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Deception Island (DI) is an active volcanic caldera in the South Shetland Islands, Antarctica, with an inner bay, Port Foster, formed by an ancient eruption. The bay’s seafloor hydrofracture system contains hydrothermal seeps and submarine vents, which are a source of trace metals (TMs) like Fe, Ni, Co, V, and greenhouse gases (GHGs) such as CO2 and CH4. This study presents measurements of TMs and GHGs in Port Foster’s surface waters during January-February 2021 to characterize their spatial distribution. TMs concentrations in the northeastern region of the bay, particularly V (74 nM), Fe (361 nM), Co (3.9 nM) and Ni (17.2 nM), were generally higher than in the Southern Ocean, likely due to hydrothermal activity. As some TMs such as Fe are scarce in the SO and limit primary productivity, inputs of these nutrients from DI into surrounding waters may also regionally promote increased primary productivity. Higher surface temperature (ST), elevated partial pressure of CO2 (pCO2), and lower salinity were found near submarine fumaroles, with ST positively correlated with pCO2 and negatively with salinity. Although hydrothermal sites showed localized CO2 outgassing, the bay overall acted as a CO2 sink, with a median flux of -2.78 mol m-2 yr-1 with an interquartile range (IQR) of 3.84 mol m-2 yr-1. CH4 highest concentration levels were found in the southeastern sector. The median concentration was 8.9 nM with an IQR of 1.9 nM, making Port Foster a regional net CH4 source with a median flux of 9.7 μmol m-2 d-1 and an IQR of 3.4 μmol m-2 d-1. Ultimately, the analysis of spatial patterns of the measured variables suggested that fumaroles of DI may be playing a significant role in the alteration of regional seawater biogeochemistry.
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1 Introduction

The cycling of chemical compounds in the Southern Ocean (SO) is a fundamental component of the functioning of Earth. By taking up atmospheric CO2 via biological and solubility pump processes and by releasing CO2 from the deep ocean (Gruber et al., 2019), the SO modulates Earth’s climate over seasonal-to-millennial timescales. Observational analyses and numerical models both indicate that the SO currently accounts for 40-50% of anthropogenic carbon uptake by the ocean (Terhaar et al., 2021). The biogeochemical cycling of carbon (C) and, in turn, of macronutrients (i.e., nitrate, nitrite, phosphate and silicate) and trace metals (TMs; e.g., iron (Fe), niquel (Ni), cobalt (Co) or vanadium (V), among others) in the SO has strong implications, not only for regional ecosystem functioning but also for primary production and carbon export throughout the world’s oceans.

The Southern Ocean exhibits substantial spatial and temporal variability in its biogeochemical processes, particularly between the Antarctic shelves and open ocean regions. This variability spans seasonal to decadal timescales, driven by diverse factors including climate change. The Western Antarctic Peninsula (WAP), for instance, has been significantly affected by climate changes over the last 50 years (Morley et al., 2020), with the continental shelf and surrounding areas such as Deception Island (62°57’S, 60°8’W, Figure 1A) showcasing unique environmental phenomena. In this dynamic context, TMs in the Southern Ocean play a relevant role, where they are primarily found in the dissolved phase, complexed with biological or terrestrial ligands that influence their solubility, reactivity, toxicity, and bioavailability. These metals transition from the water column into particulate forms through adsorption onto organic and inorganic suspended particles, processes that are crucial for functions such as carbon fixation, nutrient uptake, and synthesis of vital biomolecules. However, their concentrations must be carefully evaluated in the marine environment because while some metals, like mercury and lead, are inherently toxic at any concentration, others may become toxic in excess (Da Silva and Williams, 2001; Morel and Price, 2003) or in their ionic form, like Cu2+ which in seawater can impede phytoplankton growth (García-Veira et al., 2024). Understanding the roles of TMs in ocean biogeochemistry, particularly in polar regions, remains challenging due to uncertainties about their sources, sinks, and internal cycling. Despite traditionally low estimates of external TM sources to Antarctic waters, recent research indicates that these metals can also reach the ocean through advection of water masses from continental margins, atmospheric deposition, and hydrothermal vent inputs (Xu and Gao, 2014; Janssen et al., 2020). This highlights a more complex and dynamic biogeochemical cycle than previously understood (SCOR Working Group, 2007; Chever et al., 2010; Klunder et al., 2011, 2011). Additionally, locations like Deception Island, part of the South Shetland Islands archipelago, supports large colonies of penguins which are pivotal in local nutrient cycling. These penguins contribute significantly to the biogeochemical cycling of TMs by transferring nutrients from their krill diet into the ecosystem through their excretions. This action enriches the soil and releases substantial amounts of Cu, Fe, Mn, and Zn into the surrounding waters—estimated annually at 28, 521, 4, and 29 tons, respectively (Sparaventi et al., 2021; Belyaev et al., 2023). The role of these TMs in the local biogeochemistry is critical, impacting everything from plant growth to animal health within the ecosystem (Liu et al., 2013; Chu et al., 2019; Castro et al., 2021; Sparaventi et al., 2021; Belyaev et al., 2023).




