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Insights into early winter Southern Indian Ocean dissolved iron distributions and remineralisation using excess barium (GEOTRACES GIPr07 cruise)
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Chapter 1

Figure Grand et al. (2015), Mtshali et al. (2019), and data from this study (highlighted in the green circle) are displayed as positions (blue) on a cylindrical equal-area projection of the SO, with the three basin cut offs indicated by the red lines, from left to right, Pacific, Atlantic and Indian, and the black line is the mean northern branch of the PF (Tagliabue et al., 2012), acting as the cut off between the SAZ and the AZ (top panel). Using the same compilation data, the plots on the bottom panel indicate the monthly frequency of dFe observations within each SO basin.

Observations obtained during this study is highlighted in green circles on both panels. ........................ 59 to bottom, Indian (this study), Pacific (Ellwood et al., 2008) and Atlantic (Mtshali et al., 2019) Figure 2.12: Boxplots of the seasonal comparison of dFe concentrations from the winter studies conducted in each of the SO basins, left to right, Indian (this study; Grand et al., 2015), Pacific (Ellwood et al., 2008;[START_REF] Bowie | Biogeochemical iron budgets of the Southern Ocean south of Australia: Decoupling of iron and nutrient cycles in the subantarctic zone by the summertime supply[END_REF][START_REF] Hassler | Primary productivity induced by iron and nitrogen in the Tasman Sea: An overview of the PINTS expedition[END_REF] and Atlantic (Mtshali et al., 2019;[START_REF] Chever | Physical speciation of iron in the Atlantic sector of the Southern Ocean Chapter 2: along a transect from the subtropical domain to the Weddell Sea Gyre[END_REF][START_REF] Klunder | Dissolved iron in the Southern Ocean (Atlantic sector)[END_REF] and (e) NPF. Open circles are data points from studies which did not use HF in the particulate sample digestion procedure, regressions did not include these data, there was, however, no significant difference when including these data points ( 

Appendix C

Table C1: Metadata, ancillary data and nutrient concentrations [START_REF] Weir | Winter biogenic silica and diatom distributions in the Indian sector of the Southern Ocean[END_REF] of samples collected along the 30°E line, during the GEOTRACES GIpr07 process study, from 58.5°S to 41°S (TM1 to TM8 [START_REF] Meredith | The global importance of the Southern Ocean and the key role of its freshwater cycle[END_REF]. The SO is also the point at which old, deep waters outcrop and interact with the atmosphere, exchanging heat and carbon, before once again being subducted into the interior ocean as intermediate and deep waters. As a result, the SO is crucial to the Earth's climate, present and future [START_REF] Akhoudas | Ventilation of the abyss in the Atlantic sector of the Southern Ocean[END_REF][START_REF] Meredith | The global importance of the Southern Ocean and the key role of its freshwater cycle[END_REF][START_REF] Pope | Community review of Southern Ocean satellite data needs[END_REF][START_REF] Rintoul | The Southern Ocean observing system[END_REF]. Inorganic carbon is taken up by the ocean through two pathways, the solubility pump which is governed by physical properties, temperature and salinity, and the biological carbon pump (BCP) which is governed by the biological uptake of carbon by phytoplankton in surface waters, through photosynthesis. Near surface (10 m) total dissolved carbon dioxide (TCO2) concentrations in the SO (Figure 1.2) indicate the significance of the SO as a carbon sink and source [START_REF] Gottschalk | Biological and physical controls in the Southern Ocean on past millennial-scale atmospheric CO2 changes[END_REF]Goyet et la., 2000). Atmospheric pulses in carbon dioxide (CO2) during glacial and interglacial periods have been linked to decreases in the biological export of C and increases in deep ocean ventilation via SO water masses, thereby linking the SO's BCP to atmospheric CO2 and the climate, through the synergy of physical and biological processes [START_REF] Gottschalk | Biological and physical controls in the Southern Ocean on past millennial-scale atmospheric CO2 changes[END_REF]. The SO BCP is, however, inefficient due to widespread iron (Fe) limitation (Martin, 1990;Martin et al., 1990;Moore et al., 2001). Indeed, Fe is an essential micronutrient required by phytoplankton for metabolic processes such as photosynthesis, nitrate assimilation and respiration, and although SO phytoplankton species have adapted to the extreme conditions of their environment, at sub-nanomolar concentrations the availability of Fe for production in surface waters has a substantial control over the BCP, in combination with environmental factors such as light and temperature, which in turn influences atmospheric CO2 drawdown (Martin et al., 1990, Strzepek et al., 2012;2019). The [START_REF] Goyet | Global distribution of total inorganic carbon and total alkalinity below the deepest winter mixed layer depths[END_REF].

The marine Fe biogeochemical cycle

The marine Fe biogeochemical cycle (Figure 1.3) is complex and encompasses multiple sources, sinks, and processes which affect the distribution of the different physical and chemical species of Fe within the marine environment, which remain poorly quantified. This biologically essential micronutrient is present throughout the water column, originating from external sources such as atmospheric inputs, continental margins, sedimentary resuspension, hydrothermal vents and sea ice melt, supplying both lithogenic and biogenic forms of new Fe [START_REF] Tagliabue | The integral role of iron in ocean biogeochemistry[END_REF]. Processes such as photoreduction, excess ligand production, dissolution and remineralisation influence the partitioning of Fe, to varying degrees, between the different size fractions; namely, the dissolved (< 0.2 µm) fraction which is made up of the soluble (< 0.02 µm) and colloidal (0.02 -0.2 µm) fractions, and the particulate (> 0.45 µm) fraction (Cutter et al., 2017). Inorganic Fe(III) is the most abundant form of Fe and is also highly insoluble in the marine environment, Fe(II) is readily oxidised to Fe(III), due to oxic conditions, causing Fe to precipitate into sinking particles (Golderg, 1954). Organic Fe-binding ligands, which are biologically produced by phytoplankton, bacteria, viruses, and remineralisation throughout the water column, bind to Fe keeping the Fe in a soluble phase, increasing the residence time of Fe in the mixed layer where it is accessible to phytoplankton and can be transported laterally to adjacent water masses (Völker and Tagliabue, 2015;[START_REF] Tagliabue | The integral role of iron in ocean biogeochemistry[END_REF]. The particulate fraction is also an important part of the Fe cycle which can influence the interactions of the dissolved phase. Adsorption of Fe on particles would be responsible for the removal of dissolved Fe (dFe) through scavenging (Thuróczy et al., 2010).

Biological uptake, aggregate formation, vertical export, and scavenging are sinks which remove Fe from surface waters down into the interior and deep ocean. Beyond the sources, sinks and internal cycling of Fe, physical transport mechanisms such as lateral and vertical advection, entrainment and vertical diffusion redistribute Fe throughout the global ocean.

