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In this study, we present detailed geological and volcanological observations from the remote South 

Sandwich volcanic arc. Building on previous petrological and remote sensing studies in the region, we 

focus on volcanic gas emissions and report the first in situ measurements of gas chemistry, emission rate, 

and carbon isotope composition from along this remote arc. We show that Mt Michael on Saunders Island 

is a persistent source of gas emissions, releasing 145 ± 59 t d-1 SO2 and 267 ± 112 t d-1 CO2 in a plume 

characterised by a CO2/SO2 ratio of 1.8 ± 0.2, which we discuss in the context of recently published global 

syntheses. Fumarolic outgassing is prevalent in the active centres of Candlemas and Bellingshausen 

islands. Carbon isotope measurements of dilute plume and fumarole gases from along the arc suggest a 

magmatic δ13C of -4.5 ± 2.0 ‰, which we discuss in the context of mixing between mantle carbon and 

a recycled subduction component composed of carbon-poor sediment and altered crust. The South 

Sandwich volcanic arc represents an ideal tectonic setting in which to explore the geochemical processes 
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ABSTRACT 15 

The South Sandwich Volcanic Arc is one of the most remote and enigmatic arcs on Earth. Sporadic 16 

observations from rare cloud-free satellite images—and even rarer in situ reports—provide tantalising 17 

glimpses of a dynamic arc system characterised by persistent gas emissions and frequent eruptive 18 

activity. However, our understanding of the state of active volcanic activity along this arc is hugely 19 

incomplete compared to arcs globally. Here, we present detailed geological and volcanological 20 

observations made during an expedition to the South Sandwich Islands in January 2020. We report in 21 

situ measurements of gas chemistry, emission rate, and carbon isotope composition from along the arc. 22 

We show that Mt Michael on Saunders Island is a persistent source of gas emissions, releasing 145 ± 23 

59 t d-1 SO2 and 267 ± 112 t d-1 CO2 in a plume characterised by a CO2/SO2 ratio of 1.8 ± 0.2. Fumarolic 24 

outgassing is prevalent in the active centres of Candlemas and Bellingshausen islands. Carbon isotope 25 

measurements of dilute plume and fumarole gases from along the arc suggest a magmatic δ13C of -4.5 26 

± 2.0 ‰, which we discuss in the context of mixing between mantle carbon and a recycled subduction 27 

component composed of carbon-poor sediment and altered crust.  28 

 29 

 30 

INTRODUCTION 31 

The volcanoes of the South Sandwich volcanic arc (SSVA) are a significant source of tephra to the 32 

South Atlantic (Ninkovich et al., 1964) and the Antarctic mainland (Smellie, 1999; Basile et al., 2001) 33 

and yet their eruptive processes remain enigmatic compared to other arcs globally. The relatively recent 34 

development of the SSVA over the past 10 million years has been closely linked with the formation of 35 

the Drake Passage (Barker, 1995; Vanneste and Larter, 2002; Leat et al., 2013, 2016), making this one 36 

of the youngest known volcanic arcs on Earth, and therefore one of the most critical for understanding 37 
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the early stages of arc geochemical evolution. Records of historical activity are hugely incomplete, with 38 

in situ observations contributed by only a handful of expeditions (e.g., Holdgate and Baker, 1979; 39 

Smellie et al., 1998; Derrien et al, 2019). Much of the monitoring data collected over the past two 40 

decades derive from satellite remote sensing observations (Lachlan-Cope et al., 2001; Patrick et al., 41 

2005; Patrick and Smellie, 2013; Gray et al., 2019), and yet even these are restricted to rare, cloud-free 42 

images. Satellite observations reveal persistent passive outgassing at many of the SSVA volcanoes, 43 

punctuated by sporadic explosive emissions, suggesting that the arc could be a significant source of 44 

volatiles to our atmosphere. Petrological constraints on magmatic volatile content are lacking, as are 45 

data on the composition and flux of emitted gases. Here, we present geological and volcanological 46 

observations made during an expedition to the South Sandwich Islands in January 2020. We report 47 

measurements of gas chemistry, emission rate, and carbon isotope signature from along the SSVA. 48 

Together, these observations contribute a comprehensive view of the ‘state of the arc’, providing 49 

foundation for future targeted studies. 50 

 51 

BACKGROUND 52 

Tectonic and ecological significance 53 

The South Sandwich volcanic arc (SSVA) is situated on the leading edge of the South Sandwich 54 

microplate, bounded to the west by the East Scotia Ridge (ESR) back-arc spreading centre and to the 55 

east by the South Sandwich Trench (Fig. 1; Barker, 1970; Larter et al., 2003). Seafloor magnetic 56 

anomalies record continuous W-E spreading at the ESR since at least ~15 Ma, initially at a full spreading 57 

rate of ~27 mm yr-1 until ~1.7 Ma when spreading accelerated to the current rate of 63–71 mm yr-1 58 

(Barker, 1995; Livermore et al., 1997; Larter et al., 2003; Thomas et al., 2003). The SSVA is built 59 

largely on oceanic crust that formed at the ESR ~10 Ma (Barker, 1995; Larter et al., 2003) and is 60 

consequently one of the youngest volcanic arcs active today. The crust beneath the SSVA is relatively 61 

thin at 16–20 km compared to arcs globally (~30 km on average), consistent with its young age and 62 

extensional regime due to back-arc spreading (e.g., Larter et al., 2003; Calvert, 2011).  63 

The southern end of the SSVA is bounded by the South Sandwich fracture zone, an active 64 

transform fault accommodating dextral motion between the Antarctic and South Sandwich plates 65 

(Barker, 1995; Thomas et al., 2003; Giner-Robles et al., 2009). At the northern end of the arc, focal 66 

mechanisms associated with enhanced seismicity suggest that the underthrust plate is being torn at depth 67 

to accommodate subduction (Brett, 1977; Giner-Robles et al., 2009). Upper mantle seismic anisotropy 68 

from shear-wave splitting reveals a strain field that describes westward mantle flow into the back-arc 69 

region from the north and south (Livermore et al., 1997; Müller, 2001; Müller et al., 2008), consistent 70 

with the enriched Atlantic mantle signatures observed in erupted basalts from the northern- and 71 

southern-most segments of the ESR (Leat et al., 2004). 72 



Magmatism along the SSVA is the expression of westward oceanic-oceanic subduction of the 73 

South American Plate beneath the South Sandwich microplate. Plate convergence is accommodated by 74 

subduction rates of 69 ± 11 mm yr-1 (north) to 71 ± 10.8 mm yr-1 (south), associated with eastward roll-75 

back of the trench (Thomas et al., 2003; Smalley et al., 2007). The age of subducted crust entering the 76 

trench from the South American plate varies from ~83 Ma in the north to ~27 Ma in the south (Barker, 77 

1995). Almost all of the sediment entering the trench is subducted, and a well-developed accretionary 78 

prism has not been established (Vanneste and Larter, 2002). A sedimentary section from site 701 (Ocean 79 

Drilling Programme, ODP 701; Fig. 1) shows that the pelagic sediment north of the arc is carbon-poor 80 

overall (Ciesielski et al., 1988). From top to bottom, the pelagic sequence from ODP 701 exposes three 81 

main units: ~245 m of diatomaceous ooze, with intervals of siliceous clay-rich muds and volcanic ash; 82 

~200 m of diatom-rich clay/mud, with lesser volcanic ash; and ~30 m of indurated nannofossil chalk—83 

of mid to late Eocene age—overlying amygdaloidal olivine basalt basement (Ciesielski et al, 1988; 84 

Vervoort et al., 2011). Sediment thicknesses are thinner immediately east of the arc (~200 m on average; 85 