Figure 1 | South Shetland Islands archipelago and Deception Island close-up view. (A) South Shetland Islands (highlighted in white) are located north of the West Antarctic Peninsula, with the Drake Passage in the north and the Bransfield Strait in the south. Deception Island (DI) is highlighted in yellow. (B) Sentinel-2 satellite merge with a digital elevation model of DI, displaying Port Foster (PF) bathymetry. VC, Vapor Col; BH, Baily Head; NB, Neptune’s Bellows; PC, Pendulum Cove; TB, Telefon Bay; FB, Fumarole Bay; WB, Whalers Bay.



An intense global effort to quantify marine sources and sinks of greenhouse gases (GHGs) is currently ongoing (Friedlingstein et al., 2020). Nevertheless, there are still certain areas where monitoring is minimal, such as vast regions of the Antarctic basin (Montzka et al., 2011) – leading to a significant lack of accurate measurements in the SO, mainly due to the logistical restrictions of performing oceanographic operations in such areas. In the latest climatology of oceanic CH4 emissions (Weber et al., 2019) no data were available between 0° and 90°W and south of 70°S, as only a few studies have reported surface distribution of CH4 in the SO and with contrasting patterns (Lamontagne et al., 1974; Tilbrook and Karl, 1994; Bates et al., 1996; Heeschen et al., 2004; Yoshida et al., 2011; Bui et al., 2018). The paucity of CO2 and CH4 observations in the SO and particularly over Antarctic sub-shelves, calls for a better documentation of their distribution. In this sense, DI stands out as a volcanic environment populated by numerous hydrothermal vents, which while being a source of TMs also releases a significant amount of gases. The gas mixture released is predominantly CO2 (75-90%), hydrogen sulfide (H2S, 0.3 – 0.9%; Somoza et al., 2004) and methane (CH4) to surrounding waters, therefore raising special interest as a potentially relevant contributor of these gases to this region of the SO.

We hypothesize that the inundated caldera of DI acted as a source of TMs and GHGs to seawater due to its active volcanic and hydrothermal activity. Therefore, the aim of this work was to characterize the spatial distribution of various trace elements (Fe, V, Co and Ni among others) and CO2 and CH4, in surface waters of Port Foster and provide new insights on the role of these geological processes on the occurrence of biogeochemical fertilizers in ocean waters of the SO.




2 Materials and methods



2.1 Study area

Deception Island is one of the most active Antarctic volcanoes, with several sites exhibiting a high geothermal activity, such as Pendulum Cove, Fumarola Bay, Telefon Bay and Whalers Bay (PC, FB, TB and WB respectively in Figure 1B). The island is crossed by three large fault systems (Rey et al., 1995), and many other smaller faults (Maestro et al., 2007). Seismic time series indicate noticeable long events associated to variations in the shallow hydrothermal system, along with earthquakes of a volcano-tectonic origin (Carmona et al., 2012). Port Foster, as the submerged part of the volcano (Figure 1B), experienced eruptive episodes in 1967, 1969 and 1970. During summer, water circulation in Port Foster can be approximated as a two-layers system, which is primarily forced by temperature and cause the upper layer (occupying the first 40-60 m of the water column) to move anticlockwise around the bay. Internal tides originated at the sill of Neptune’s Bellows radiate towards the western side of the bay, favoring mixing and leaving the eastern side in a shadow zone. Sea ice melting associated to hydrothermal activity modify local circulation at small scales (~1 km) (Flexas et al., 2017). During winter, surface cooling mixes the water column until fully homogeneous, with temperatures near freezing.




2.2 Sampling design

In-situ measurements of conductivity (further converted to salinity, S) and surface temperature (ST) combined with collection of water samples in the surface layer (50 cm – 1 m in depth) for further chemical analysis, were conducted using a small boat along a transect consisting of 20 sites for Transect 1 (Leg 1) (January, 29 – Figure 2A) and 15 sites for Transect 2 (Leg 2) (February, 19 – Figure 2B), extending from Neptune’s Bellows to the northernmost section of Port Foster. Due to meteorological and logistic limitations, data for CO2 and CH4 were taken on different sampling days, and with sampling tracks also differing. In selecting our sample sites, we considered that the main CH4 source at DI is related to fumarolic emissions, which are primarily concentrated near the coastline of the island, and that Port Foster is rich in dissolved oxygen which impedes CH4 production by methanogenesis within the bay.




Figure 2 | Transect 1 (A), with 20 stations, was carried out on January 29, 2021 and Transect 2 (B), with 15 stations was performed on February 19, 2021. Data on common variables was averaged for both samplings.



Geographic positions of all samples were recorded using a hand-held geographic positioning system (Magellan-Meridian-Platinum GPS, Magellan, USA, ± 5 m). The system was set to track positions at high resolution throughout the sampling campaigns and was later linked to measurement timestamps (care was taken to ensure times were synchronized) using linear interpolation, yielding individual positions for every sample. A single position for each set of vertical water parameter profiles was then derived as the center point of the cloud of positions, allowing factors such as boat drift to be accounted for. Communication with the GPS was facilitated by GPSBabel (https://www.gpsbabel.org).