These processes can act as sources or sinks of Fe to surface and intermediate waters, where Fe availability is crucial to the functioning of the BCP (Boyd and Ellwood, 2010;[START_REF] Tagliabue | The integral role of iron in ocean biogeochemistry[END_REF]. Many questions still exist surrounding the interactions between Fe species and how these interactions affect speciation and distribution of Fe, now and in future oceans (Tagliabue and Völker, 2011). New dFe supply to surface waters of the SO remains low due to low external inputs and the complex matrix of processes controlling the internal cycling of Fe in the ocean interior is hypothesised to be the dominant control on the distribution of dFe throughout large regions of the SO (Boyd and Ellwood, 2010;Boyd et al., 2010;2017;[START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]2019). It is predicted that changes brought about by climate change will alter numerous environmental factors which control the distribution of Fe in the global ocean and to understand and predict these changes, a comprehensive understanding of spatio-temporal variability of the current marine Fe cycle must be acquired [START_REF] Hutchins | Marine phytoplankton and the changing ocean iron cycle[END_REF][START_REF] Pope | Community review of Southern Ocean satellite data needs[END_REF]Tagliabue and Völker, 2011). The relative importance of sources, sinks, and processes on SO Fe biogeochemistry is also assumed to be affected by seasonality [START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF].

The seasonal cycle of dFe in the SO

Seasonality is an important component which is not present in current models due to the absence of winter observations [START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF][START_REF] Tagliabue | The integral role of iron in ocean biogeochemistry[END_REF]. In high latitude regions like the SO, substantial seasonal changes in environmental variables such as temperature and irradiance, make seasonal variability a crucial component (Tagliabue and Arrigo, 2006) that also affects the seasonality of primary productivity (PP) (Tagliabue and Völker, 2011). The inclusion of this component is invaluable and may improve the accuracy of these models substantially.

Hypothesised seasonal changes in dFe supply pathways to the surface mixed layer proposes that winter entrainment accesses the subsurface dFe winter reservoir, thereby supplying the required dFe for bloom initiation during austral spring (Figure 1.4; [START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]. As the spring bloom is initiated a reduction in the surface dFe stock occurs due to detrainment and biological uptake. As the season progresses the surface dFe stock is depleted and the bloom Fe requirements are primarily sustained through diapycnal diffusion and increased remineralisation in surface waters [START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]. The replenishment of the subsurface dFe winter reservoir would therefore be crucial for the resupply of dFe into surface waters during the following spring bloom initiation. It is believed that the winter reservoir is primarily replenished through remineralised Fe in the open waters of the SO (Boyd et al., 2017;[START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]2019). However, there is currently not enough data available to determine the relative importance of remineralisation during winter. 

Observational gaps in dFe measurements in the SO

The SO is the least sampled oceanic region due to the vast size and inaccessibility during certain months of the year, especially winter, when strong winds, rough seas, and the expansion of sea ice make ship-based observations in the SO extremely challenging [START_REF] Meredith | The global importance of the Southern Ocean and the key role of its freshwater cycle[END_REF]. Although large strides have been made with regard to autonomous sampling, many of the measurements we need, specifically Fe measurements, cannot yet be made using these techniques, making data collected from the SO, especially in winter, of uniquely high value [START_REF] Meredith | The global importance of the Southern Ocean and the key role of its freshwater cycle[END_REF]. The spatial and temporal distribution of dFe observations in the open waters of the SO (Figure 1.5) make it clear that significant observational gaps remain in this region. Spatially, measurements are concentrated in the Atlantic basin and the Australian sector of the SO and temporally, observations have been focused on spring and summer months. In order to better constrain the internal cycling of Fe in the SO and how environmental changes will affect this, it is pertinent that seasonal and spatial changes in this vast and dynamic oceanic region is understood. 

The significance of remineralisation for dFe distributions in the SO

In the open waters of the SO external sources of Fe are relatively low, making internal cycling a dominant process in driving the availability of dFe (Tagliabue et al., 2019). This process has, however

, not yet been sufficiently characterised to fully understand the effects of environmental variables on the distribution and speciation of Fe, and the consequences thereof on PP (Tagliabue et al., 2019). Despite progress made in understanding the Fe cycle regarding sources, remineralisation and factors influencing remineralisation (Boyd and Ellwood, 2010;Boyd et al., 2017), a lot is still unknown regarding net remineralisation in intermediate waters, on temporal and spatial scales (Tagliabue et al., 2019). Estimates of Fe remineralisation have revealed that only 2 -8% of the non-lithogenic particulate Fe (pFe) from the upper ocean is accounted for in intermediate water remineralised dFe observations (Tagliabue et al., 2019).

Hypotheses explaining the low percentages of remineralised dFe in intermediate waters, compared to the phytoplankton and pFe stocks are that the biogenic pFe is not exported from surface waters and is instead recycled in the waters above intermediate waters. The second hypothesis is that biogenic pFe is exported but not remineralised and the third hypothesis is that Fe is exported and remineralised but is largely removed by scavenging, thereby resulting in much lower intermediate water remineralised dFe than what is expected (Tagliabue et al., 2019).

Multiple studies have proved that although Fe is significantly recycled in surface waters, there is still substantial surface export [START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]Boyd et al., 2017;2015;[START_REF] Strzepek | Spinning the "ferrous wheel": The importance of the microbial community in an iron budget during the FeCycle experiment[END_REF][START_REF] Boyd | Mapping phytoplankton iron utilization: Insights into Southern Ocean supply mechanisms[END_REF], debunking the first hypothesis. The second hypothesis can also be rejected based on the outcomes of field experiments that have assessed the dissolution of Fe below the mixed layer (Boyd et al., 2010) and subsurface dFe remineralisation rates [START_REF] Ellwood | Winter-time dissolved iron and nutrient distributions in the Subantarctic Zone from 40-52S; 155-160E[END_REF], where the dissolution of Fe from particles just below the mixed layer was found to range from 120 -1314 nmol m -3 yr -1 [START_REF] Ellwood | Winter-time dissolved iron and nutrient distributions in the Subantarctic Zone from 40-52S; 155-160E[END_REF]Boyd et al., 2010;Velasquez et al., 2016). Based on these estimates of dissolution, dFe removal rates of ~ 0.4 -10 µmol m -2 d - 1 [START_REF] Frew | Particulate iron dynamics during FeCycle in subantarctic waters southeast of New Zealand[END_REF][START_REF] Ellwood | Winter-time dissolved iron and nutrient distributions in the Subantarctic Zone from 40-52S; 155-160E[END_REF]Tagliabue et al., 2019) are required when taking into consideration the estimated accumulation rate of dFe ~ 2 nmol m -3 yr -1 in intermediate waters (Tagliabue et al., 2019). Leaving us with the third hypothesis, that a significant loss of dFe occurs via scavenging onto particles in intermediate waters (Figure 1.6;Boyd and Ellwood, 2010;Thuróczy et al., 2010;Twining et al., 2014). 

Surface export and mesopelagic remineralisation

Surface export and the subsequent remineralisation of particles in the mesopelagic zone is vital for the replenishment of the subsurface dFe reservoir [START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]2019). Although the mesopelagic layer is clearly of substantial importance, it is still largely under-studied, especially in the high latitudes, and therefore processes occurring in this section of the water column are poorly constrained, despite their importance to global elemental cycles, including that of carbon and Fe (Le Moigne, 2019; Robinson et al., 2010).