Plank and Langmuir, 1998). Dredge samples of oceanic crust from the South Sandwich Trench (Pearce 86 

et al., 2000) and the American-Antarctic Ridge to the east (Lawver and Dick, 1983) are dominated by 87 

exposed ultramafic material—serpentinised peridotites, harzburgites, dunites and gabbros—typical of 88 

slow-spreading tectonic settings.  89 

Erupted magma compositions range from basaltic to silicic and populate both tholeiitic and 90 

calk-alkaline trends; tholeiitic basalts are by far the most abundant (Baker, 1978; Pearce et al., 1995). 91 

Overall, the SSVA is considered a type example of early subduction zone magmatism (Baker, 1978). 92 

Trace element systematics suggest a variable, element-specific subduction component from altered 93 

oceanic crust (Pearce et al., 1995). Boron isotope compositions (δ11B) for SSI lavas are among the 94 

highest reported for mantle-derived lavas, suggesting substantial subduction erosion of serpentinised 95 

forearc material (Tonarini et al., 2011). Rates of terrigenous erosion from the SSI volcanoes and forearc 96 

are high, supplying large amounts of volcaniclastic material eastwards towards the trench (Leat et al., 97 

2010; Tonarini et al., 2011). Overall, the carbon-poor nature of the sediments entering the trench lead 98 

to low predicted CO2/SO2 ratios ~1.2 in the corresponding arc emissions based on trace element proxies 99 

(Aiuppa et al., 2019). 100 

The South Sandwich Islands (SSI) represent the emergent portions of deep-rooted volcanic 101 

edifices that comprise the arc front and extend to depths of 2000–3000 m below the sea floor (Leat et 102 

al., 2016, 2013, 2010). From north to south along the arc, the volcanic centres include Protector 103 

Seamounts (submerged), Zavodovski, Visokoi, Candlemas group (Candlemas and Vindication), 104 

Saunders, Montagu, Bristol, Southern Thule group (Bellingshausen, Cook, and Thule), and Kemp and 105 

Adventure calderas (submerged). Since 1900, expressions of active volcanism (ranging from sporadic 106 

fumaroles to explosive eruptions) have been reported from all but Vindication, which represents the 107 

eroded remnants of an ancient stratovolcano. Volcanic edifices are constructed from layers of 108 

pyroclastic material and lavas (Baker, 1978; Holdgate and Baker, 1979; Leat et al., 2003; Smellie et al., 109 



1998). Bathymetric surveys reveal numerous mass flow deposits associated with the submarine flanks 110 

of the SSI volcanoes (Leat et al., 2013, 2010). Active seafloor hydrothermal venting, important for 111 

sustaining chemosynthetic communities, has been reported from Kemp and Adventure calderas in the 112 

southern section of the arc and from the Protector Seamount region in the north (Boschen et al., 2013; 113 

Linse et al., 2019). The SSI are located south of the Antarctic Circumpolar Current and the topographic 114 

profile of the arc strongly influences the path of oceanographic currents (Garabato et al., 2002).  115 

The South Sandwich Islands have a polar climate, with heavy snowfall in winter and frequent 116 

strong winds and storm swells year-round. Terrestrial flora is scarce, dominated by mosses and lichens 117 

(Convey et al., 2000; Hart and Convey, 2018). However, the islands are breeding grounds for globally-118 

significant populations of seabirds, notably penguins (Hart and Convey, 2018). At the most recent 119 

census in 2011, the SSI contain almost half of the world’s population of Chinstrap penguins (Lynch et 120 

al., 2016); 600,000 pairs are reported from Zavodovski Island alone, together with a further ~95,000 121 

pairs of Macaroni penguins, and >125,000 pairs of Adelie penguins. The islands are administered as a 122 

UK Overseas Territory by the Government of South Georgia and the South Sandwich Islands. In 123 

response to calls for long term management of the fishery and dependent wildlife, South Georgia and 124 

SSI were declared a Marine Protected Area in 2012, which was further expanded in 2019 (Marine 125 

Protected Areas Order, 2013, 2019). Recent volcanic eruptions in the SSI are likely to have had 126 

significant and ongoing impacts on local terrestrial and marine ecosystems, through immediate 127 

disturbance, deposition of pyroclastic material (mostly as volcanic ash) and from persistent passive 128 

degassing. Historic volcanic eruptions elsewhere in the Antarctic have caused mass mortality in penguin 129 

colonies (Roberts et al., 2017). 130 

 131 

 132 

 133 

Figure 1: Tectonic setting of the South Sandwich Islands volcanic arc (redrawn from Leat et al., 2016). 134 

East Scotia Ridge (ESR), West Scotia Ridge (WSR), South Scotia Ridge (SSR), North Scotia Ridge 135 

(NSR), Shackleton Fracture Zone (SFZ), South Sandwich Trench (SST), South Sandwich Fracture Zone 136 



(SSFZ), and South Sandwich Volcanic Arc (SSVA). Location of the ODP Site 701 (Leg 114) sediment 137 

core (Ciesielski et al, 1988). (b) Magnified view of the SSVA showing subaerial islands. Topographic 138 

data extracted from WorldDEMTM (Airbus Space and Defence). 139 

 140 

 141 

Figure 2: Detailed location maps for the South Sandwich Islands (to scale). Key locations discussed 142 

in the main text, such as landing and sampling sites, are annotated with coloured circular symbols 143 

according to the legend in (c). Elevation contours at 50 m are extracted from WorldDEM DTMTM (© 144 

DLR e.V. 2019 and © Airbus Defence and Space GmbH 2019). Background images are (a–g) 145 

Copernicus Sentinel-2 satellite imagery (European Space Agency) acquired on 2 Dec 2019 (Montagu), 146 

5 Dec 2019 (Zavadovski) or 24 Dec 2019 (all others islands); and (h) Orthorectified image generated 147 

from Unoccupied Aerial System imagery acquired on 10 Jan 2020 using Agisoft Metashape 148 

Professional (version 1.6.3).  149 



 150 

METHODS 151 

We report on the state of current volcanic activity along the South Sandwich volcanic arc, with an 152 

emphasis on active outgassing. These observations were made during a five-week expedition to South 153 

Georgia and the South Sandwich Islands in January 2020 aboard the Pelagic Australis. We sailed from 154 

Stanley, Falkland Islands, on 30 December 2019 and returned to harbour on 30 January 2020. We made 155 

shore landings by zodiac on Saunders Island on three consecutive days between 6 and 8 January; Thule 156 

Island on 10 January; Bellingshausen on 11 January; and Candlemas on 12 and 13 January. A landing 157 

at Zavodovski was unfortunately not possible due to inclement weather and ocean conditions, but we 158 

report visual observations made remotely from the vessel. Aerial images of Zavodovski, Candlemas, 159 

Saunders, Bristol, and Bellingshausen were acquired using a small Unoccupied Aerial System (UAS; 160 

DJI Mavic 2 Pro). Aerial gas measurements (see instrument specification below) were acquired using 161 

a multi-rotor UAS (DJI Matrice 200 modified with custom mounting platform). Full permissions for 162 

beyond visual line of sight UAS flights were obtained from the Government of South Georgia and the 163 

South Sandwich Islands under Air Navigation (Overseas Territories) Order 2013. Details of all 164 

sampling sites—including coordinates, distance from vent, and access description—are presented in 165 

Table S1 (supplementary information). All altitudes reported in the text are extracted from the 166 

WorldDEMTM topographic model, which has a relative vertical accuracy of 2 m (4 m absolute) in a 12 167 

m x 12 m raster (© DLR e.V. 2019 and © Airbus Defence and Space GmbH 2019). 168 

Fumarole temperatures were measured using a K-type thermocouple that was calibrated 169 

immediately prior to the field campaign. Gas compositions were measured using two versions— 170 

ground-based and drone-mounted—of a multi-component gas analyser system (Multi-GAS; Aiuppa et 171 

al., 2005; Shinohara, 2005). The plume was sampled through two 1 µm particle filters exposed to 172 

ambient air, at a pump rate of 1.0 L/min. Concentrations of CO2, SO2, and H2S were logged at 1 Hz. 173 