2.3 Thermohaline properties

At each site conductivity and ST were quickly measured using a hand-held water quality multiprobe [YSI-6920V2, YSI Incorporated, USA (conductivity acc. - ± 0.5% of reading + 0.001 mS/cm; ST acc.: ± 0.15°C)] that was deployed by hand from the boat with the help of a winch.




2.4 Biogeochemical variables

Seawater samples were collected from a pneumatic boat at 50 cm - 1 m below the surface using a peristaltic pumping system equipped with acid-washed C-Flex tubing in the pump head and filtered in-situ through an acid-cleaned polypropylene cartridge filter (0.22 µm; MSI, Calyx). Once collected, a sub-sample was immediately transferred to a container where pH was measured (NBS scale), pH had an accuracy of ± 0.002 units and it was converted to pH at total scale (25°C) with the CO2SYS program (Version v3.2.0 for MATLAB) (Van Heuven et al., 2011; Sharp and Byrne, 2020). Conductivity was also converted to S PSU using an instrument specific conversion equation. The rest of the seawater sample was immediately processed for analysis of total alkalinity (TA), ammonium (NH4+), nitrite (NO2-), nitrate (NO3-), orthophosphate (PO43-), and silicate (SiO2) in the laboratory. In particular, samples for TA analysis were collected in 500-ml borosilicate bottles, and poisoned with 100 μl of HgCl2-saturated aqueous solution and stored until measurement onshore within 3 months upon collection. TA was measured by potential titration with a Titroprocessor (model Metrohm 794), with precision and accuracy of measurements being determined from certified reference material (CRMa batch #97 provided by Prof. Andrew Dickson, Scripps Institution of Oceanography, La Jolla, CA, USA) and equivalent to ±0.8 and ±4 μmol kg−1 respectively. For inorganic nutrient analysis, samples (5 mL, two replicates) were taken, filtered immediately (Whatman GF/F, 0.7 μm) and stored frozen. Nutrient concentrations were measured with a continuous flow auto-analyzer (Skalar San++ System) using standard colorimetric techniques (Hansen and Koroleff, 1999). The accuracy of the analysis was established using Reference Material for Nutrients in Seawater - KANSO CRM (Lot. CP). The recoveries for n=3 were 108 ± 3%, 124 ± 1%, 102 ± 2% and 99 ± 2% for NO2-, NO3-, PO43- and SiO2 respectively.

Concentrations of Co, Cu, Mo, Ni, Pb, Cd, Fe, V and Zn were analyzed by ICP-MS (iCAP, Thermo) after extraction and preconcentration using the APDC/DDDC organic extraction method (Bruland et al., 1979; Tovar-Sanchez, 2012). The accuracy of the analysis was established using Coastal Seawater References Material for trace metals ERM-CA403 (European Reference Material). The recoveries for n=1 ranged from ~81% for Pb to ~109% for Cd (see Supplementary Table S1 for recoveries). Blanks (acidified ultra-pure water) were preconcentrated following the same method as the samples.

Partial pressure of dissolved CO2 (pCO2, µatm) was subsequently calculated for each sampling station with the CO2SYS program using TA, pHT25, phosphate and silicate concentrations, S, ST, and P as input parameters. Proper dissociation constants for carbon (Mehrbach et al., 1973; Dickson and Millero, 1987), sulfate (KSO4) (Dickson et al., 1990) and fluorine (KF) (Perez and Fraga, 1987) were considered, and a borate-salinity ratio (Lee et al., 2010) was also used.

For CH4 measurements, samples (two replicates) were collected using 120 mL serum vials, sealed with grey-butyl rubber septa and aluminum crimps and preserved with 250 µL of saturated HgCl2 to inhibit microbial activity. Trace gas samples were stored upside down in the dark, until analysis in the laboratory. Dissolved CH4 was analyzed by static headspace equilibration gas chromatography (GC) according to De La Paz et al. (2015). In summary, the method uses a high-precision automated burette to introduce ultrapure N2 gas into a sample vial; once equilibrium is achieved overnight, the headspace is injected automatically into the gas chromatograph (Agilent GC 7890-A) which is subsequently separated using a Porapak Q-packed column and detected using a flame ionization detector. Overall, the accuracy of the method (the average coefficient of variation from the analysis of replicates), is assessed to be 5% for CH4, and the limit of detection is 1.5 parts per billion (ppb).

Chlorophyll-a surface concentrations were obtained from Copernicus Sentinel-2 satellites, where the images of Deception Island taken by Sentinel-2 on December 27, 2020, were acquired (https://scihub.copernicus.eu/ on August 15, 2023) and subsequently processed. This processing used the methodology outlined by Caballero et al. (2022). Originally, the images were in the Top of Atmosphere (TOA) Level 1C format, having undergone radiometric and geometric adjustments. These were then transformed into Bottom-of-Atmosphere (BOA) visuals using ACOLITE, a widely-used software for atmospheric correction. Corrections for sunglint effects were also applied to these images. Further, an OC3 product, essential for biogeochemical analysis, was derived from these images. The OC3 approach is a band ratio algorithm facilitating the assessment of chlorophyll-a levels in seawater, utilizing three spectral bands in the vicinity of blue, green, and red wavelengths (O'Reilley et al., 2000).




