%, a massive unit composed of pyroclastic density current deposits (50-70 m average
thickness) corresponding to c. of 60 km? of erupted magmal.

The post-caldera stage is characterised by at least 30 eruptions distributed along 70 eruptive vents mostly
located within the caldera (e.g.,"**1%) and is marked by a caldera sea flooding event forming Port Poster, the
timing of which could not be constrained by K-Ar dating but is considered to have occurred within the last few
thousand years?!. This stage includes the historical eruptive activity (1829-1970), which has mainly consisted
of monogenetic small volume eruptions (<0.1 km? of erupted magma) (e.g.,***?) with different degrees of
explosivity depending on the amount and provenance of water (e.g. seawater, aquifers, ice) that interacted with
the ascending magma?%42-46,

The volcanic rocks of Deception Island (bulk rock and glasses) are tholeiitic, ranging from basalts to
trachydacites and rhyolites (e.g.,>>*"%%), with no significant differences among pre-, syn-, and post-caldera
rocks in terms of trace element compositions*®. Samples DI-35 and DI-36 belong to the OCTF syn-caldera unit,
whereas olivine phenocrysts in sample DI-68 represent juvenile fragments from the pre-caldera units inside
the OCTF (e.g.,2>4648). Pre-caldera samples with no cosmogenic *He signal, DI-18, DI-67 and PRR-10298,
correspond to a tuff, crystal rich rock and pyroclastic breccia, respectively. Olivine phenocrysts are commonly
subhedral- to euhedral for all studied samples.

Previous stable isotope and noble gas studies on Deception Island have focused on magmatic activity beneath
the volcano. Samples studied include fumaroles and hot springs gases >, and fluid/melt inclusions in olivine
phenocrysts**. Padron et al. ** described an increase in the *He/*He ratio (7.1-7.5 R,; where R, is *He/*He
normalized to the He/*He ratio of the atmosphere, 1.39 x 10°=1R A), relative to that previously studied (6.3-
7.0 R,)* , which was attributed to a magmatic input beneath Deception Island. *He/*He ratios of 7.2-8.7 R,
were reported for the pre-caldera stage and 5.1-7.0 R, for the syn-caldera sample?. *He/?Ne ratio is a sensitive
tracer of atmospheric contamination and results show a range of values from ca. 0.0001 up to >200 (Table 1),
significantly greater than atmospheric ratio (0.318). A correction for atmospheric He has been applied to the
measured He isotope ratios (e.g.,’!), however this correction is small to negligible for the samples with the
highest “He/?**Ne ratios. Combining this with “He/?’Ne and *He/*’Ar” ratios (**Ar" refers to *°Ar corrected for an
atmospheric argon component), a MORB-like magmatic source slightly modified by a subduction component
could be established®.

Results
The pre-caldera DI-68 olivines shows the highest *He/*He ratios of 910 R, released in the 2000°C heating step
(Fig. 2, Table 1). We note that these are higher than the Solar and the Solar wind values of 280 + 20 R,>?, and
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Fig. 1. (a) Simplified regional tectonic map and location of the South Shetland Islands (modified from®).

AP: Antarctic Peninsula, BP: Bransfield Platform, BS: Bransfield Strait, HFZ: Hero Fracture Zone, SA: South
America, SFZ: Shackleton Fracture Zone, SST: South Shetland Trench. (b) Deception Island orthophotomap
(data obtained from Spatial Data Infrastructure for Deception Island SIMAC)¥. BAD: Argentinian Base