A variety of interlinked processes and environmental factors affect mesopelagic remineralisation (Boyd et al., 2017). The efficiency of remineralisation is influenced by the size and composition of exported particles (Rosengard et al., 2015;Twining et al., 2014) as well as the surface export pathway of these particles (Boyd et al., 2019;Le Moigne, 2019), creating an intricate web of variables to disentangle. Nutrient limitation in surface mixed layer waters tends to limit export and consequently mesopelagic remineralisation, by creating a shift to smaller phytoplankton assemblages which preferentially survive on recycled nutrients in these surface waters (Planchon et al., 2013). Temperature is also a control on mesopelagic remineralisation, especially in high latitude waters, due to temperature-dependent heterotrophs that facilitate remineralisation (DeVries and Weber, 2017; Marsay et al., 2015).

When taking into consideration all the factors influencing remineralisation and how important this process is to the distribution of nutrients in the global ocean, it becomes clear that a stronger understanding needs to be gained with regard to all these variables. In order to better estimate net remineralisation in the SO and how this affects the BCP, apparent oxygen utilisation (AOU)

and barium excess (Baxs) are two proxies that have been successfully used to assess remineralisation within the mesopelagic zone (Ito and Follows, 2005;Dehairs et al., 1997;Lemaitre et al., 2018).

Apparent oxygen utilisation remineralisation proxy

AOU is an estimation of oxygen (O2) consumed by the remineralisation of biogenic particles in the ocean interior, relative to surface saturation, when surface water masses are subducted below the surface mixed layer (Figure 1.7). Generally, O2 is increasingly depleted as the subducted water mass accumulates remineralised nutrients. Assuming O2 is saturated in surface waters, estimates of how much O2 is consumed by remineralisation can be made, which is determined using in situ salinity, temperature and O2 observations. The AOU proxy assumes that nutrient concentrations in intermediate waters are made up of a "preformed" and a (Ito and Follows, 2005). When intermediate waters are formed in high latitude waters, unutilized nutrients are transported into the interior ocean, this component of the nutrient concentration is the "preformed" nutrients and the nutrients released in the ocean interior due to remineralisation is the "remineralised" component. The "remineralised" nutrient concentration can be estimated using AOU which integrates remineralisation concentrations over timescales of years to decades (Ito et al., 2004).

"remineralised" component [N] = [Npreformed] + [Nremineralised]
This proxy is the classical remineralisation proxy and has been used successfully throughout the global ocean, to assess remineralisation. 

Barium excess remineralisation proxy

The Baxs proxy is used to estimate mesopelagic POC remineralisation fluxes, defined as the "biogenic" portion of particulate barium (pBa) in the form of barite crystals, formed within decaying bio-aggregates at the base of the surface mixed layer as biogenic particles are exported out of the surface mixed layer (Figure 1.8;Bishop, 1988;Dehairs et al., 1997;Lam and Bishop, 2007;Legeleux and Reyss, 1996;[START_REF] Van Beek | 228Ra/226Ra and 226Ra/Ba ratios to track barite formation and transport in the water column[END_REF]. The Baxs peak observed in the mesopelagic zone is due to the release of the barite crystals and has been correlated to primary production, O2 consumption and POC remineralisation (Dehairs et al., 1997). 

Objectives of this study

As part of a GEOTRACES process study (GIpr07) of a transect along 30°E in the open waters of the western Southern Indian Ocean (SIO, 58.5°S to 41.0°S), the objectives of this study were formulated.

• Firstly, it was sought to address observational gaps in dFe measurements, identified in the western SIO and during austral winter (Figure 1.5), and how these distributions compared to observations throughout the SO, spatially and temporally

• To assess the controls of winter dFe distributions in the study region, season cycle of these controls and how these factors influence the supply of dFe to the surface mixed layer.

• To gain insight into Baxs distributions during austral winter and the timescale of this remineralisation proxy.

• To assess the link between mesopelagic Baxs and integrated remotely sensed PP, on a basin scale.

• Finally, to utilise remineralisation proxies, AOU and Baxs, to assess remineralisation of dFe in the intermediate waters of the SIO for the replenishment of the subsurface winter reservoir.

In this context, distributions of dFe and Baxs were measured during early austral winter (July 2017) along the 30°E line, in conjunction with ancillary measurements to assess controls on distributions, internal cycling and supply mechanisms. Compilation datasets were constructed of available dFe and Baxs data throughout the SO to facilitate comparisons with measurements from this study. To evaluate the link between Baxs and PP, on a basin scale, all available data was assessed against integrated remotely sensed PP.

To our knowledge there are currently only two published winter dFe studies in the SO one in the Atlantic basin (Mtshali et al., 2019) and another in the Pacific basin (Ellwood et al., 2008), and none for Baxs during winter. This study will contribute to the emerging understanding of winter trace metal distributions and internal cycling in the SO, giving insight into the replenishment of the winter dFe reservoir, as well as obtaining better estimates of export and remineralisation on annual and basin scales.

Thesis structure

This thesis is made up of four chapters, one of which is a paper that has been submitted and is currently under review (Chapter Chapter 2: Early winter Southern Indian Ocean dissolved iron distributions and remineralisation (GEOTRACES GIPr07 cruise)

Introduction

The SO biological carbon pump, the pathway by which phytoplankton consume and release inorganic carbon through photosynthesis and respiration, is of global significance due to the centrality of the SO. It is, however, inefficient due to large areas of iron (Fe) limitation (Martin, 1990;Martin et al., 1990;Moore et al., 2001), known as HNLC regions, where large amounts of macronutrients are left unused due to low (sub-nanomolar) concentrations of Fe, which limit the efficient use of macronutrients by phytoplankton (Martin, 1990;Martin et al., 1990). Better constraining marine Fe biogeochemistry, the seasonal cycle and how processes are linked is crucial to further interpret changes linked to climate change using biogeochemical models (Boyd and Ellwood;2010;[START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]2017).