2.5 CH4 and CO2 saturation ratios and air-sea fluxes



2.5.1 Methane

Air-sea CH4 exchange in Port Foster, were calculated across the sampled stations according to the following equation:

 

where F is the atmosphere-ocean CH4 flux (in µmol m-2 d-1), k is the gas transfer velocity (in cm h-1), Cw is the CH4 concentration in water and CA is the equilibrium concentration of CH4 in the layer of air above the water. In Equation 1, k was estimated according to (Wanninkhof, 2014):

 

where a is a cost function used for gas transfer coefficient optimization (0.251), U10 is the in situ average winds (AEMET, 2021), averaged for 31 days (15 before and 15 after the sample was taken) and corrected for 10m height (m s-1) (Wanninkhof, 2014) and ScCH4 is the Schmidt number adjusted for temperature. The atmospheric equilibrium solubility of CH4 was derived following Equation 3 (Wiesenburg and Guinasso, 1979):

 

where fG is the molar fraction in dry air for methane (1.82×10-6 as of January, 2021 at Palmer Station), T is the temperature in Kelvin and S is the salinity in ppt. Ai and Bi are the constants for calculation of solubilities in nmol L-1: A1 = -415.2807; A2 = 596.8104; A3 = 379.2599; A4 = -62.0757; B1 = -0.059160; B2 = 0.032174; B3 = -0.0048198 (Wiesenburg and Guinasso, 1979). The fourth temperature dependent parameter [A4(T/100)] especially accounts for the vapor pressure of water. Additionally, methane saturation ratios expressed as percentage were calculated as CW/CA × 100.




2.5.2 Carbon dioxide

Air-sea CO2 exchange was calculated using the bulk flux equation of (Wanninkhof, 2014):

 

where F is the flux (in mol m-2 yr-1), k is the gas transfer velocity (in cm h-1), K’ is the CO2 atmospheric equilibrium solubility from moist air (in mol L-1 atm-1) and pCO2W and pCO2A denote the partial pressures of CO2 (in µatm) in equilibrium with surface water and the overlying air respectively. In the Equation 4, k was calculated as it was for CH4, using the Equation 2. K’ was obtained as:

 

T is the temperature in Kelvin and S is the salinity expressed in ppm. Ai and Bi are the constants (moist air) for calculation of solubilities in mol L-1 atm-1: A1 = -160.7333; A2 = 215.4152; A3 = 89.8920; A4 = -1.47759; B1 = 0.029941; B2 = -0.027455; B3 = 0.0053407 (Weiss and Price, 1980). To account for the CO2 partial pressure in air, molar fraction surface monthly average data for January 2021 was used in Equation 5, equivalent to 410.5 ppm (NOAA/GML). Finally, CO2 saturation ratios were calculated as pCO2W/pCO2A × 100.






3 Results



3.1 Hydrothermal venting shapes the biochemical composition of Port Foster

Chemical and physical variables measured in surface waters of Port Foster during both sampling legs (January 29 and February 19, 2021) showed an evident zonal distribution, possibly reflecting the presence of volcanic structures inside the bay (Figure 3). Hydrothermal vents whose inputs are expected to affect surface biogeochemistry in the caldera are mainly restricted to shallow areas of the Port Foster perimeter. Accordingly, special physicochemical features clearly different from those at the center of the bay were indeed found in surface waters located above the hydrothermally active areas of FB, TB, PC and WB (Figure 2). Hydrothermal activity tracers, such as elevated ST (Figure 3A) high pCO2 were observed in these shallow and coastal spots of Port Foster. Computed correlations (Supplementary Figure S1) indicated a direct and statistically significant relationship between ST and pCO2 levels (r=0.85, 95% CI, P<.001, n=20). Temperature was also inversely correlated with salinity (r=-0.73, 95% CI, P<.001, n=35), suggesting the presence of freshwater input from the underneath venting activity or coastal melting runoff. Additionally, the spatial distribution of CH4 sea surface concentrations was consistent with the location of the venting sites (Figure 4A), although significant correlations were not observed with the rest of hydrothermal tracers. Trace metals distribution within Port Foster Bay also revealed zonality associated to the volcanic structures inside the bay. V, Fe, Co and Ni exhibited the highest concentrations in surface waters of PC and TB, as well as slightly increased values near WB, peaking at 74 nM (Leg 1, St. 15), 361 nM (Leg 1, St. 1, white star), 3.9 nM (Leg 1, St. 1, white star) and 17.2 nM (Leg 1, St. 1, white star) respectively (Figures 3C–F).




Figure 3 | Spatial distribution of thermohaline properties (A, B), most relevant TMs (C, D, E, F), nutrients (G, H) and chlorophyll-a (I) in Port Foster Bay as obtained during the sampling campaigns. White star in Fe (D), Co (E) and Ni (F) indicates a sampling station (Leg 1, St. 1) where high concentrations of those trace metals were obtained (Fe = 361.13 Nm; Co = 3.89 nM; Ni = 17.19 nM). Concentrations observed at the white star were omitted from the interpolation for better visualization.