(Base Argentina Decepcion). BEGC: Spanish Base (Base Espaiola Gabriel de Castilla). BS: British Station
(destroyed). CS: Chilean Station (destroyed). Black dots wihin Port Foster indicate submarine volcanic edifices.
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Fig. 2. (a) Simplified geological map of Deception Island (modified from"*). Shapefiles and Digital Elevation
Model obtained from the SIMAC geodatabase®”. (b) Detail of Deception Island orthophotomap showing the
Vapour Col outcrop area (data obtained from Spatial Data Infrastructure for Deception Island SIMAC)®’. (c)
Photograph showing the Outer Coast Tuff Formation forming the cliffs along Kendall Terrace, and the hand-
specimen aspect of the samples hosting the olivine-bearing juvenile pre-caldera material (i.e. dark lithics). (d)
Image of the Vapour Col outcrop showing post-caldera deposits unconformably overlying the syn-caldera
OCTF deposits. (e) Image of the Fumarole Bay outcrop.
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330+ 6 R,**, respectively. Fusion of residual crushed powders of pre-caldera olivine samples DI-18, DI-67 and
PRR-10298 yielded lower *He/*He values of 7.0, 4.4 and 5.7 R,, respectively, which are below their magmatic
ratios (7.2, 8.7 and 8.1 R " respectively23). Whereas syn-caldera DI-35 and DI-36 olivines are up to 27 and 43
R,, respectively (Table 1). The *He/*He values are significantly higher than those of magmatic *He/*He ratios
obtained with crushing of olivines, indicating the presence of cosmogenic *He in the samples. One exception is a
low *He/*He ratio of 2.1 R, observed in the 800°C fraction of step-heating of DI-35 olivine (Table 1), which might
be contaminated by either atmospheric/radiogenic He in a small amount of groundmass persistently sticking to
the sample, or to U-rich inclusions within this mineral aliquot. The high *He/*He values obtained by fusion (i.e.,
cosmogenic) plot above the MORB mantle endmember (8 R, >*), yet their values by crushing (i.e., magmatic) are
around MORB? (Table 1). The *He/?°Ne ratios of the olivines obtained by heating are significantly lower than
those obtained with crushing the olivines separated from the same samples (1-200*, the MORB-source mantle
(>1000) and the air (0.318%°°). The low *He/?*Ne ratios would result from air-derived 2°Ne contamination on the
sample surface (**Ne is not a cosmogenic isotope), which is supported by the atmospheric isotopic compositions
of Ne (Table 1).

Applying the average of the most recently proposed production rates of 124 atoms/g/a*® to the syn-caldera
samples, the exposure ages of the ejected material at sea level are 4.8 ka and 0.18 Ma (DI-36 and DI-35,
respectively, Table 1), whereas the age value for the pre-caldera material is 5.0 Ma (Table 1). After applying an
altitude correction®”8 the ages increase to 6.7 ka and 0.25 Ma (DI-36 and DI-35, respectively), and 5.9 Ma for
the pre-caldera sample (Table 1) (i.e. uncertainties of 0.07 and 0.0019 Ma for the syn-caldera episodes, and 0.85
Ma for the pre-caldera material). If applying a higher production rate (reasonable for high latitudes, e.g.,>®) of
up to 180 atoms/g/a, the age values (corrected for altitude) decrease to 4.6 ka and 0.17 Ma for the syn-caldera
olivines and 4.0 Ma for the pre-caldera ones (Table 1) (i.e. variations of 0.05 and 0.0013 Ma for the syn-caldera
episodes, and 0.58 Ma for the pre-caldera material). Reasons for the large (factor 38) difference in exposure
between syncaldera samples DI-35 and DI-36 will be considered in the next section.

Discussion and conclusions

Cosmogenic helium in Deception Island

The stepwise heating of olivine phenocrysts to extract the trapped noble gases is the most favourable procedure
to release cosmogenic noble gases due to the good retention of He and Ne in olivine (e.g.,'2260-62) Tt is generally
accepted that crushing releases magmatic (non-cosmogenic) noble gases trapped in fluid/melt inclusions mineral
grains, even if minor cosmogenic “contamination” released by crushing has been described by e.g.,>. Hence, in
order to date the minerals by using the cosmogenic component, melting the sample (total fusion) is preferred
because the cosmogenic component is preserved within the crystal structure of the olivines®. Therefore, since the
studied samples were firstly crushed to retrieve the magmatic signal??, the *He/*He ratios obtained by stepwise
heating (up to 1800-2000 °C) is considered to be mostly cosmogenic helium (Fig. 3).