Pathways by which dissolved Fe (dFe) is supplied to surface waters is of particular interest, as this will facilitate CO2 drawdown by phytoplankton via photosynthesis by the relief of Felimitation in the surface waters of HNLC regions of the SO [START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]. Several processes and sources can affect the distribution of dFe throughout the water column, namely, dust deposition, hydrothermal activity, continental margin runoff, sea ice melt, diapycnal diffusion, vertical Ekman pumping, lateral advection, winter entrainment and remineralisation (De Jong et al., 2012;2015;[START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]2017). Atmospheric inputs are expected to

be minimal in open waters of the SO [START_REF] Jickells | Global iron connections between desert dust, ocean biogeochemistry, and climate[END_REF], but episodic high dust inputs may settle and increase deep concentrations [START_REF] Jickells | The Importance of Atmospheric Deposition for Ocean Productivity[END_REF]2015). Recent studies have also linked large phytoplankton blooms to advected hydrothermal dFe supply to surface waters [START_REF] Ardyna | Hydrothermal vents trigger massive phytoplankton blooms in the Southern Ocean[END_REF][START_REF] Schine | Massive Southern Ocean phytoplankton bloom fed by iron of possible hydrothermal origin[END_REF]Tagliabue & Resing, 2016). Nevertheless, certain sources of Fe are localised, such as sea ice melt and dust deposition, and therefore internal cycling and physical fluxes dominate dFe distributions in the HNLC SO (De Jong et al., 2012;2015;[START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]. It is assumed that there is a subsurface winter reservoir which will resupply the surface water dFe stock, via multiple pathways, to fuel the spring and summer blooms [START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]. Of these pathways, winter entertainment has been reported to be a dominant flux of the subsurface dFe reservoir to the surface mixed layer (Achterberg et al., 2018;[START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]. Remineralisation is thought to be the largest source for replenishment of the winter reservoir in HNLC regions of the SO [START_REF] Tagliabue | The integral role of iron in ocean biogeochemistry[END_REF].

Apparent oxygen utilisation (AOU) is a well-used proxy to estimate remineralised nutrients based on the assumption that nutrient concentrations are made up of the "pre-formed" and the Ito and Follows, 2005). With estimates of cellular Fe:P ratios, we can further estimate remineralised Fe, using this remineralisation proxy and PO4 3-as the benchmark nutrient (Ito and Follows, 2005;Parekh et al., 2005;Tagliabue et al., 2019;Twining et al., 2014). While some inaccuracies have been detected with AOU as a remineralisation proxy, specifically in high latitude areas, due to O2 undersaturation as a consequence of large temperature gradients (Ito et al., 2004), AOU has still proven to be a reliable remineralisation proxy.

"remineralised" component ([P] = [Ppre] + [Prem]:
Winter dFe observations within the SO are limited due to harsh conditions and extended sea ice cover during these months of the year, making it a challenge to obtain observations, especially in areas of extended sea ice cover. To our knowledge there are currently only two published studies, one in the Atlantic basin (Mtshali et al., 2019) and another in the Pacific basin (Ellwood et al., 2008), with both studies conducted in the Subantarctic zone (SAZ). There are significant gaps in our knowledge with respect to the sources of dFe during early winter that supply the upper surface mixed layer and the replenishment of the expected winter reservoir [START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]. Winter dFe data is therefore crucial for giving insight into the seasonal cycle of this micronutrient [START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]2017). In this context, as part of a GEOTRACES process study (GIpr07) of a transect along 30°E in the Southern Indian Ocean (SIO, 58.5°S to 41.0°S), we studied dFe distributions during early austral winter (July 2017) to better constrain SO dFe distributions and cycling on a basin scale. We also aim to better understand the seasonal cycle and how it affects the supply of dFe to the surface mixed layer. To facilitate obtaining insight into dFe processes and fluxes we investigate the subsurface replenishment of the winter dFe reservoir and how this compares to fluxes, latitudinally in the SIO during winter. We also compare distributions and fluxes of dFe throughout the SO, investigating how they compare seasonally and on a basin scale.

Materials and Methods

Sampling and hydrography

The GEOTRACES GIpr07 cruise took place onboard the R/V SA Agulhas II, during early austral winter of 2017, along 30°E longitude, from 58.5°S to 41.0°S (WOCE I06S, Figure Frontal positions were determined by mean absolute dynamic topography obtained from the CLS/AVISO product (Rio et al., 2011), defining boundaries as reported by Swart et al. (2010).

Fronts identified were, the Subtropical Front (STF), the Subantarctic Front (SAF), the Polar Front (PF), the Southern Antarctic Circumpolar Front (SACCf) and the Southern Boundary (SBdy), from north to south (Figure 2.1a).

Temperature, salinity, dissolved O2 and chlorophyll ɑ

Temperature (T, °C), salinity (S), dissolved O2 (µmol L -1 ) and fluorescence-derived chlorophyll ɑ (Chl-ɑ) measurements were obtained from CTD sensors (SBE 911plus). Discrete samples were collected and analysed onboard for the calibration of sensor measurements of S (8410A Portasal salinometer), dissolved O2 (Metrohm 848 titrino plus; [START_REF] Ehrhardt | Methods of seawater analysis[END_REF] and Chl-ɑ concentrations (Turner Designs Trilogy Fluorometer 7500-000; [START_REF] Welschmeyer | Fluorometric analysis of chlorophyll a in the presence of chlorophyll b and pheopigments[END_REF]. The detailed Chl-ɑ methodology is described by [START_REF] Weir | Winter biogenic silica and diatom distributions in the Indian sector of the Southern Ocean[END_REF]. Strong correlations were obtained between sensor data and discrete samples with correlation coefficients of R 2 = 0.99 (S), R 2 = 0.83 (dissolved O2) and R 2 = 0.92 (Chl-ɑ), respectively. Potential density (σθ)

and potential temperature (θ) were calculated from in situ temperature and salinity measurements along the transect (Gill, 1982), using the python seawater package. These parameters were used to identify water masses and biogeochemical zones sampled along the transect. The mixed layer depth (MLD) was identified as the depth at which there was a change of 0.03 kg m -3 in σθ from a near-surface value at ~ 10 m depth (de Boyer Montégut, et al., 2004).

Macronutrient analysis

Seawater collected for macronutrient analyses was filtered through a 0.2 µm pore size syringe filter into 50 mL tubes (Falcon ® ) and stored frozen at -20°C until further analysis on land.

Samples were analysed three months after sample collection, for nitrate (NO3 -(µmol L -1 )), phosphate (PO4 3-(µmol L -1 )) and silicic acid (Si(OH)4 (µmol L -1 )) concentrations, at the Marine Biogeochemistry Laboratory at the University of Cape Town (MBL-UCT). NO3 -and Si(OH)4 concentrations were measured using a Lachat Quick-Chem flow injection autoanalyzer [START_REF] Wolters | Determination of Silicate in Brackish or Seawater by Flow Injection Analysis[END_REF][START_REF] Egan | Determination of nitrate and/or nitrite in brackish or seawater by flow injection analysis[END_REF], with precisions of ± 0.4 µmol L -1 and ± 0.2 µmol L -1 , and detection limits (the lowest calibration standard) of 0.1 µmol L -1 and 0.2 µmol L -1 , respectively.