For the ground-based Multi-GAS, SO2, H2S, and H2 electrochemical sensors (3ST/F-TD2G-1A, T3H-174 

TC4E-1A and T3HYT-TE1G-1A, City Technology) were calibrated for 0–200, 0–100 and 0–200 ppmv, 175 

respectively, each with an accuracy of ± 2% and a resolution of 0.1 ppmv. A non-dispersive infrared 176 

(NDIR) spectrometer (GasCard NG, Edinburgh Instruments) was calibrated for 0–3000 ppmv CO2 with 177 

an accuracy of ± 2% and a resolution of 0.8 ppmv. Pressure (±1 hPa), temperature (±0.5˚C) and relative 178 

humidity (±2%) were also measured at 1 Hz (Galltec sensors). For the aerial Multi-GAS, SO2 and H2S 179 

electrochemical sensors (3ST/F-TD2G-1A and T3H-TC4E-1A, City Technology) were calibrated for 180 

0–200 and 0–50 ppmv, respectively, each with an accuracy of ± 2% and a resolution of 0.1 ppmv. A 181 

NDIR spectrometer (Smartgas Modul Premium2, Microsensorik) was calibrated for 0–5000 ppmv CO2 182 

with an accuracy of ± 2% and a resolution of 1 ppmv. The unit was shielded from radio frequency 183 

interference from the UAS transmission system using a foil wrapping. Pressure (±1 hPa), temperature 184 

(±0.5˚C) and relative humidity (±3%) were also measured at 1 Hz using a combined sensor module 185 



(Bluedot BME280) exposed to ambient air. Both Multi-GAS instruments were calibrated with standard 186 

reference gases at the University of Palermo immediately prior to the field campaign. All sensor data 187 

was logged to a micro-SD card. H2O concentrations were calculated from records of temperature, 188 

relative humidity and time-averaged ambient pressure (according to the Arden Buck equations relating 189 

the pressure of vapour saturation to temperature for moist air; Buck, 1981). Time series of gas 190 

concentrations were post-processed using Ratiocalc software (Tamburello, 2015). Volcanogenic CO2 191 

and H2O were resolved from atmospheric background by subtracting the CO2 and H2O in ambient air 192 

(measured outside the plume where SO2=0) from the raw CO2 time series. H2S concentrations were 193 

corrected for the 13% cross-sensitivity of the sensor to SO2 (determined during calibration with standard 194 

reference gases); for example, although the absolute detection limit of the H2S sensor is 0.1 ppm, the 195 

effective detection limit is 0.13×SO2 ppm.  196 

Molar gas ratios are derived from the gradient of the linear regression in two-species 197 

scatterplots, with the exception of H2O. Uncertainties are reported as the 95% confidence intervals on 198 

the regression. The relative humidity sensor reached saturation very quickly during fumarole 199 

measurements at Bellingshausen and Candlemas, and therefore derived H2O concentrations are of lower 200 

quality. H2O/X ratios, where X is the gas species used as the plume marker, were estimated assuming a 201 

simple step-change in concentration (
(𝐻2𝑂𝑚𝑎𝑥−𝐻2𝑂𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)

(𝑋𝑚𝑎𝑥− 𝑋𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)
). Due to sensor saturation, derived 202 

X/H2O ratios underestimate the true ratio and will be highly uncertain; we estimate a 50% uncertainty 203 

on these values to be conservative, although it is difficult to quantify the error explicitly. 204 

The emission rate, or flux, of SO2 was determined spectroscopically using a dual UV imaging 205 

camera developed at University of Palermo and described in Delle Donne et al., (2019, 2017). The 206 

instrument, powered by a lithium polymer battery, was equipped with two JAI CM-140GE-UV cameras 207 

sensible to UV-radiation and fitted with two distinct band-pass optical filters (both of 10 nm Full Width 208 

at Half Maximum) with central wavelengths of 310 (strong SO2 absorption) and 330 nm (weak SO2 209 

absorption). A separate computer was used to command and control operations, and to save the acquired 210 

images. We deployed the UV camera on Saunders on 8 January 2019, operating (at 0.5 Hz rate) from 211 

13:50 to 16:40 UTC. During this time interval, the plume was dispersing to the east with the prevailing 212 

winds. The plume was grounding down the eastern flank, before lifting off and being transported at an 213 

altitude of several hundred metres above sea level. 214 

The acquired images (520 × 676 pixels at 10-bit resolution) were post-processed using standard 215 

techniques (Delle Donne et al., 2019, 2017; Kern et al., 2015). Sets of co-acquired images were first 216 

combined to obtain sequences of “absorbance” images, and then converted into slant column densities 217 

(SCD) using calibrations derived from SO2 reference cells (uncertainty, ±10%). Finally, a time series 218 

of integrated column densities (ICD) were obtained for each dataset by integrating the sequences of 219 

SCDs images along a cross-section perpendicular to plume transport. Multiplication of the ICA by the 220 

plume speed yielded the SO2 flux time-series. Plume speeds (uncertainty, ±5%) were derived using the 221 



optical flow algorithm of Lucas and Kanade (1981) to track the motion of plume gas fronts in image 222 

sequences (Delle Donne et al., 2019, 2017). Light dilution was corrected for using the method of 223 

Campion et al., (2015) and found to be negligible. In-plume multiple scattering effects associated with 224 

the highly condensed plume are significant and mean that our derived SCDs almost certainly 225 

underestimate the true column density; this is not modelled explicitly, however. 226 

Dilute gas samples for carbon isotope measurements were collected in foil bags using a pumped 227 

inlet system operating for 90 seconds. Two bag samples were collected in the downwind plume from 228 

Mt Michael, Saunders, and a further two from strong fumarolic emissions within the crater on 229 

Bellingshausen. A clean ocean air sample was collected several miles off shore from the Falkland 230 

Islands, with the boat engine turned off. Gas samples were analysed for their CO2 concentration and 231 

carbon isotope composition (expressed as 13C [‰]) by Delta Ray Infrared Isotope Ratio Spectrometer 232 

(Fischer and Lopez, 2016; Ilanko et al., 2018) at the University of New Mexico, US. 233 

 234 

RESULTS AND DISCUSSION 235 

4.1 Protector Seamounts 236 

Protector Seamounts represent the northernmost volcanic region of the SSVA. A submarine eruption of 237 

rhyolite lava took place at Protector Shoal (a shallow cone within 55 m of the sea surface) in 1962. The 238 

eruption produced an extensive pumice raft that was encountered by HMS Protector in the vicinity of 239 

Zavodovski island soon after (Gass et al., 1963) and as far as New Zealand over the following years 240 

(Coombs and Landis, 1966). No observations were made during this expedition. 241 

 242 

4.2 Mt Curry, Zavodovski 243 

Zavodovski hosts a single volcanic edifice, Mt Curry (also known as Mt Asphyxia; 557 m asl), 244 

surrounded by an extensive lava platform to the east (Fig. 2). Volcanic activity is focused at a steeply-245 

inclined crater on the southwest flank of Mt Curry (Patrick and Smellie, 2013). Vigorous vapour 246 

emissions were first reported in 1819 and similar observations have been reported since, notably in 247 

1830 when emplacement of a fresh ‘pumiceous’ lava flow was also documented on the eastern flank 248 

(Holdgate and Baker, 1979). Most recently, ash-rich plumes were observed emanating from the main 249 

crater between March and June 2016, covering the eastern flanks in fresh dark ash deposits; large bombs 250 

were reportedly ejected from the crater (GVP, 2017a).  251 

 The broad, low-lying lava platform on the eastern side of the island has undulating topography 252 

with deeply-incised water gulleys. Two pyroclastic cones are visible on the lower flanks of Mt Curry, 253 

one of which appears to be constructed from two coalesced explosion craters (Fig. 3d). Columnar 254 

jointing is exposed at the base of the eastern margins of the lava platform (Fig. 3f). This quasi-hexagonal 255 

fracture geometry forms due to thermal contraction of lava driven by conductive cooling, often 256 



associated with water infiltration into fractures (e.g., Lamur et al., 2018; Phillips et al., 2013; Spry, 257 