High *He/*He ratios (Table 1, Fig. 3) of up to 910 R, (DI-68) are much higher than MORB values or any other
mantle He isotopic ratio (e.g.,”) and in Deception Island?*, can only be explained by cosmic ray interactions with
the rocks exposed on the surface. Values of the syn-caldera samples (up to 43 R,; DI-35, DI-36) are among the
highest values for oceanic islands basalts (OIB) with ratios up to 35-43 R, (e.g., Northwest Iceland®) However,
Deception Island is not related to OIB and lies within a back-arc geodynamic setting (e.g.,*). This confirms that
the syn-caldera samples with higher He isotopic ratios than typical MORB rocks measured by stepwise heating
are also enriched by *He_ .

Pre-caldera samples DI-18, DI-67, and PRR-10298 were not analysed by crushing and stepped heating
released He with *He/*He between 4.4-6.9 R,. This is slightly below the *He/*He value of 7.1 Ra obtained by
crushing of pre-caldera samples DI-68 assumed to be of magmatic origin. This indicates these samples were
not exposed to cosmic rays throughout most of their geological history. Minor differences in *He/*He may be
attributed to: (i) partial release of *He__during crushing DI-68; (ii) addition of “He by a decay of uranium- and
thorium-rich inclusions in the olivine; and (iii) natural variations in *He/*He of the magmatic source of the pre-
caldera samples. The pre-caldera olivine phenocrysts are likely to have been covered by their host lava, snow, or
soil for a significant time during their history, or were still subaqueous before the emergence of the island. Hence,
for the same lava unit, or eruptive episode, the maximum exposure age in this study should be taken as the
minimum eruption age estimate because it does not account for any periods of burial or erosion of the surface.

Ages of pre- and syn-caldera deposits: volcanic and geodynamic implications

Mechanisms such as atmospheric shielding, deposit mantling, tectonic elevation changes, altitude-latitude and
denudation rates need to be accounted for when correcting the inferred ages in any geochronological study. The
atmosphere at sea level equals to 3.5 m thickness of rock® and the flux of cosmic rays is attenuated exponentially
below the Earth’s surface®, which can be reduced further if some snow/ice is present covering the rock in winter.
The attenuation coefficient of cosmic rays penetrating the rocks in Antarctica is estimated around 150 g/cm?
66, Samples analysed in this study were collected at the exposed surface of the outcrops (Fig. 2), i.e., at the
atmosphere-surface interface, where the production decreases exponentially with depth being relatively constant
in the top 4 cm of a surface®’, thus we may consider only a minor depth shielding effect.

Erosion on Deception Island is mostly by sea wave action along the coasts and glacier activity on land ,
whereas wind erosion is negligible®. The permeable nature of surface deposits (e.g., loose recent tephra) limits
the effects of fluvial erosion. Both shielding and erosion rates -despite their uncertainties- are considered to be
minor on Deception Island, consequently the cosmogenic ages represent minimum estimates. An additional
uncertainty in the cosmogenic isotope production rate is related to the variations in the intensity and orientation
of the geomagnetic field over time, especially on surfaces exposed for 50 ka or less below 60°N/S (e.g.,}””%).
The Deception Island latitude (i.e., avg. 63° S) and the prolonged exposure period (mainly for the pre-caldera
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Fig. 3. (a) Sketch showing the cosmic rays’ penetration within the outcrop. The highest cosmogenic He
isotopic signal occurs at the surface of the rock (black-bold arrows) decreasing progressively inward (white-
dashed arrows). However, the magmatic signal of the He isotopic ratio (c. 7-8 R A23), remains independent

of the cosmic activity. The inset box indicates the place in the dark lithics where the studied olivines were
extracted. (b) *He/*He vs. *He/*°Ne diagram highlighting the difference between the noble gas magmatic
values (black circles) retrieved from crushing the olivine crystals (gas released from fluid and melt inclusions;
FI, MI), and the cosmogenic values (crosses) in the relict powder of the crushed olivines through total fusion.
White starts: MORB and AIR He/*He values. The two inserted pictures show one of the studied olivine
crystals extracted and separated from the rock in (a), and the powder aspect of the olivine crystals before total
fusion and after crushing.