PO4 3-concentrations were determined by the manual colorimetric method (Thermo Scientific Genesis 30 Visible spectrophotometer) as described by [START_REF] Ehrhardt | Methods of seawater analysis[END_REF], with a precision of ± 0.06 µmol L -1 and a detection limit (the lowest calibration standard) of 0.05 µmol L -1 . The detailed methodology is described by [START_REF] Weir | Winter biogenic silica and diatom distributions in the Indian sector of the Southern Ocean[END_REF].

dFe analysis

Seawater samples collected for dissolved Fe (dFe) were analyzed ~ 9 months after collection, using inline pre-concentration (x50) SeaFAST pico (Elemental Scientific Inc., ESI) and sector field inductively coupled plasma mass spectrometry (SF-ICP-MS, Element XR Thermo Scientific) [START_REF] Lagerström | Automated on-line flow-injection ICP-MS determination of trace metals (Mn, Fe, Co, Ni, Cu and Zn) in open ocean seawater: Application to the GEOTRACES program[END_REF]. All sample processing and analyses were conducted under a class 100 HEPA filtered laminar flow hood in a trace metal clean laboratory, following the GEOTRACES protocols (Cutter et al. 2017). A spike of 1 µg L -1 indium (In) was used as an internal standard to correct for instrument drift. The detection limit, defined as three times the standard deviation of the blanks (acidified Milli Q water), was 0.042 nmol L -1 (n = 7). The mean percentage error of analyses was 19.5 ± 17.8% (mean ± SD, n = 56), which was determined by the repeat analysis of random samples. Analysis of GEOTRACES SAFe S and SAFe D1 reference seawaters was used for the assessment of method accuracy. Concentrations obtained (0.104 ± 0.004 nmol L -1 , mean ± SD, n = 2, and 0.975 ± 0.120 nmol L -1 , mean ± SD, n = 9, respectively) were in good agreement with consensus values (0.095 ± 0.008 nmol L -1 ; 0.95 ± 0.02 nmol L -1 , respectively). The North Pacific GSP and GSC reference seawaters were also analysed and calibrated against the SAFe reference seawater. These were then used as internal standards, using the calibrated values as the acceptance criteria (0.162 ± 0.033 nmol L -1 , n = 9; 1.881 ± 0.238 nmol L -1 , n = 7; mean ± SD, for consensus values of 0.155 ± 0.045 nmol L -1 and 1.535 ± 0.115 nmol L -1 , respectively).

AOU as a proxy for remineralised dFe

Temperature and salinity measurements were used to calculate AOU as described by [START_REF] Weiss | The solubility of nitrogen, oxygen and argon in water and seawater[END_REF], using Eq. 1 (Ito and Follows, 2005).
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Where AOU is expressed in µmol L -1 , T is the in situ temperature, S is the in situ salinity and O2,sat is the surface saturated O2 concentration as calculated for the corresponding in situ temperature and salinity. [O2] is the in situ dissolved O2 concentration, expressed in µmol L -1 .

Using PO4 3-and AOU profiles, the remineralisation depth range was identified as the depth where both parameters start increasing at the base of the MLD down to the depth where the concentrations either stay constant or start decreasing (Figure 2.2, green shaded area). PO4 3- concentrations from within the remineralisation depth range were then plotted against the corresponding AOU concentrations, for each station, and least squares linear regressions were applied to each plot. Using the intercepts of the linear regressions, pre-formed PO4 3- concentrations were estimated. We then estimated the maximum remineralised dFe concentrations attainable without the removal of Fe via scavenging, by multiplying the estimated remineralised [PO4 3-] by a Fe:P (mmol mol -1 ) ratio of 0.54 (Eq. 2). The Fe:P ratio is an estimate of the stoichiometries of remineralised cellular components from diatoms in the upper 100 m of the water column, from a Southern Pacific Ocean study (Twining et al., 2014).

This ratio is also comparable to the Fe:P ratio (0.47) used in a global biogeochemical model by Parekh et al. (2005). The approach used is based on the theory of first-order governing processes as explained by [START_REF] Tagliabue | The integral role of iron in ocean biogeochemistry[END_REF] and references therein, assuming that subducted (pre-formed) and remineralised dFe are the only two forms of dFe present in the mesopelagic zone, which is the case for PO4 3-(Tagliabue et al., 2019). Although this approach is an overly simplified version of the processes governing the magnitude of observed remineralised dFe in the mesopelagic zone, not taking into account scavenging and other external sources, as well as assuming a constant Fe:P ratio, we do believe that this does give an acceptable estimate of the maximum remineralised [dFe] attainable in the study area, prior to removal via scavenging, which is yet to be quantified [START_REF] Tagliabue | The integral role of iron in ocean biogeochemistry[END_REF]2019;Boyd et al., 2017). It must, however, be acknowledged that the [dFe] observed in the mesopelagic zone is the net remineralised dFe as a result of the balance between remineralisation and scavenging fluxes (Tagliabue et al., 2019), and not the maximum estimated remineralised [dFe].
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Significant correlations between dFe and AOU (R 2 = 0.67 up to R 2 = 0.96; p-value < 0.05:

Figure A1) and dFe and PO4 3-(R 2 = 0.44 up to R 2 = 0.94; p-value < 0.05: Figure A2), obtained for the study area, supports the assumption that remineralisation is the dominant source of dFe observed in the mesopelagic zone, at the time of sampling. This is further discussed in section 2.4.3.

Quantifying physical supply terms of dFe to the surface mixed layer

Physical supply terms were calculated assuming that the winter dFe distribution measured along the transect was the initial state for the annual supply to the surface mixed layer (see discussion, section 2.4.3). Diapycnal diffusion was estimated as described by [START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF], where the change in dFe concentration at the MLD was multiplied with the vertical diffusivity constant (kz) of 10 -4 m 2 s -1 [START_REF] Cisewski | Upper-ocean vertical mixing in the Antarctic Polar Front Zone[END_REF]. Vertical Ekman pumping (downwelling/upwelling) was determined by multiplying the mean wind stress curl of the month of sampling (m d -1 ; [START_REF] Tsujino | JRA-55 based surface dataset for driving ocean-sea-ice models (JRA55-do)[END_REF] with the concentration directly beneath the MLD [START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]. Lateral advection was estimated as described by De Jong et al.

(2012), where the northward surface current velocity (m s -1 ) was multiplied by the latitudinal gradient in surface dFe concentration (δdFe/δx), where x is the distance from the southernmost station (m) and the current velocity product was processed by SSALTO/DUACS and distributed by AVISO+ (https://www.aviso.altimetry.fr) with support from CNES. Winter entrainment was estimated as the integrated dFe concentration of the maximum MLD (Table A1), obtained from ARGO data for the year of sampling (Achterberg et al., 2018;[START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]. The ARGO data were collected and made freely available by the International Argo

Program and the national programs that contribute to it (https://argo.ucsd.edu, https://www.ocean-ops.org). The Argo Program is part of the Global Ocean Observing System.

Statistical analysis

The least squares regression method was used for the assessment of correlation significance (Barbur et al., 1994). Significant differences between zones and between regression slopes were tested using Welch's t-test, with an alpha of 0.05 (95% confidence level) (Kokoska and Zwillinger, 2000).

Macronutrients and Chl-ɑ distributions

NO3 -and PO4 A3). Profiles exhibited the expected nutrient distributions with a surface minimum, increasing with depth. In general, concentrations were higher south of the PF, decreasing northwards, at corresponding depths.