1962). Here, straight and uniform columnar fractures—colonnade jointing—are present in the dense 258 

lower part of the lava flow, suggesting enhanced cooling gradients as the flow entered the sea. The lack 259 

of jointing in the overlying rubbly flow unit indicates that the upper part of the flow was insulated to 260 

some degree. A thin layer of pyroclastic deposits appears to mantle the top surface of the lava flows in 261 

many of the eroded cross-sections. 262 

Intense outgassing was visible on the western side of the island, originating from the main crater 263 

(Fig. 3a)—located on the inclined western flank of Mt Curry—and also from fumaroles within the 264 

steeply-eroded cliffs below. The base of the crater was obscured by dense, condensed emissions (Video 265 

S1, supplementary information), presumably rich in water vapour. The rim of the crater is precipitously 266 

thin, with vertical inside walls. The lower left rim of the crater is heavily fractured, and encrusted in 267 

yellow sulfurous deposits from the pervasive fumaroles (Fig. 3a). Dispersed fumarolic emissions are 268 

visible in the exposed cliffs, and are particularly prevalent at the base of the cliff directly beneath the 269 

main crater.  270 

 271 

 272 

Figure 3: Zavodovski. (a) Persistent gas emissions from the inclined crater on the southwestern flank 273 

of Mt Curry. (b) View of the island from the eastern side. (c) Zavodovski is home to the largest penguin 274 

colony on Earth (Hart and Convey, 2018). The image shows a small section of the colony; each 275 

white/black dot is one of tens of thousands of penguins. (d) Pyroclastic cone on the eastern flank of Mt 276 

Curry. (e) Broad lava platform on the eastern side of the island; some parts have been colonised by 277 

vegetation. (f) Columnar jointing in the base of the lava flow units exposed on the eastern coast. 278 

 279 



The local stratigraphy is well-exposed in the cliffs between Acrid Point and Noxious Bluff, 280 

passing Stench Point (Fig. 4; Video S2, supplementary information). The rocks are vibrant shades of 281 

red through yellow, indicative of intense oxidative and hydrothermal weathering. At the base of the 282 

sequence, a series of relatively thin lava flows are interbedded with thin pyroclastic units. Thick lava 283 

flow units with minor pyroclastic intervals characterise the middle part of the stratigraphy. Thick 284 

pyroclastic units cap the upper part of the sequence, with a sharp contact with the underlying flow units. 285 

Pyroclastic deposits are horizontally-layered and mantle the topography of underlying units. The 286 

stratigraphic transition from basal lava flows with minor pyroclastic intervals to dominantly pyroclastic 287 

emission suggests a general evolution from effusive cone-building activity to more explosive activity 288 

through time. A layered pyroclastic deposit mantles the topography, suggesting deposition as ashfall, 289 

and is particularly well-preserved on Stench Point (Fig. 4c, f). Vertical dyke-like structures are visible 290 

in the stratigraphy, standing proud by resistance to erosion, however it is unclear where they originate 291 

or terminate (Fig. 4b, e). The ubiquitous dense, angular bombs scattered over Stench Point (Video S2, 292 

supplementary information) represent ballistic projectiles emitted from the main crater during periods 293 

of enhanced explosive activity, most likely in 2016. 294 

 295 

 296 

Figure 4: Pyroclastic deposits and lava flows exposed on the west coast of Zavodovski. (a) 297 

Overview of the inclined crater and exposed geology. (b–d) Cliffs expose sequences of alternating thick 298 

lava flow units and red oxidised pyroclastic deposits. Overlying layered pyroclastic units mantle the 299 

topography. (e–f) Annotated sketches of images b–d highlighting stratigraphic relationships. 300 



 301 

4.3 Lucifer Hills, Candlemas 302 

Candlemas is dominated by the imposing forms of two steeply-eroded stratovolcanoes, Mt Perseus and 303 

Mt Andromeda (557 m asl; Fig. 2), both extensively glaciated. Steep cliffs beneath the ice cap expose 304 

a thick stratigraphy of alternating lava flows and pyroclastic units (Fig. 5b). Historically, active 305 

volcanism is been focused at the Lucifer Hills Complex, a series of coalesced cinder cones in the 306 

northeast region of the island (140 m asl; Fig. 5d–e). Here, andesitic-dacitic extrusive activity has built 307 

a radial promontory composed of multiple overlapping lava flow units of unknown age. Dark brown 308 

clouds emanating from Lucifer Hills were observed in 1823 and 1911, possibly in association with lava 309 

extrusion (LeMasurier et al., 1990). Steam emissions have been repeatedly reported from abundant 310 

fumaroles, most recently in 2006 (Patrick and Smellie, 2013). Geothermal activity in the form of geysers 311 

and hot pools were reported by LeMasurier et al., (1990) but were no longer visible by 1997. Satellite 312 

observations between 2000–2010 detected a persistent thermal anomaly centred on Lucifer Hills 313 

(Patrick and Smellie, 2013). 314 

 315 

 316 

Figure 5: Candlemas. (a) Lucifer Hills Complex and lava peninsula. (b) Glaciated terrain of eroded 317 

stratovolcanoes Mt Perseus and Mt Andromeda. (c–e) The overlapping pyroclastic cones of Lucifer 318 

Hills, showing pervasive fumarolic outgassing. Gas sampling areas A and B are annotated; coordinates 319 

and location details are presented in Table S1, supplementary information. (f) Radiating flow textures 320 

on the surface of viscous lava flow lobes. 321 

 322 



The peninsula is composed of silicic lava flows (andesite to dacite; Baker, 1978; Pearce et al., 323 

1995) that have built an extension to the main island landmass. The lava flows are arranged in 324 

overlapping lobes that protrude out into the sea. The flows originate from small scoria cones within the 325 

main Lucifer Hills complex, and can generally be traced back to breaches of the cone wall (Fig. 5f). 326 

The flows are generally thick and brecciated, and have not travelled far from their source vents. Aerial 327 

views show radiating surface ridges (Fig. 5f) resembling those reported in silicic lava flows at Cordon-328 

Caulle (Farquharson et al., 2015). Surface ridges are compressional features formed in response to flow 329 

under a cross-sectional viscosity gradient (between the cooled crust and the hot, fluid lava beneath; 330 

Fink, 1980). 331 

 332 

 333 

Figure 6: Molar gas ratios sampled at the summit fumaroles at location CM-2 (see Fig. 4d) on Lucifer 334 

Hills, Candlemas. CO2 concentration is reported with atmospheric background subtracted (418 ppm). 335 

 336 

Outgassing activity is currently focused around the rim of the summit crater, with a further 337 

region of diffuse steaming ground located on the upper western flank of the edifice. We sampled the 338 

summit crater emissions in two places: first at a fumarole on the inside of the eastern rim, and then at 339 

another on the southwestern rim (annotated on Fig. 5d and described in Table S1, supplementary 340 

information). The two measurement sites showed contrasting gas compositions, as measured by 341 

multiGAS (Fig. 6; Table 1). We detected substantial excess CO2 concentrations up to 2134 ppm (after 342 

subtraction of an atmospheric background concentration of 407 ppm) at the first fumarole site CM-1, 343 

but no sulfur species. Gas temperatures at the point of emission ranged from 88 to 97 °C, but varied by 344 

less than 2 °C during repeat measurements at each fumarole. The second fumarole site CM-2, in 345 

contrast, was encrusted by conspicuous yellow sulfur deposits and its emissions contained detectable 346 

SO2 and H2S (in the proportion H2S/SO2 = 25.6 ± 2.2), together with excess CO2 concentrations up to 347 