samples) suggest a negligible impact on the cosmogenic isotope production due to geomagnetic field variations.
The small altitude difference among all samples implies a minor effect (up to 0.4 times higher production rate at
150 m high with respect to the sea-level) on the cosmogenic production rates (e.g.!*”7172) slightly increasing
the age estimates (Table 1). This also suggests negligible increase in erosion rate at lower altitudes”.

The ages for the syn-caldera materials are between 4.6 ka (DI-36) to 0.25 Ma (DI-35) (depending on the
production rates used of 124-180 atoms/g/a) (Table 1). The significant difference between samples DI-35 and DI-
36 may be due to sample DI-36 experiencing part of its history being partially buried beneath the surface (higher
shielding) and/or having a slower denudation rate (Fig. 3). We therefore conclude that the c. 6.7 - 4.6 ka result
(DI-36) is reasonably consistent with the previous estimate of the caldera-collapse event of c. 8300 years based
on paleomagnetic studies® and 3980 cal a BP using tephrochronology on Byers Peninsula in Livingston Island®.
The oldest cosmogenic age (0.25 - 0.17 Ma) of the syn-caldera episode is explained by olivine phenocrysts in
pre-caldera clasts of older basalts being ripped-out and embedded in the DI-35 syn-caldera deposits (see also?®).

The pre-caldera olivines embedded in the OCTF yield *He___ ages between 5.9 and 4.0 Ma depending on the
production rates of 124-180 atoms/g/a (Table 1). This represents the first quantitative estimate for one of the
oldest eruptions forming the island, i.e., during the first phase of the pre-caldera event, which correlates with the
Bransfield spreading activity, which started 4 Ma ago? and slowed down at 3.3 Ma?*!. Previous investigations
also showed Deception Island on a geodynamic map with the Bransfield opening at c. 4 Ma’%. Therefore, the age
obtained for DI-68 is consistent with existing geodynamic models.

Based on the preceding discussion, we find that a cosmogenic production rate of c. 180 *He atoms/g/a in
southern polar latitudes is more suitable (with lower uncertainty values as well) than the currently assumed
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of c. 124 3He atoms/g/a*®. This higher rate might be related to the persistent low atmospheric pressure and/or
potential variations in the geomagnetic field during the Holocene (e.g.,”®).

Future studies will be needed to increase the sample density of the pre-caldera units, as the geomagnetic field
may have varied during the last 4 Ma, thus affecting the cosmogenic isotope production®. In fact, geomagnetic
field variations between 19 to 55 mT have been reported during the Quaternary’®. Control on collecting samples
progressively deeper below the surface of the outcrop may also enhance the knowledge of cosmic ray penetration
and noble gas retention.

Material and methods

The studied samples were collected at Kendall Terrace (DI-67, DI-68), Vapour Col (DI-35, DI-36) and Fumarole
Bay (DI-18, PRR-10298) (Figs. 2a, b; Table 1) during the Spanish Antarctic Campaign in 2010-2011. Kendall
Terrace is formed by an extensive lava flow located at the northwest side of the volcano outside the caldera rims.
It terminates at the sea with a > 50 m high cliff mostly composed by OCTF deposits®® (Fig. 2c). Vapour Col,
located in the southwest part of Port Foster Bay (Figs. 2b, d), was supposedly formed by at least, two explosive
eruptive events after the caldera collapse®. The formation of these craters led to the exposure of a >20 m - high
cliff of OCTF deposits covered by post-caldera materials (Fig. 2d). Fumarole Bay Formation corresponds to the
first pre-caldera period with low-energy erupted tephras from multiple centres likely emitted by subaqueous fire
fountaining during the initial emergence of the volcano®.