Surface water NO3 -and PO4 3-concentrations decreased tenfold from 28.5 ± 1.6 μmol L -1 and 1.91 ± 0.11 μmol L -1 (median ± SD, n = 13), respectively, in the AZ, down to 2.80 ± 0.41 μmol L -1 and 0.20 ± 0.02 μmol L -1 (median ± SD, n = 4), respectively, in the STZ (Figure 2.4a & b;

Table A3). A3). A sharp decrease was observed in surface water concentrations across the PF, with concentrations of 44.73 ± 10.05 μmol L -1 (median ± SD, n = 13) in the AZ, decreasing down to 2.91 ± 0.02 μmol L -1 (median ± SD, n = 4) at the northernmost station, in the STZ.

Concentrations increased with depth, the highest concentrations being measured in AABW, at 124.07 ± 9.45 μmol L -1 (median ± SD, n = 9; Figure 2.4c; Table A3).

To determine if significant changes occurred in nutrient concentrations across water masses, statistical tests were run on data split between water masses (Figure 2.4a-c, Table A3 andA4).

NO3 -and PO4 3-concentrations [START_REF] Weir | Winter biogenic silica and diatom distributions in the Indian sector of the Southern Ocean[END_REF] decreased significantly northwards, in surface and intermediate water masses, whereas concentrations in AABW and NADW were not significantly different (Table A4). For both NO3 -and PO4 Si(OH)4 concentrations [START_REF] Weir | Winter biogenic silica and diatom distributions in the Indian sector of the Southern Ocean[END_REF] were significantly lower in SASW and STSW when compared to AASW concentrations (Table A4), as is the general latitudinal distribution of this macronutrient throughout the SO during summer months [START_REF] Janssen | Trace metal and nutrient dynamics across broad biogeochemical gradients in the Indian and Pacific sectors of the Southern Ocean[END_REF]. Si(OH)4 concentrations [START_REF] Weir | Winter biogenic silica and diatom distributions in the Indian sector of the Southern Ocean[END_REF]) also increased significantly across water masses with depth and southwards, increasing 10-fold southwards and with depth, from AAIW, in the SAZ, to maximum concentrations in AABW, in the AZ (Figure 2.4c, Table A3 andA4). In the STZ, all macronutrients were depleted in STSW, characteristic of this oligotrophic region [START_REF] Sedwick | Resource limitation of phytoplankton growth in the Crozet Basin, Subantarctic Southern Ocean[END_REF], increasing significantly with depth from SICW up to a maximum in NADW (Figure 2.4a-c; Table A3 andA4).

Chl-ɑ concentrations were low along the transect, ranging from values close to zero up to 0.52 μg L -1 , in the upper 200 m of the water column [START_REF] Weir | Winter biogenic silica and diatom distributions in the Indian sector of the Southern Ocean[END_REF] (Figure 2.3d). The lowest concentrations were observed in the AZ at 0.18 ± 0.11 μg L -1 (mean ± SD, n = 16), increasing northwards up to 0.32 ± 0.17 μg L -1 (mean ± SD, n = 26) in the SAZ and STZ.

dFe distributions

Dissolved Fe concentrations along the transect ranged from 0.018 to 0.728 nmol L -1 , increasing northwards and with depth (Figure 2.5). Profiles exhibited the expected hybrid distribution of depletion in surface waters, a subsurface increase and then reaching relatively constant values in deep waters [START_REF] Bruland | Controls of Trace Metals in Seawater[END_REF]. When dividing dFe concentrations into their respective water masses, median concentrations increased significantly northwards, across zones within each water mass type, namely, surface, intermediate and deep water masses (Figure 2.4d, Table A3 andA4). Surface water concentrations increased significantly from 0.05 ± 0.04 nmol L -1 (median ± SD, n = 13) in the AZ up to 0.11 ± 0.06 nmol L -1 (median ± SD, n = 18), in the SAZ, and 0.14 ± 0.04 nmol L -1

(median ± SD, n = 4), in the STZ. In intermediate waters there was a significant increase northward from 0.24 ± 0.12 nmol L -1 (median ± SD, n = 23) in the AZ to 0.44 ± 0.15 nmol L -1

(median ± SD, n = 26) in the SAZ and 0.44 ± 0.05 nmol L -1 (median ± SD, n = 5) in the STZ.

Deep water concentrations also increased significantly northwards from 0.40 ± 0.06 nmol L -1 (median ± SD, n = 9) in the AZ up to 0.55 ± 0.08 nmol L -1 (medium ± SD, n = 15) in the SAZ and STZ. Concentrations also increased significantly with depth, from surface to intermediate waters, in agreement with the expected remineralisation signal (Figure 2.4d; Table A3 andA4 (Parekh et al., 2005). Along the transect Fe* was mostly negative in surface water masses, increasing northwards from -1.07 up to 0.07 (-0.58 ± 0.39; mean ± SD, n = 35), indicating Fe limitation with respect to PO4 3-. Fe* was close to zero in the STZ, at TM8 (41°S), at 0.03 ± 0.04 (mean ± SD, n = 4; Figure 2.6), indicating that phytoplankton in these waters were about equally limited by PO4 3-as they were Fe limited. (mean ± SD, n = 6988) south of the PF and 150 ± 7 μmol L -1 (mean ± SD, n = 5478) northwards.

Strong statistically significant correlations (R 2 = 0.78 up to R 2 = 0.98; p-value < 0.05) were obtained for all regressions of PO4 3-against AOU for all stations along the transect (Figure 2.7). Pre-formed PO4 3-concentrations, identified as the intercept of each regression, ranged from 1.97 μmol L -1 in the AZ down to zero in the STZ (assuming that a negative intercept indicates zero pre-formed PO4 3-). The percentage [dFerem] was above 50% at all stations along the transect and also above 100% at all stations, except TM2 (Figure 2.8b). The percentage [dFerem] values ranged from 58 ± 0.7% in the AZ up to 160 ± 1.6% in the SAZ, with no particular latitudinal trend. Plateau, which can skew our perception of the general distribution of dFe in the SIO with higher concentrations downstream of the Kerguelen Plateau due to natural fertilisation from the plateau [START_REF] Blain | A biogeochemical study of the island mass effect in the context of the iron hypothesis: Kerguelen Islands, Southern Ocean[END_REF][START_REF] Egan | Determination of nitrate and/or nitrite in brackish or seawater by flow injection analysis[END_REF][START_REF] Bowie | Biogeochemical iron budgets of the Southern Ocean south of Australia: Decoupling of iron and nutrient cycles in the subantarctic zone by the summertime supply[END_REF][START_REF] Bucciarelli | Iron and Manganese in the wake of the Kerguelen Islands (Southern Ocean)[END_REF]Tagliabue et al., 2012). Furthermore, observations have been concentrated during austral spring and summer, leaving questions unanswered with regard to the seasonal cycle of dFe distributions (Figure 2.9). Intra-basin comparisons between the SAZ and AZ dFe concentrations revealed no significant differences in the Indian basin (Figure 2.10; Table A5 andA6 When conducting an inter-basin comparison, we observed that SAZ surface waters were only significantly higher in the Pacific when compared to the Indian basin, with no significant differences in these water masses between the Atlantic and the Indian or Pacific basin (Figure 2.10; Table A5 andA6 In order to assess if these trends change during austral winter, an inter-basin comparison was done between the three winter studies (Figure 2.11; Ellwood et al., 2008;Mtshali et al., 2019; This study). Winter observations in the Pacific and Atlantic basins were limited to the SAZ, therefore only SAZ data from this study was included in the comparison (Table A5). A significant increase in dFe concentrations, for all depth bins, was observed from the Pacific to the Atlantic basin (Table A5 andA6), whereas concentrations in surface and intermediate waters of the Indian and Atlantic basins were not significantly different (Table A6).