2027 ppm. Gas temperatures were not measured. We measured a CO2/SO2 ratio of 430 ± 11, equivalent 348 

to a CO2/ST of 16.4 ± 3.3 when combined with H2S. H2O was calculated for both sites based on pressure, 349 

temperature, and relative humidity (see Methods; Table 1).  350 



 351 
Table 1     352 
Molar proportions (%) of gas species present in fumarolic emissions. ST refers to total sulfur (SO2 + 353 
H2S). All gas molar ratios are presented in Table S2, supplementary information. H2O was not 354 
calculated for the dilute Mt Michael plume sample. Details of all sampling sites are presented in Table 355 
S1, supplementary information. nd = not determined.  356 
 357 

Location ID T (°C) H2O CO2 SO2 H2S H2 CO2/ST 

Bellingshausen MG-BH-1 99 88.1 ± 23.5 11.5 ± 2.1 0 0.3 ± 0.05 0.12 ± 0.02 38 ± 2 

 MG-BH-2 87 75.4 ± 18.9 24.2 ± 3.9 0 0.2 ± 0.04 0.15 ± 0.02 101 ± 6 

Candlemas MG-CM-1 96 75.7 ± 47.5 25.5 ± 9.6 0 0 0.62 ± 0.24 n/a 

 MG-CM-2 nd 63.9 ± 37.9 29.9 ± 9.6 0.1 ± 0.02 1.8 ± 0.57 4.31 ± 1.38 16 ± 7 

Mt Michael, 
Saunders 

MG-S-1 ambient      1.8 ± 0.2 

         

 358 

 359 

4.4 Mt Michael and Ashen Hills, Saunders Island 360 

Saunders is dominated by the conical form of Mt Michael (890 m asl; Fig. 2). There are two active 361 

vents at the summit: a main crater ~500 m diameter and a smaller subsidiary ice-filled crater to the 362 

southeast that has been visibly emitting gas since 2006 (Patrick and Smellie, 2013) despite having 363 

previously been considered inactive (Holdgate and Baker, 1979). The edifice is extensively glaciated 364 

and the upper flanks are heavily crevassed. The only ice-free areas are the southeastern peninsula at 365 

Nattriss Point, which includes the Ashen Hills pyroclastic cone complex, and the northeastern tip of the 366 

island where basaltic lava flows are exposed at Blackstone Plain (Fig. 2). Recurrent thermal anomalies 367 

in multi-spectral satellite imagery suggest the presence of a persistent lava lake within the crater (Fig. 368 

S1, supplementary information; Gray et al., 2019; Lachlan-Cope et al., 2001). Dual-band processing of 369 

these multispectral data yield temperatures of 989–1279 °C, consistent with the expected magmatic 370 

temperatures of molten basalt amongst a cooler crust ~200 °C (Gray et al., 2019). Reports of a strong 371 

gas plume from the summit of Mt Michael extend back almost continuously to 1820 (LeMasurier et al., 372 

1990). Recent activity includes persistent passive outgassing with sporadic ash-rich explosions (Gray 373 

et al., 2019; Patrick and Smellie, 2013). These transient periods of explosive – presumably Strombolian 374 

– activity deposit tephra (ash and larger lapilli/bombs) over the eastern flanks of the volcano, reflecting 375 

the prevailing wind direction. 376 

Strong and persistent gas emissions emanated from the summit of Mt Michael during 5–8 377 

January 2020. The plume varied from semi-transparent to condensed, and could be traced downwind 378 

over the ocean for several tens of kilometres (Fig. 7a, b). On 7 January, we flew the aerial Multi-GAS 379 

instrument on-board a multi-rotor UAS (see Methods) from mid-way up the flanks of the volcano to 380 

intercept the plume at an altitude ~300 m above ground level (~600 a.s.l). The launch site was ~600 m 381 



northeast of the summit vent, and full details of the sampling site and access requirements are presented 382 

in Table S2 (supplementary information). Blizzard conditions combined with treacherous crevassed 383 

terrain prevented closer ascent to the summit in pursuit of higher gas concentrations. Linear regression 384 

of the SO2 and CO2 timeseries yield a molar CO2/SO2 ratio of 1.8 ± 0.2 (where the uncertainty reported 385 

is the standard error of the regression; Fig. 7d). At the dilute plume concentrations encountered (< 1 386 

ppm SO2) and strong eddying winds, there is considerable noise in the data that translates to uncertainty 387 

in the gas ratio. We therefore calculated the ratio based on a subsection of the total time series 388 

corresponding to the abrupt step-change in gas concentrations observed when the UAS first intercepted 389 

the plume (n=72, where sampling rate is 1 Hz), using a background value that represents an average of 390 

the preceding 30 seconds of measurements. We recognise that the strength of the correlation is not ideal 391 

and so should be interpreted with appropriate caution. H2S was not present above detection limit (~13% 392 

cross-sensitivity to SO2) in either the aerial or ground-based measurements. 393 

 394 

 395 

Figure 7: Gas emissions from Mt Michael, Saunders Island. (a) View from the boat of a vertically 396 

rising plume on the evening of 5 January 2020. (b) Looking eastwards out to sea on 7 January 2020 397 

shows the difference in visibility in and out of the gas plume. (c) Steaming ground, and a ground surface 398 

warm to touch, suggests widespread geothermal heating. (d) CO2-SO2 scatterplot measured using aerial 399 



multi-GAS on 7 January 2020, showing linear regression. Grey shaded region shows 95% confidence 400 

interval. (e) The condensed gas plume from Mt Michael on 8 January 2018, showing the plume 401 

travelling at ground level down the eastern flank before lifting off. (f) SO2 flux timeseries on 8 January 402 

2020. Flux data are calculated from UV camera SO2 absorbance images multiplied by a plume speed 403 

derived from optical flow (see Methods). 404 

 405 

Westerly winds on 8 January caused the gas plume to fumigate the eastern flanks of the volcano, yet 406 

blizzard conditions and poor-visibility prevailed at the summit. The plume travelled at ground level 407 

down the eastern flanks of Mt Michael – resulting in a distinctive blueish haze at ground level – before 408 

lifting off over the ocean (Video S3, supplementary material). We encountered SO2 concentrations up 409 

to 2.5 ppm ~600 m downwind on the upper flanks of the volcano (~850 m to the east of the summit 410 

vent; Table S2): dilute, but enough to be felt in the nose and throat. CO2 concentrations during this 411 

measurement were affected by radio interference, and so, despite attempted correction using signal 412 

processing methods, the dataset was unusable. 413 

We derive an SO2 flux of 145 ± 59 [σ] t d-1 from ~3 hrs of UV camera measurements acquired 414 

between 13:40 and 16:40 UTC on 8 January (Fig. 7f; data presented in Table S1 and Fig. S2, 415 

supplementary information) approximately perpendicular to the direction of plume transport (camera 416 

location annotated on Fig. 2c). Plume and ambient sunlight conditions remained relatively constant 417 

during this time interval. The condensed nature of the plume introduces additional uncertainty related 418 

to multiple scattering effects and leads us to underestimate the total flux, although we do not model this 419 

explicitly.  420 

Stratigraphic sequences of tephra (ash and scoria lapilli) layers are preserved in the glacial ice 421 

and exposed in crevasse walls (Fig. S3, supplementary information). A layer of well-sorted coarse 422 

scoria lapilli (42 cm thickness) preserved in the upper parts of a crevasse was found to be laterally 423 

continuous over tens of metres, and similar but slightly thinner deposits were observed elsewhere. The 424 

upper part of this deposit has a distinctive band of red oxidation, suggesting a period of subaerial 425 

exposure before snow burial. Given the sharp lower boundary of the deposit against the underlying ice, 426 

and the well-sorted nature of the clasts, we propose that this deposit is stratigraphically in-situ and 427 

represents a single explosive phase of uncertain duration. Although we lack specific age constraints, 428 

given the regional snow accumulation rate we expect this layer to have been deposited within the last 429 

five years. The ground surface on the eastern flank is covered by 10–30 cm of loose, unconsolidated 430 

ash and lapilli deposits that have likely been remobilised by wind or water. Widespread steaming 431 

ground, warm to the touch just below the surface, suggests that geothermal heating is pervasive across 432 

the island (Fig. 7c). 433 

Ashen Hills comprises a cluster of overlapping hydromagmatic tuff cones and their associated 434 

pyroclastic deposits; the cone complex forms a striking topographic feature of the southeast peninsula 435 

of Saunders. Tuff cones (and rings) are built by explosive magma-water interaction involving the 436 



interaction of magma with either ground- or surface water (e.g., Sohn and Chough, 1989; Wohletz and 437 