All samples were collected in the horizontal (not sloped surfaces) from the highest levels of their exposed
open surfaces (Table 1), that were sediment/rock/soil free and standing above the main flow surface (samples
deposited from pyroclastic density current and pryroclastic breccia), and on top of a cliff (e.g., DI-68). This
implies an effective sampling for a cosmogenic target (e.g.,}”*>77).

Samples were crushed in an agate mortar and sieved (mesh size of 250-400 um) to separate and handpick
the cleanest olivine crystals (i.e,. avoiding any adhering patina glass) under a binocular microscope (Fig. 3;
see also?®). Samples were ultrasonically cleaned using acetone and loaded into a gas extraction system where
they were baked at 120 °C overnight while being pumped to ultra-high-vacuum. Noble gas extraction consisted
firstly of single-step hydraulic crushing (30 MPa during 30 seconds) in our previous study®® that determined
the magmatic He isotopic signals and minimized the release of matrix-sited components (e.g.,>’), followed in
the present study by stepwise heating of the crushed powder at between 800°C to 2000°C to achieve total fusion
of olivine in a Ta-ribbon furnace’®. Combining He isotope data obtained by different gas extraction techniques
means that the, cosmogenic *He can be resolved from any magmatic *He remaining in the sample following
crushing (e.g.,>58%81). Noble gas isotope analyses of the extracted gases were carried out using MS-IV (modified
VG-5400) mass spectrometer in the University of Tokyo, Japan, (for more details on the procedure®?). An
additional analysis of sample DI-36 was made using a Thermo-Helix-SFT mass spectrometer at Laboratorio de
Isétopos Estables (University of Salamanca, Spain) where a CO, laser was used to heat the sample in a single step
to total fusion (e.g.,3%). Furnace blanks were routinely analysed before sample measurements and as an additional
calibration to ensure noble gas blank levels were low and the spectrometer’s sensitivity and tune settings were
consistent. The HES] (Helium Standard of Japan; R/R, = 20.63%1) and a calibration bottle containing air (R/R A
=1), were the standards used for He isotope analyses in Tokyo and Salamanca, respectively.

At high latitudes (> 60°), *He production rates at sea level are expected to be between 100-180 atoms/g/a
(e.g.,+856:5859.8085) 'Given that the samples were collected at elevations of up to 150 m, we applied equations for
altitude correction®”*8. Based on the chemistry of the olivines (forsterite (Fo)<82; the syn-caldera olivines, i.e.,
samples DI-35 and DI-36, have Fo ranges of 77-86 mol %, whereas the pre-caldera DI-68 is Fo,g 048), a rate of
103 atoms/g/a has been proposed®, which has more recently been refined to 124 + 11 atoms/ g/agﬁé

The *He concentrations in Table 1 used to calculate the cosmogenic ages have been corrected for a magmatic
contribution. However, no correction has been applied to correct for a radiogenic “He contribution due to the
small concentration of U and Th in the lavas (Th = 0.3 - 1.4 ppm, and U = 0.11 - 0.41 ppm*®) hosting the olivines,
and their young eruption ages. According to the parameters in the “He production equations®!, such low U and
Th concentrations yield R factor values > 0.99, independent of the olivine-lava partition coefficients for U and
Th and eruption ages. When R is near 1, the radiogenic “He correction is simplified to assume that magmatic
He/*He is equal to that obtained by crushing, and all the “He released by total fusion is of only magmatic origin.
To check the consistency of the results produced in this study for the caldera-forming episode, we compared
our ages to the most recent ages obtained by palacomagnetism? and those based on tephrochronology studies’.

Data availability

All data analysed and generated during this study are included in this published article and would be archived
at Zenodo (https://zenodo.org) a general-purpose open-access repository developed under the European Ope
nAIRE program.
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