Discussion

SO dFe compilation -open ocean observation comparisons

Concentrations in Atlantic deep waters were significantly higher than in deep waters of the Pacific and Indian basins, whereas deep waters in the Indian and Pacific basins were not significantly different during winter (Table A6). A5). Median dFe concentrations in the Indian basin were not significantly different between winter and summer observations, in surface or intermediate waters (Table A6). Pacific basin surface and intermediate water median dFe concentrations were surprisingly significantly higher during summer than in winter, whereas deep water median concentrations were not significantly different (Table A6). Although median dFe concentrations in the Atlantic basin were higher in winter than in summer, for all depth bins, only deep waters were significantly higher (Table A6). The seasonal comparison of available data did not reveal any significant surface or intermediate water replenishment at the three winter study locations, during July.

Seasonal, intra-and inter-basin trends in dFe concentrations can be linked to variable magnitudes of fluxes, biological uptake, internal cycling and sources of dFe, as well as water mass age (Table 2.1; De Jong et al., 2012, 2015;Ellwood et al., 2008, Tagliabue et al., 2012).

The generally higher dFe concentrations in the Atlantic basin could be explained by relatively larger inputs of dFe via zonal lateral advection (De Jong et al., 2012;Tagliabue et al., 2012) from the Antarctic Peninsula and the islands east thereof [START_REF] Bowie | Biogeochemical iron budgets of the Southern Ocean south of Australia: Decoupling of iron and nutrient cycles in the subantarctic zone by the summertime supply[END_REF][START_REF] Boyd | FeCycle: Attempting an iron biogeochemical budget from a mesoscale SF6 tracer experiment in unperturbed low iron waters[END_REF], in conjunction with the hydrodynamics of the Drake passage and the mid-Atlantic ridge facilitating the vertical mixing of dFe-enriched deep waters. The general trend of dFe concentrations across SO basins also suggests that the distribution of dFe concentrations within the SO may be linked to water mass age (Ellwood et al., 2008), where a decrease in dFe concentrations is observed as water masses age from the youngest in the Atlantic basin to the oldest in the Pacific, due to the relatively short residence time of dFe in the marine environment [START_REF] Croot | The distribution and speciation of iron along 6°E in the Southern Ocean. Deep-Sea Research Part II[END_REF][START_REF] Sarthou | Atmospheric iron deposition and sea-surface dissolved iron concentrations in the eastern Atlantic Ocean[END_REF].

Overall, we did not observe higher dFe concentrations in the AZ when compared to the SAZ, as was observed in the compilation study by Tagliabue et al. (2012). It has also been speculated that biological activity can influence trends in dFe distributions, resulting in higher unused dFe in the AZ due to higher PP in the SAZ than in the AZ [START_REF] Arrigo | Primary production in the Southern Ocean, 1997-2006[END_REF]Tagliabue et al., 2012). This theory would align with the intra-basin trend observed in the Atlantic basin, but not in the Pacific or Indian basins. The link to PP was also not observed for the inter-basin comparisons, which was also the case in the study by Tagliabue et al. (2012) occurs at all. Although significant differences were observed between certain data bins of this compilation, there is overlap across all data bins due to the variance within data bins. The question comes to mind that even when there are statistically significant differences, will these differences necessarily result in biogeochemical differences across zones, basins or seasons. It does appear that this is only apparent in the Atlantic basin where PP is notably higher than in the Indian and Pacific basins [START_REF] Arrigo | Primary production in the Southern Ocean, 1997-2006[END_REF].

Early winter dFe and macronutrients distributions along 30°E

Early winter dFe concentrations in the HNLC SIO exhibited no surface water replenishment, with strong upper surface water depletion along the transect (Figure 2.5). The depleted dFe concentrations in surface waters observed along the transect resembled end of summer conditions, prior to the expected winter mixing replenishment to surface waters (Mtshali et al., 2019;[START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]. Indeed, the negative Fe* values along the transect (Figure 2 A3). Si(OH)4 concentrations increased 10-fold southwards and with depth to maximum concentrations in AABW, due to continental margin inputs along the Antarctic shelf (Figure 2.4c; Table A3). In the STZ, all macronutrient and dFe concentrations were depleted in STSW, characteristic of this oligotrophic region [START_REF] Sedwick | Resource limitation of phytoplankton growth in the Crozet Basin, Subantarctic Southern Ocean[END_REF]. A subsurface increase in dFe concentrations in the STZ might have been due to a continental margin input from the Mozambique channel via the Agulhas Return Current (ARC) (Figure 2.4; Table A3) (Grand et al., 2015, Pollard and[START_REF] Pollard | Circulation pathways and transports of the Southern Ocean in the vicinity of the Southwest Indian Ridge[END_REF]. During a summer study conducted by Grand et al. (2015), along the same transect, similar trends in dissolved and particulate Fe close to the Madagascar continental shelf, an area influenced by the ARC, gave evidence of a sedimentary influence on dFe distributions. In addition to remineralisation, upwelling of nutrient-rich NADW can also contribute to the increase in dFe concentrations observed in intermediate water masses, along the rest of the transect, south of the STF.

A data comparison at crossover stations in the SAZ, between this study and the summer study conducted by Grand et al. (2015), reveals a good agreement for PO4 3-and dFe concentrations between the two studies, within the AAIW density range (Figure 2.13). The deviation in salinity measurements in surface waters, between the two studies, could be due to freshwater inputs from summer rains, resulting in lower salinities during summer when compared to winter. The similarity observed for PO4 3-and dFe concentrations in the mesopelagic zone, between the two studies, conducted nine years apart, supports the hypothesis that remineralisation is the dominant process driving the distribution of these nutrients in intermediate waters of this SO region. Profiles of dFe and macronutrient concentrations exhibited peaks within the mesopelagic zone, indicative of subsurface remineralisation, forming the subsurface reservoir which is expected to be accessed via deep winter mixing for the replenishment of the surface mixed layer to initiate the upcoming spring bloom [START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]. In open water HNLC regions of the SO, remineralisation appears to be the dominant process driving the distribution of dFe in intermediate waters, throughout the year (Boyd and Ellwood, 2010;Tagliabue et al., 2019).