Sheridan, 1983). Bombs of dense lava are widespread (Fig. 8d), suggesting considerable syn-eruptive 438 

fragmentation and ejection of country rock material. The ages of the Ashen Hills eruptions are currently 439 

unconstrained, as is the geochemical relationship between the Ashen Hills magma and that erupting 440 

presently at the summit of Mt Michael.  441 

Fluvial run-off channels in the Ashen Hills expose sequences of stratified tephra deposits 442 

several tens of metres thick (Fig. 8). Large-scale sedimentary features include cross-stratification and 443 

undulatory bedding that resemble similar features described from ‘dry’ base surges more generally (e.g., 444 

Sohn and Chough, 1989; Waters and Fisher, 1971). Base surges are turbulent, low-particle 445 

concentration density currents that are associated with explosive hydromagmatic activity and can be 446 

variably water-saturated (Moore, 1967; Nemeth et al., 2006; Waters and Fisher, 1971). Tephra 447 

sequences comprise unconsolidated clast-supported beds of ash-coated lapilli and coarse ash alternating 448 

with laminated beds of fine to moderately coarse ash. Accretionary lapilli are common, supporting the 449 

involvement of magma-water interaction. Beds vary in thickness laterally and erode to produce 450 

characteristic circular formations, similar to those observed in eroded base surge deposits elsewhere 451 

(e.g., Hverfjall, Iceland; Liu et al., 2017). Unlike many tuff cones, the Ashen Hills deposits are not 452 

visibly palagonised. 453 

 454 

 455 

 456 

Figure 8: Ashen Hills pyroclastic cone complex. (a) The pyroclastic deposits are heavily incised by 457 

fluvial erosion into regularly-spaced channels. (b, c) Layered deposits with large-scale cross-458 

stratification. (d) Dense bombs are up to metre-scale are widespread; (e) Alternating deposits of fine 459 

ash laminations and lapilli beds. Lapilli are generally coated in fine ash, forming coated pellets. 460 



 461 

4.5 Montagu 462 

Montagu is a steep-sided eroded stratovolcano (Fig. 2). The structure of the summit region is dominated 463 

by a ~6 km-wide ice-filled summit caldera – remnant from pre-historical explosive activity – that hosts 464 

an active intra-caldera cone, Mt Belinda (1125 m asl). A prolonged summit eruption from Mt Belinda 465 

began in 2001 and continued until 2007, during which eruptive activity included low intensity explosive 466 

activity, a persistent steam/ash-plume, and several effusive events (Patrick et al., 2005; Patrick and 467 

Smellie, 2013). A particularly voluminous lava flow in 2005 reached the ocean and built up a sizeable 468 

lava delta at the point of entry. Prior to this eruption, there has been no documented Holocene activity 469 

at Montagu (LeMasurier et al., 1990). Average annual SO2 emission rates, measured by satellite OMI, 470 

declined abruptly from 180 t d-1 to < 50 t d-1 following the end of the effusive eruption in 2007 (Carn et 471 

al., 2017). No observations were made during this expedition. 472 

 473 

4.6 Bristol 474 

Bristol has been one of the most frequently active subaerial volcanic centres in the SSI over the last 475 

century. Historically, volcanic activity has been focused at Mt Sourabaya (1155 m asl; Fig. 2)), although 476 

the highest point of the island is Mt Darnley (1100 m asl). Eruptions are reported from 1935, 1956, 477 

1962 (unconfirmed) and most recently April–July 2016 (GVP, 2017b; Holdgate and Baker, 1979). A 478 

summit overflight in 1997 indicated that the summit of Mt Sourabaya is built of three coalesced vents 479 

and steaming pyroclastic cones (Patrick and Smellie, 2013). Two substantial lava flows were emplaced 480 

concurrently during the 2016 eruption, alongside frequent low intensity ash plumes from the summit 481 

cones that were visible in satellite imagery (GVP, 2017b). We did not observe any expressions of active 482 

volcanic activity or degassing as we sailed close on January 2020, although the summit was obscured. 483 

 Freezeland Rock is the largest of three small islets (inc. Grindle Rock and Wilson Rock) located 484 

on a linear trajectory immediately west of Bristol Island (Fig. S4, supplementary information). The 485 

edifice is elongated in an E-W direction and constructed from stratified pyroclastic deposits, mainly 486 

tuffs and agglomerates, cross-cut by dyke structures of andesitic composition (Holdgate and Baker, 487 

1979). The three islets are considered the remnant deposits of one or more offshore volcanic centres. 488 

 489 

4.7 Southern Thule 490 

The islands of Bellingshausen, Cook and Thule are the subaerial exposures of a much larger submarine 491 

landform, collectively known as Southern Thule (Fig. 2). Thule and Cook represent the steeply-eroded 492 

western and eastern flanks, respectively, of a large submerged caldera (Kemp and Nelson, 1931; Smellie 493 

et al., 1998). Cook is extensively glaciated and bounded by steeply-eroded cliffs. Interbedded lavas and 494 



red, oxidised scoriaceous deposits are exposed in the cliff walls, especially at Resolution Point (Fig. 9a, 495 

b). There is no record of historical volcanic activity. Thule is entirely glaciated, notably except for an 496 

ice-free peninsula at Hewison Point where pyroclastic sequences and dense lavas are exposed (Fig. 9c-497 

e). A 1.5–2 km wide ice-filled caldera is visible at the summit of Mt Larsen (746 m asl), the highest 498 

point on Thule (Smellie et al., 1998). Steam was observed emanating from a small intra-caldera summit 499 

crater in 1962 (LeMasurier et al., 1990), but no emissions have been reported since (Patrick and Smellie, 500 

2013). 501 

 502 

Figure 9: Southern Thule. Cook Island: (a) Exposed lavas and red-oxidised pyroclastic deposits. (b) 503 

Resolution Point, on the northeast corner of the island, is one of the most extensive cliff exposures. 504 

Thule Island: (c) Overview approaching from the north. (d) View from the ice-free peninsula of 505 

Hewison Point towards an oxidised scoria cone on the lower flank of Mt Larsen. (e) Heterogeneously 506 

vesicular lavas on Hewison Point. 507 

 508 

4.7.1 Bellingshausen 509 

Bellingshausen Island is a small, simply-structured, volcanic cone composed of stratified pyroclastic 510 

deposits and lava flows; it is thought to be one of the youngest subaerial islands in the SSI (Holdgate 511 



and Baker, 1979). The highest point of the island is on the western rim of the cone at Basilisk Peak (182 512 

m asl; Fig. 2) and the cone tapers to a broad lava plateau to the south. The margins of the island are 513 

deeply incised by coastal erosion, exposing vertical cliffs of layered lava flow units (Fig. 10b). The 514 

northeast and eastern flanks of the volcanic cone are truncated by a sector collapses, exposing the 515 

internal stratigraphy (Figs. 10, 11). A thick layer of welded agglutinate is found wherever the base of 516 

the sequence is exposed, overlain by several hundred metres of decimetre-scale massive lava flows 517 

interbedded with stratified pyroclastic layers of ash and scoria that dip away radially away from the 518 

cone centre in all directions and resemble fall deposits (Fig. 11). Cross-cutting discontinuities between 519 

pyroclastic units suggest multiple phases of fall deposition, each separated by periods of erosion. The 520 

sequence is capped by a dense lava flow unit. 521 

 522 

 523 

Figure 10: Bellingshausen Island. (a) Aerial image showing the large sector collapse scar on the 524 

northern flank of the cone. (b) The cone is bounded by a broad lava platform, with steeply incised wave-525 

cut cliffs. (c) Stratigraphy exposed inside the crater shows thick, massive lava flow units capped by 526 

stratified pyroclastics. The fumaroles sampled are visible in the base of the image. (e) Extensive 527 

fumarolic outgassing from the western rim of the crater. (f) Audible gas emissions emanating from 528 