Figure 4 | Characterization of CH4 presence and distribution within Port Foster Bay. Station number is indicated within Port Foster as 2.x (Transect 2 – station x). (A) Surface CH4 concentrations in nmol L-1 as collected during the second leg, on February 19, 2021. (B) Calculated CH4 sea-air flux expressed in µmol m-2 d-1 according to local wind speed, salinity and water ST (Weiss, 1970; Wiesenburg and Guinasso, 1979; Wanninkhof, 2014). (C) Methane sea-air saturation ratios calculated as CW/CA × 100, expressed in %.





3.1.1 Concentrations influenced by hydrothermal venting

Correlations with fumarolic inherent features (Supplementary Figure S1), such as ST, salinity or pCO2 showed that V was directly correlated with ST (r=0.47, 95% CI, P=.005, n=35) and pCO2 (r=0.71, 95% CI, P=.001, n=20), and inversely correlated with salinity (r= -0.84, 95% CI, P<.001, n=35), being also present in FB and towards the mouth of the bay. Cobalt and Ni showed very similar behavior, with r= 0.57, 95% CI, P<.001, n=35; and r=0.48, 95% CI, P=.004, n=35 respectively for ST, r= -0.44, 95% CI, P=.011, n=35; and r= -0.37, 95% CI, P=.028, n=35 respectively for salinity and r=0.67 and 0.65 respectively for pCO2. Averaged chlorophyll surface concentration was characterized by higher levels predominantly on the western side of PF and exhibited direct and statistically significant relationships with ST (r=0.5, 95% CI, P=.002, n=35) and V (r=0.53, 95% CI, P=.001, n=35), and an inverse correlation with salinity and surface pCO2 (r=-0.45, 95% CI, P=.006, n=35; r=0.29, 95% CI, P=.219, n=20, respectively).




3.1.2 Concentrations not restricted to hydrothermal venting sources

Fe exhibited weaker but still statistically significant relationships with ST (r=0.37, 95% CI, P=.027, n=35), but poorer correlation with salinity (r=-0.17, 95% CI, P=.341, n=35) and pCO2 (r=0.36, 95% CI, P=.122, n=20). In the other hand, TMs like Cd, Zn and Pb correlated inversely to hydrothermal indicators such as ST (r=-0.41, 95% CI, P=.034, n=35; r=-0.19, 95% CI, P=.048, n=35; r=-0.42, 95% CI, P=.317, n=13, respectively) or pCO2 (r=-0.14, 95% CI, P=.559, n=20; r=-0.17, 95% CI, P=.460, n=20; r=-0.3, 95% CI, P=.246, n=20, respectively). Molybdenum exhibited no correlation with ST and pCO2 (r=0.002, 95% CI, P=.99, n=35; r=0.12, 95% CI, P=.624, n=20, respectively). In the same way, Cu showed almost no correlation with ST and pCO2 (r=0.14, 95% CI, P=.405, n=35; r=0.1, 95% CI, P=.687, n=20, respectively). Regarding nutrient occurrence and distribution, an evident zonal pattern was not observed within the bay. The highest concentrations of NO3- and PO43- were primarily located in the south-western region of PF, peaking 23.0 ± 0.1 (Leg 2, St. 2) and 1.45 ± 0.00 µM (Leg 2, St. 2) respectively (Figure 3G, PO43- not shown). High levels of NH4+ were found in surface waters located in the northern central section of Port Foster, peaking 37.5 µM in Leg 1, St. 3. This nutrient was not significantly correlated with the hydrothermal tracers, and, as expected, inversely correlated with NO3- and PO43- (r=-0.41, 95% CI, P=.0244, n=35; r=-0.45, 95% CI, P=.013, n=35, respectively).





3.2 Distribution and fluxes of GHGs in Port Foster

The distribution of concentrations of CH4 found in the surface waters of Port Foster matches the localization of known sources of hydrothermal activity i.e., FB, TB, PC and WB (Figure 4A). The concentrations of CH4 found in Port Foster range from 6.69 to 15.93 nM (Supplementary Table S2). The highest levels of CH4 were observed in the vicinity of WB, for Leg 2, St. 13 and 14, with 15.93 and 13.47 nM respectively with the median concentration of CH4 in the bay resulting in 8.88 nM with an IQR of 1.90 nM. Surface waters of Port Foster were supersaturated with respect to atmospheric CH4, ranging from ~202% to ~465% (Figure 4C). Air-sea CH4 exchange in Port Foster presented a median flux of 9.68 μmol m-2 d-1 and an IQR of 3.43 μmol m-2 d-1, with the maximum effluxes of 22.38 and 17.93 µmol m-2 d-1 being obtained Leg 2, St. 12 and 13 respectively and a minimum flux of 6.36 µmol m-2 d-1 estimated in Leg 2, St. 11 (Figure 4B) (positive flux values indicating CH4 flux from water to atmosphere) (See median, Q1-Q3 and histograms in Supplementary Table S3). Hence, the inundated caldera behaved as a net source of CH4 to the atmosphere during the monitored period, with a regional water to atmosphere methane transport median (Q1-Q3) inequivalent to 0.002 (0.0016 – 0.0023) Gg yr-1 (considering a surface for the inner bay of approximately 36 km2). Despite the limitation of mid-bay data availability, it was considered that the major sources of CH4 were located in the fumarolic areas distributed in the shoreline of the bay.