Fumarole BH-1 at ~99 °C. 529 

Fumarolic outgassing inside the crater and along the seaward side of the eastern crater rim was 530 

reported by Holdgate and Baker (1979) and again in 1997, together with low temperature thermal 531 

anomalies in satellite imagery between 2000 and 2010 (Patrick and Smellie, 2013). We observed a 532 

similar distribution of emissions sources from numerous fumarolic areas on the walls and base of the 533 

crater; together with ubiquitous diffuse emissions from the hydrothermally-altered clay substrate. These 534 

diffuse emissions were composed only of water vapour as no CO2 or sulfur species were detected by 535 

the MultiGAS. We measured and sampled two fumaroles in the centre of the base of the crater, which 536 

contributed the densest point source emissions (partially shown in Fig. 10c; full details of the sampling 537 



sites and access requirements are presented in Table S2, supplementary information). Gas temperatures 538 

range from 96 to 98°C. The gas composition as measured by MultiGAS is dominated by H2O (75–84 539 

mol%) and CO2 (12–24 mol%), with minor H2S (0.2–0.3 mol%) and H2 (<0.2 mol%; Table 1). No SO2 540 

was present above the detection limit of 0.1 ppm. CO2 and H2S exhibit strong positive correlation (r2 > 541 

0.99), with distinct gradients for the two different fumaroles (Fig. 12). CO2/ST ratios (where ST refers to 542 

total sulfur) range from 40.6 ± 2.1 at the strong and audibly degassing fumarole BH-1 (gas temperature 543 

99°C; Fig. 10f) to 100.1 ± 5.7 in a region of more diffuse and non-audible emissions downwind from 544 

multiple distributed gas sources (fumarole BH-2), about 10 m away from fumarole BH-1 (Fig. 12).  545 

Thick lava flow units of basaltic andesite composition (Leat et al., 2003) dominate the 546 

stratigraphy in the south of the island. Layered pyroclastic fall deposits of ash/fine lapilli are exposed 547 

on the southwest tip of the island at Hardy Point, however (Fig. 11a). Where the lava flows are exposed 548 

on the beaches at Hardy and Isaacson Points, they exhibit a bulbous, brecciated structure with curved 549 

brittle fracture surfaces (Fig. 11d–f). The interiors of the flows are moderately-vesicular with elongated 550 

tear-shaped vesicles. 551 

 552 

 553 

Figure 11: Tephra deposits and lava flows, Bellingshausen Island. (a) Stratified pyroclastic fall 554 

deposits (ash/lapilli) on the peninsula of Hardy Point. (b) Jagged Point, erosion has revealed a base of 555 

welded agglutinate overlain by stratified pyroclastic deposits. (c) Annotated sketch highlighting the 556 

main stratigraphic relationships. (d–e) Lava flow textures exposed in the basaltic andesite flows at 557 

Hardy Point. 558 



 559 

Figure 12: Molar gas ratios from fumaroles sampled in the centre of the crater on Bellingshausen. 560 

Fumarole BH-1 is partially visible in the base of the image in Figure 10c. CO2 concentration is reported 561 

with atmospheric background subtracted (419 ppm). 562 

 563 

4.8 Volcanic gas compositions (CO2/S) and SO2 flux 564 

Molar CO2/ST gas ratios from the SSVA vary between 1.8 and 101, reflecting variable interaction of 565 

magmatic fluids with hydrothermal systems. Scrubbing of sulfur species by gas-rock-water reactions 566 

under hydrothermal conditions—especially at weak, low temperature fumaroles (<250 °C)—produce 567 

highly variable CO2/ST ratios in fumarolic emissions that vary over several orders of magnitude 568 

(Giggenbach, 1996; Symonds et al., 2001). Di Napoli et al. (2016) simulate the influence of scrubbing 569 

on gas chemistry at near surface conditions, producing a model that reproduce the near-exponential 570 

decrease in CO2/ST with increasing temperature observed in global compilations of volcanic gas 571 

measurements (Fig. S5, supplementary information; Aiuppa et al., 2017 and references therein). Low 572 

temperature fumarolic emissions measured at Bellingshausen and Candlemas (T~100 °C; Fig. S5, 573 

supplementary information) are characterised by CO2/ST ratios that are elevated compared to the range 574 

of values associated with high temperature magmatic gases globally (0.2–14.7; Aiuppa et al., 2017). A 575 

difference in gas temperature from 99 °C (strong, audible vent) to 87 °C (weaker emission) between 576 

two closely-spaced fumaroles within Bellingshausen crater manifests as an increase in the CO2/ST ratio 577 

from 38 ± 2 to 101 ± 6, respectively (Table 1). Further, H2S is the dominant sulfur species in the 578 

emissions from Candlemas and Bellingshausen, with SO2 only detected one of the four fumaroles 579 

measured. SO2 is the more prevalent sulfur species in high temperature magmatic gases, being 580 

thermodynamically favourable under oxidising conditions, reducing pressures and increasing 581 



temperatures (Gerlach and Nordlie, 1975; Giggenbach, 1996; Moretti and Papale, 2004). Low SO2/H2S 582 

ratios (i.e., a change in speciation to favour H2S) reflect chemical equilibration of magmatic gases with 583 

colder, more reducing hydrothermal conditions. In the context of interpreting fundamental insights in 584 

volatile sources in the SSVA, these low temperature fumaroles provide little insight, as any magmatic 585 

signature has been long since overprinted by hydrothermal processes. Monitoring changes in the gas 586 

ratios—particularly SO2/H2S—would be informative in a hazard context to identify changes in the 587 

balance of magmatic and hydrothermal contributions that may precede future phreatic or magmatic 588 

activity (e.g., de Moor et al., 2019), but the logistical effort required to sustain such measurements in 589 

these remote sub-polar environments would be immense. 590 

 Mt Michael is an open vent volcano emitting a modest gas flux of 145 ± 59 t d-1 SO2 from large 591 

a summit crater. We measured a molar CO2/ST gas ratio of 1.8 ± 0.2 in the downwind plume, which lies 592 

close to the median arc composition of ~2 (Shinohara, 2013) or 1.6 (Aiuppa et al., 2017) based on high 593 

temperature emissions. Together with the lack of detectable H2S, this low CO2/ST is consistent with a 594 

magmatic gas source unmodified by hydrothermal reactions. Globally, the CO2/ST is well correlated 595 

with the carbon content of the subducted sediments (Aiuppa et al., 2017). Our data from Mt Michael 596 

support predicted CO2/ST ratios of ~1.2 for the South Sandwich arc based on Ba/La trace element 597 

proxies and the carbon-poor nature of regional sediments (Plank, 2005; Aiuppa et al., 2019). 598 

Considering total volatile fluxes, our calculated SO2 flux is of a similar order of magnitude to the time-599 

averaged decadal SO2 flux of 263 ± 63 [σ] t d-1 from the Ozone Monitoring Instrument (OMI) satellite 600 

measurements (2005–2015; Carn et al., 2017). Combining the CO2/SO2 molar ratio with our 601 

independent SO2 emission rate measured near-simultaneously, we derive a CO2 flux of 267 ± 112 t d-1. 602 

If our CO2/SO2 data are representative of the persistent outgassing behaviour of Mt Michael, 603 

extrapolating our daily CO2 emission rate yields an annual carbon output of 0.1 Mt CO2. However, we 604 

emphasise that we present here only a snapshot of the gas chemistry; further measurements at both Mt 605 