An evident spatial pattern of both, the dissolved CO2 levels (Figure 5A) and the air-sea gradient of CO2 (ΔpCO2) was observed in Port Foster. Areas with the largest positive ΔpCO2 (∼ 400 µatm) were located on the north-eastern part of the bay, where a marked fumarolic activity in the vicinity of PC has been described. Overall, the CO2 surface-atmospheric equilibrium seems to be mostly displaced around PC and TB areas, possibly indicating a volcanic source-like nature in this coastal fringe. In contrast, the area with the largest negative ΔpCO2 was located in the center of the bay, which is characterized by an average depth of ~120m (peaking more than 160m) and lack of near-surface hydrothermal vents. Hence, this central zone acted as a local CO2 sink. Accordingly, air-water CO2 fluxes result in outgassing occurring mostly in the PC area, reaching 18.96 mol m-2 yr-1 in Leg 1, St. 15. Similarly, CO2 emissions towards the atmosphere were also measured at Leg 1, St. 1, 2, 14 and 16, all of them near the PC area (Figure 5B) where CO2 oversaturated waters were measured (Figure 5C). In particular, sampling stations of Leg 1, 1, 2, 14, 15 and 16 registered oversaturation values with respect to the atmospheric CO2 level equivalent to ~135%, ~120%, ~103%, ~221% and ~112% respectively. The median (Q1-Q3) flux across the entire Port Foster extension was calculated to be -2.78 (-3.58 – 0.26) mol m-2 yr-1, which correspond to an annual median (Q1-Q3) withdrawal from the atmosphere of 4.41 (5.69 – 0.42) Gg of CO2 (See Supplementary Table S4 for CO2 data) (See median, Q1-Q3 and histograms in Supplementary Table S3).




Figure 5 | Characterization of CO2 distribution within Port Foster Bay. (A) Surface carbon dioxide partial pressures in µatm as collected during the first leg, on January 29, 2021. Black dashed line indicates where pCO2W/pCO2A = 1. (B) Calculated carbon dioxide sea-air flux expressed in mol m-2 yr-1 according to local wind speed, salinity and water ST (Wiesenburg and Guinasso, 1979; Weiss and Price, 1980; Wanninkhof, 2014). Black dashed line indicates where flux = 0. (C) Carbon dioxide sea-air saturation ratios calculated as pCO2W/pCO2A × 100, expressed in %. Black dashed line indicates where water saturation = 100%.







4 Discussion

Results presented in this work indicate that the spatial distribution of TMs, CO2 and CH4 in Port Foster seems to be related to the distinct geologic characteristics of the fumaroles present in DI. For CH4, although our studied transect has limited CH4 measurements at the bay’s center, nearby samples reveal a peripheral CH4 distribution near the shore, coinciding spatially with fumarole presence rather than in Port Foster’s center. While the presence of CH4 in Port Foster’s surface waters can also be attributed to biological production and organic matter (OM) degradation, oxygen levels throughout the basin are considerably high within the entire water column (Sturz et al., 2003), which does not favor OM methanogenesis and instead enhances available CH4 oxidation. While aerobic CH4 production can occur, it is less prevalent due to the preferential use of oxygen in bacterial respiration. It is still possible however that some CH4 near the fumaroles could have a mixed origin – hydrothermal and biotic – from small, localized anoxic zones near the coast (due to organic matter accumulation and microbial activity), influencing the biotic/abiotic ratios of methane production. Given the mentioned characteristics of Port Foster, we consider that the majority of CH4 detected in our study has hydrothermal origin. According to Caselli et al. (2004), PC and WB are considered as water vapor emanating fumaroles, with overall lower temperatures (20-70°C) as compared to the more sulfidic and hotter (90-100°C) FB fumaroles. CH4 emissions are known to be higher in low-temperature fluid vents (Von Damm and Lilley, 2004), which would explain the spatial distribution of the surface levels of CH4 observed in Port Foster in our study. In this regard, although mainly large and intense bubbling was observed in the fumarolic area, it is important to note that in shallow vent environments, the intensity of gas bubbling and the size of the gas bubbles may also influence CH4 concentrations due to variations in microbial oxidation rates. The CH4 concentrations reported here are consistent with previous early research performed under the RACER program in 1987, which investigated CH4 enrichments in Port Foster and providing an average concentration of 9.37 nM of CH4 within the bay, which is particularly high with respect to the levels of this gas found in the surrounding water masses in the Bransfield Strait, whose surface levels averaged 2-3 nM (Tilbrook and Karl, 1993). These low CH4 concentrations have been more recently confirmed as a mean value of 2.7 nM for the surface Southern Ocean layer (Polonik et al., 2021). Surface concentrations of CH4 obtained in the inner bay of DI are also considerably higher than the typical CH4 ranges reported across the Southern Ocean (Ye et al., 2023), which are characterized by a generally CH4 undersaturated waters. It is worthy to indicate that higher concentrations of CH4 (up to 10.95 nM) have also been detected in the Bransfield Strait, particularly in the south of the South Shetland Islands archipelago. Even though a more comprehensive assessment is required to fully discriminate the sources and sinks of CH4 in the SO, our data could be associated to the presence of such high levels of CH4 in the area close to the Bransfield Strait possibly due to the eastward transport of the gas from Port Foster through the Neptune Bellows (Kholmogorov et al., 2022), largely mediated by the hydrographic regime of the area. These authors report a transect next to DI with the highest levels of dissolved CH4, reaching 10 nM further east in the Bransfield Strait. Calculated effluxes obtained in our study indicate that Port Foster behaved almost entirely as a CH4 source for the SO, whose origin could lie on the hydrothermal activity present in the caldera. Although no significant correlation was obtained with other hydrothermal tracers like ST and pCO2, probably due to the oxidation processes affecting the gas in the water column from the source, our assessment suggests that Deception Island still plays a role as a contributor to CH4 SO budgets.

This was not the case for CO2, as our measurements showed a net uptake of this gas from the bay. Previous research conducted in the Bransfield Strait reveals varying patterns in dissolved CO2 concentrations across different locations and seasons. For instance, during Macro’95, a survey performed in the Bransfield Strait and Bellingshausen Sea, the western basin of the Bransfield Strait acted as a minor source of CO2 to the atmosphere, releasing an average of 0.44 mol C m-2 yr-1, while the Bellingshausen domain has been characterized by presenting a marked influx of CO2 equivalent to 7.3 mol C m-2 yr-1 (Álvarez et al., 2002). In other adjacent regions to DI such as the Gerlache Strait, the annual net sea-air CO2 flux from 2002 to 2017 averaged 0.45 ± 1.58 mol m-2 yr-1 (Monteiro et al., 2020). Similarly, Ito et al. (2018) observed between 2008 and 2010 that surface waters in the Bransfield Strait generally acted as a sink of atmospheric CO2 during the summers, except in 2009 when it became a weak CO2 source. Rodrigues et al. (2023) also reported that in the spring of 2018, the Bransfield Strait consistently functioned as a CO2 sink, with an average influx of 0.99 mol m-2 yr-1. Although Bransfield Strait presents similar heterogeneous CO2 flux dynamics than those found here in Port Foster, the drivers behind both systems can be different. In the Strait, CO2 air-sea exchange is mainly influenced by hydrodynamic factors such as the interaction of various cold and warm water masses from the Weddell Sea shelf and the Bellinghausen sea respectively, while the CO2 fluxes (mainly strong efflux) observed in Port Foster were primarily associated to active hydrothermal systems present in the perimeter of the bay. Deception Island, being situated in a back-arc system, exhibits a higher concentration of CO2 in the hydrothermal fluids when compared with other volcanically active geological systems with respect to the surrounding water masses (German and Seyfried, 2014). This is consistent with our measurements displaying higher levels of this gas in the northeastern section of the bay close to the proximities of the fumaroles (Leg 1, St 15 and 16), which clearly diminished towards the deeper center of the caldera where CO2 undersaturated waters were found. This spatial distribution is in line with earlier studies that revealed a regional variation in CO2 dynamics caused by localized fumarolic and hydrothermal activity (Shitashima, 1998).

To assess the origin of such gasses in Port Foster, while specific isotopic data about CO2 and CH4 was not analyzed in the present study, information is available on isotopic gas composition in DI, that allows to infer the origin of such gases within the bay. For instance, Kusakabe et al. (2009), while not specifically mentioning δ13C-CH4​ values, provide δ13C values for CO2, which range from -5 to -6‰. These values indicate degassing from a mid-ocean ridge basalt (MORB)-type mantle source, suggesting a similar mantle origin for other carbon-containing gases, including CH4​. Regarding helium isotopes, Kusakabe et al. shows the existence of high 3He/4He ratios and other noble gas data highlight the significant contribution of mantle-derived helium.

The volcanic nature of DI influenced the distribution of some TMs (V, Fe, Co, and Ni) near the active hydrothermal vents in the north-eastern side of Port Foster. However, this was not the case for Cu, Mo, Zn and Cd. It is not clear why the active flux of warmer and less saline water to Port Foster surface waters was enriched in some metals and not in others although coprecipitation to excess iron and biological uptake on the highly productive East half of Port Foster could have played a role. Our results for Fe, Co, V and Ni are in agreement with previous studies evidencing that hydrothermal activity represents a strong driver behind the availability of TMs in the ocean (German and Seyfried, 2014; Resing et al., 2015; Mei et al., 2022). Moreover, sediments in Port Foster have been found to be enriched in many of these TMs (Somoza et al., 2004) suggesting that the hydrothermal venting could contribute to its accumulation in the sea bottom after being released. Given the high concentrations of TMs found in Port Foster in this study relative to regional open ocean concentrations, DI emerges as a potentially important source of TMs to the Bransfield Strait and nearby oceanic regions. In this sense, Measures et al. (2013) showed evidence of transport of TMs from coastal waters of the Antarctic Peninsula into the Antarctic Circumpolar Current. This suggests that TMs from coastal regions, including volcanic islands like DI, are transported into the open ocean, influencing the biogeochemistry of larger oceanic areas. Additionally, reported Fe concentrations in the Weddell Sea show elevated levels particularly near the Antarctic Peninsula (Sañudo-Wilhelmy et al., 2002). The Fe levels (ranging from 4.5 to 31 nM) are attributed to natural processes such as resuspension of benthic sediments, upwelling and, by extension to the present study, hydrothermal activity from volcanic islands like DI. Similarly, a recent study by Sierpinski et al. (2023) also reported 18.9 ± 6.1 nM Fe concentrations in Admiralty Bay, King George Island, concentrations which while being high when compared to surrounding waters of the Bransfield Strait, Bellingshausen (De Jong et al., 2015) Sea or the Atlantic sector of the SO (Klunder et al., 2011), are considerably below the dissolved Fe concentrations found within Port Foster in this research. Other TMs like Co or Al reported by Sañudo-Wilhelmy et al. (2002) in the Bransfield Strait, reflect lower concentrations when compared to those found in DI highlighting the role of hydrothermal emissions in the pool of these elements in the SO. The Bransfield Current, particularly the Transitional Water with Bellingshausen Sea influence (TBW), is characterized by an eastward flow of water in the section where DI is located, possibly influencing the distribution of trace TMs (Measures et al., 2013). Data supports the observation that Chl-a concentrations are greater under the influence of TBW (Gonçalves-Araujo et al., 2015).