Michael and Mt Curry (Zavodovski)—the two most strongly degassing volcanoes of the SSI at 606 

present— would help to constrain both along-arc and temporal variability in gas chemistry and flux. 607 

 608 

4.9 Carbon isotope composition 609 

Fumarole gases and dilute plume emissions from two locations along the SSVA (the dilute summit 610 

plume from Mt. Michael, Saunders Island and the fumarole in Bellingshausen crater) populate a linear 611 

mixing line from clean ocean air background towards that of the volcanic CO2 composition (Fig. 12; 612 

Table S2, supplementary information). All gas samples have CO2 concentrations in excess of ambient 613 

air (419 ppm) between 467 and 789 ppm, with δ 13C values between -7.8 and -11.3 ‰. Although 614 

unconstrained at higher CO2 concentrations, extrapolation of the mixing line to 100% volcanic CO2 615 

indicates a δ13C composition of -4.5 ± 2.0 ‰ (Fig. 14; where δ13C is the deviation of the ratio 13C/12C 616 

relative to that of Pee Dee belemnite and the reported error is the standard error of the regression). We 617 



note that our clean ocean air background sample is isotopically light (δ13C = -10 ‰) compared to the 618 

global average suggesting that it may have been fractionated to lighter values during collection. If this 619 

is the case, given that all samples were collected and stored in the same way, we assume that all would 620 

be fractionated equally. If we normalise our background to the global average δ13C = -8.5 ‰ (Fischer 621 

and Lopez, 2016 and references therein), and apply this offset to all samples, then the extrapolated 622 

magmatic carbon isotope composition shifts to a slightly heavier value of -2.9 ± 2.0 ‰. 623 

The two sets of plume and fumarole samples were collected from different positions along the 624 

arc: Saunders in the central arc, and Bellingshausen in the southern arc. That all samples populate a 625 

single linear trend (regardless of any vertical offset) suggests a common carbon source. From these 626 

data—albeit from a small sample size—we propose no fundamental along-arc variation in the carbon 627 

isotope composition along the SSVA. Variations within 4 ‰ are indistinguishable given the 628 

uncertainties of our dataset and the ambient air regression; more samples with higher concentration CO2 629 

contents would improve these constraints.  630 

Our best extrapolated value of δ13C = -4.5 ± 2.0 ‰ (or similarly the background-normalised 631 

value of -2.9 ‰) lies at the upper range of the isotopic signature of depleted upper mantle (δ13C = -6.5 632 

± 2.5 ‰; Sano and Marty, 1995), and well below the signature of marine limestones (δ13C ≈ 0 ‰; Fig. 633 

12). Interpreted most simply, this result suggests that most of the emitted carbon is derived from the 634 

mantle wedge with only minor addition of a subducted component. However, Th-Sm-La trace element 635 

systematics in SSI arc lavas populate a mixing array between depleted mantle and subducted sediment 636 

end-members, indicating a variable (but non-negligible) subduction contribution; the Th-REE 637 

compositions of Saunders lavas are consistent with ~50 % sediment and ~50 % mantle, for example 638 

(Plank, 2014, 2005; Fig. S6, supplementary information). In ODP 701, carbonate and organic carbon 639 

comprise 75% and 25% of the total carbon by mass, although each are distributed differently through 640 

the core. Carbonate is concentrated in the lowermost units of the core (~70 m), with the bulk 641 

composition reaching 70–90 % CaCO3 in the basal indurated chalk. Organic carbon, in contrast, is 642 

evenly distributed at low concentrations ~0.5 wt % throughout the section, apart from a thin carbon-643 

rich ooze at 150 m depth (Ciesielski et al, 1988). If we assign each age-specific δ13C signatures to these 644 

proportions of carbonate and organic carbon (from Hayes et al., 1999), we derive an approximate 645 

weighted average δ13C signature for the sediment pile of -4.8 ‰ (Table S3, supplementary information). 646 

Assuming the lithologies exposed in ODP 701 are representative of those entering the South Sandwich 647 

trench, this sedimentary carbon contribution would be indistinguishable from depleted mantle using 648 

carbon isotopes alone. 649 

Boron isotope enrichments in SSVA lavas point to an additional subduction contribution from 650 

altered oceanic crust (Tonarini et al., 2011). Similarly, Th-Sm-La (Plank, 2005) are modelled more 651 

effectively by three-component mixing between depleted mantle, sediment, and altered oceanic crust 652 

(Fig. S6, supplementary information) as are other trace elements (Pearce et al., 1995). Indeed, 653 

subduction of carbonated (serpentinised) peridotite—derived either from the down-going oceanic crust 654 



or eroded forearc—is consistent with the composition of local dredge samples and those from other 655 

slow- to ultra-slow spreading settings globally (Lawver and Dick, 1983; Plank and Manning, 2019; 656 

Tonarini et al., 2011; Vanneste and Larter, 2002). Globally, the carbon isotope signatures of 657 

serpentinites exposed in ophiolite sequences and at oceanic ridges are highly variable—reflecting 658 

mixing between seawater carbonate and organic carbon—with bulk δ13C values ranging from -4.6 ± 5.1 659 

‰ in the Northern Appenines ophiolites to -13.7 ± 9.6 ‰ in the Lost City hydrothermal field (Alt et al., 660 

2013). From the data presented in this study we cannot evaluate quantitatively the relative contributions 661 

from each of the proposed carbon sources. Rather, we intend this discussion to highlight the contrasting 662 

scenarios in which both simple and complex mixing of distinct carbon sources may generate the carbon 663 

isotopic signature observed in volcanic gas emissions, and thus motivate further research into the 664 

efficiency of volatile and trace element transfer through this young arc system.  665 

 666 

 667 

Figure 13: Carbon isotope composition of volcanic gas emissions. Samples include fumarole gases 668 

(Bellingshausen), dilute plume emissions (Saunders), and clean ocean air background (at sea). All data 669 

points are included in the regression. The intersection of the regression line with the y-axis represents 670 

the magmatic carbon isotope composition extrapolated to 100% CO2. Data presented in Table S2 671 

(supplementary material). 672 

 673 

 674 

CONCLUSIONS 675 

We present detailed observations from an expedition to the South Sandwich volcanic arc in January 676 

2020 that describe a rich and varied geological history, and we report the first in situ measurements of 677 

volcanic gas chemistry, isotopic composition, and emission rate. We show that Mt Michael on Saunders 678 



Island is a persistent gas source, releasing 145 ± 59 t d-1 SO2 and 267 ± 112 t d-1 CO2 in a strong plume 679 

characterised by a low CO2/SO2 ratio of 1.8 ± 0.2, consistent with input of carbon-poor sediment to the 680 

subduction zone. Extrapolating from our measured daily emission rate, the carbon flux from Mt Michael 681 

into the atmosphere is ~0.1 Mt CO2 yr-1. Although our measured SO2 flux is of a similar magnitude to 682 

that of long-term satellite observations between 2005 and 2015 (Carn et al., 2017), temporal variability 683 

in gas chemistry is too poorly-constrained at this volcano to speculate on the longer-term carbon flux. 684 

Fumarolic outgassing is pervasive in the active centres of Candlemas and Bellingshausen, characterised 685 

by carbon-rich and sulfur-poor emissions from low temperature (90–100°C) fumaroles. Strong steam 686 

emissions emanate from the crater of Mt Curry, Zavodovski. Carbon isotope measurements of dilute 687 

plume and fumarole gases from along the arc suggest a magmatic δ13C composition of -4.5 ± 2.0 ‰. 688 

Considering the potential carbon sources, this carbon isotope signature suggests a dominant 689 

contribution from mantle carbon, though mixing between mantle carbon and a subduction component 690 

composed of sediment and altered crust is also permissible and more consistent with other geochemical 691 

features of South Sandwich magmas. The South Sandwich Volcanic Arc (SSVA) has huge potential for 692 

future petrological and volcanological research. It represents an ideal tectonic setting in which to 693 

explore the geochemical processes of an exceptionally young arc. 694 
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