Unlike TMs, nutrients measured across Port Foster showed to be rather homogeneous, with slightly higher levels of both NO3- and PO43- being observed in the mid-southern bay, not restricted to specific areas such as those above the fumaroles, inversely correlated for example to hydrothermal tracers such as pCO2 or ST (Supplementary Figure S1). This pattern may indicate inputs of open ocean waters from the Bransfield Strait through the Neptune Bellows, according to other studies that provide NO3- concentrations ranging from 22.5 to 38 µM in the Bransfield Strait (Polukhin et al., 2021). Similarly, these authors measured silicate concentrations in the upper layer of the Strait, between 74 to 81 µM, a range that is consistent with our data in Port Foster. As expected, a correlation is found between the nutrients and all indicators of chl-a growth, highlighting their significant role in phytoplankton development, which is also supported by a study conducted by Sturz et al. (2003) further corroborating these values. However, the lack of significance between chl-a and the concentrations of NH4+, NO3-, and PO43- could suggest that the phytoplankton growth is being limited by another nutrient or TM in Port Foster, potentially leaving excess of NH4+, NO3-, and PO43- within the bay. This ultimately gives evidence of the need for contrasting studies in various locations of Port Foster that could provide further insights into the dynamics of phytoplankton growth. It is interesting to note that specifically, in Port Foster, a notably high concentration of NH4+ in surface waters was observed, exhibiting a slight negative correlation with chl-a, which suggested a possible consumption by phytoplankton. Ammonium production in the euphotic zone is often the result of heterotrophic metabolism, which is later subjected to removal processes including phytoplankton uptake and nitrification. Also, NH4+ can be produced via dinitrogen reduction by hydrogen sulfide at moderate temperatures in hydrothermal venting systems (Schoonen and Xu, 2001), however, more data is needed about the distribution of concentrations of hydrogen sulfide within Port Foster to draw any possible correlations. Nevertheless, Sturz et al. (2003) showed that snow and runoff around Port Foster Bay was characterized by NH4+ concentrations as high as 90 µM, suggesting that glacier meltwater may be flowing into the bay and in combination with waste from the marine biota (Laglera et al., 2020), would become not limiting for phytoplankton growth. In the Bransfield Strait NH4+ levels varying between 1 and 3.8 µM were measured (Polukhin et al., 2021) and Sturz et al. (2003) reported NH4+ concentrations in Port Foster’s mid bay and peripheral coves, which ranged from 0 to 4 µM. Our statistical analysis does not seem to support the runoff NH4+ source, as inverse correlation of NH4+ with salinity is not well correlated. Further analysis is thus required to elucidate the origin of the high levels of NH4+ found in Port Foster.




5 Conclusion

This study explores the connection between hydrothermal venting, the distribution of metals and inorganic nutrients, and the dynamics of CO2 and CH4 exchange in Port Foster. Increases in GHGs in the surface waters above the coastal fumarolic areas were identified, indicating that fumarolic activity plays a relevant role in influencing local GHGs sea-air budgets. This is in contrast to the broader patterns observed in Bransfield Strait, where hydrodynamic factors are more dominant in chemical distributions. These findings suggest that DI acts as both a net source of CH4 to the atmosphere and a sink of CO2. The distribution and concentration of certain TMs like V, Ni, Co, and to a lesser extent Fe, chlorophyll, and nutrients (NH4+, NO3-, PO43- and SiO2) also suggests that hydrothermal inputs enhance biogeochemical processes and primary productivity, which is essential for the marine food web, supporting higher trophic levels, including fish, birds, and mammals. Enhanced primary productivity can also lead to increased biological carbon sequestration, where CO2 is captured by phytoplankton and transported to the deep ocean through the biological pump, contributing to long-term carbon storage. Overall, this research highlights DI’s role as a volcanically active environment influencing local TMs cycling and GHGs emissions, and likely regional biogeochemical conditions in the Bransfield Strait, which has been shown to deliver TMs enriched waters to the typically TM-poor Drake passage.
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