Sources, fluxes and remineralisation of dFe during winter

Several sources and processes can affect the distribution of dFe throughout the water column, namely, dust deposition, hydrothermal activity, continental margin runoff, sea ice melt, scavenging and remineralisation. Further physical transport mechanisms such as diapycnal diffusion, vertical Ekman pumping, lateral advection and winter entrainment also affect dFe distributions by supplying or removing dFe from the surface mixed layer [START_REF] De | Sources and fluxes of dissolved iron in the Bellingshausen Sea (West Antarctica): The importance of sea ice, icebergs and the continental margin[END_REF][START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]2017).

We are however not able to discuss all sources and processes with the data from this study and there are a few that can be disregarded due to minimal impact within the area sampled, or a lack of evidence thereof. Other than the subsurface input of dFe by the ARC, there was no further evidence of continental margin dFe inputs along the transect. Sea ice melt can also be disregarded along the transect as our southernmost station was more than 3° (356 km) north of the MIZ (de Jong et al., 2018). It has been previously observed that this localized source dominates as a dFe source within the MIZ but not in the open ocean [START_REF] De | Sources and fluxes of dissolved iron in the Bellingshausen Sea (West Antarctica): The importance of sea ice, icebergs and the continental margin[END_REF]. The lack of spatial variability in surface water dFe concentrations along the transect, except the slight increase from the PF northwards, excludes any obvious evidence of sub-mesoscale features such as eddies or significant atmospheric deposition, along the transect [START_REF] Lévy | Bringing physics to life at the submesoscale[END_REF]; however, the relatively low resolution of sampling could have resulted in the inability to identify these features in our dataset. Dust deposition has previously been thought to be a major source of Fe to surface waters but the vastness of the SO and scarcity of land masses make it a very localized source within the SO [START_REF] Jickells | The Importance of Atmospheric Deposition for Ocean Productivity[END_REF]. Recently there have, however, been studies highlighting the significance of soluble anthropogenic Fe aerosols (fossil fuel, biofuel, fire, etc.) which are more soluble than mineral Fe dust, possibly making this a dominant soluble aerosol Fe source to surface waters over large areas of the SO (Conway et al., 2019). A study conducted along the 30°E line during summer, however, found no evidence of significant dust deposition (Grand et al., 2015).

Hydrothermal Fe inputs have previously been thought to be mostly lost close to the source and were therefore not considered as a source of Fe to surface waters [START_REF] Bruland | Controls of Trace Metals in Seawater[END_REF]. This is however no longer the consensus with regard to this source as it has been uncovered

that Fe from hydrothermal sources can be transported over large distances due to the stabilisation of dFe by organic ligands [START_REF] Bennett | The distribution and stabilisation of dissolved Fe in deep-sea hydrothermal plumes[END_REF][START_REF] Hawkes | The stabilisation and transportation of dissolved iron from high temperature hydrothermal vent systems[END_REF] and/or the formation of small inorganic nanoparticles in the colloidal size fraction [START_REF] Yücel | Hydrothermal vents as a kinetically stable source of iron-sulphide-bearing nanoparticles to the ocean[END_REF][START_REF] Fitzsimmons | Iron persistence in a distal hydrothermal plume supported by dissolved-particulate exchange[END_REF], and is therefore a significant component of the oceanic Fe budget [START_REF] Tagliabue | Hydrothermal contribution to the oceanic dissolved iron inventory[END_REF]2017). The 30°E line crosses over the Southwest Indian Ridge (SWIR), an ultraslow spreading ridge at ~ 14 mm yr -1 (Sauter and Cannat, 2010). The spreading rate of a ridge has been linked to the dispersion of hydrothermal inputs [START_REF] Tagliabue | Hydrothermal contribution to the oceanic dissolved iron inventory[END_REF], it would therefore seem unlikely that there would be significant hydrothermal influence along the 30°E line. However, the topography of the SWIR enhances the flow and mixing of deep waters up to the surface and a recent study has found evidence of large phytoplankton blooms fuelled by Fe inputs from hydrothermal vents in this region [START_REF] Ardyna | Hydrothermal vents trigger massive phytoplankton blooms in the Southern Ocean[END_REF]. Although we did not observe any obvious evidence of hydrothermal inputs in our dFe dataset, inputs from vents along the SWIR could have influenced the preceding spring and summer bloom, thereby impacting the intermediate water remineralisation signal.

To assess the possible pathways of surface mixed layer dFe replenishment, the ferricline depth was determined for each station (Table A2). The ferricline is defined as the subsurface depth in the AZ, up to a maximum of 73.11 ± 2.11 μmol m -2 yr -1 at TM8 (41°S), in the STZ. The total surface mixed layer dFe fluxes, when summing the estimated fluxes, increased from -1.17 ± 3.50 μmol m -2 yr -1 at the southernmost station up to 80.76 ± 21.63 μmol m -2 yr -1 in the STZ.

Winter entrainment was the largest positive flux at most stations along the transect, as has been observed in previous studies (Achterberg et al., 2018[START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]. The northward increase of the winter entrainment flux into the surface mixed layer was consistent with the increase in subsurface dFe concentrations, which would be accessed by the deepening of the winter MLD. The only station where winter entrainment was not the largest flux was TM5 (48°S), where vertical Ekman pumping surpassed winter entrainment. The relatively larger input of dFe by vertical Ekman pumping estimated at 48°S can be linked to the upwelling of NADW. At stations where the separation between the MLD and the ferricline was relatively small (TM1, TM2 and TM8; Figure 2.14), diapycnal diffusion was a relatively larger dFe flux when compared to other fluxes. Diapycnal diffusion was highest at the STZ station (41°S), which can be expected as this was the station at which the ferricline was at the same depth as the MLD and the subsurface waters were dFe-enriched due to the continental margin input via the ARC (Grand et al., 2015). Equatorward lateral advection fluxes were either low or negative at all other stations, making it mostly a loss term along the transect. Vertical Ekman pumping dFe fluxes had a distinct latitudinal trend, increasing from negative values in the AZ to positive (upwelling) values in the PFZ and SAZ, with a maximum value at 48°S, decreasing down to negative values in the STZ, indicating a loss of dFe from the surface mixed layer via downwelling.

Due to the lack of SO winter dFe observations, previous dFe flux estimates have been biased

to summer observations. With that being said, our estimates were generally within the same range as previously published fluxes throughout the SO (Table 2.1), with the exception of our STZ station where entrainment and diffusion fluxes were notably higher. The similarity in fluxes across seasons, throughout the SO, and the lack of significant differences in dFe concentrations detected in the seasonal comparison, suggests a weak seasonal cycle with regard to the distributions and vertical fluxes of dFe in the western SIO.

Chapter 2: All dFe fluxes into the surface mixed layer are dependent on the subsurface dFe concentrations and a dominant process in these intermediate waters of the SO is remineralisation, which is believed to replenish the winter reservoir in HNLC regions [START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]. In situ integrated subsurface dFe concentrations exhibited the same latitudinal trend but all significantly lower than the corresponding maximum attainable remineralised dFe estimates, with the exception of the station at 56°S. All percentages of remineralised dFe were well above 100%, indicating the presence of a significant sink, which can be assumed to be scavenging.

The lowest percentage remineralised Fe at 56°S can be an indication of a subsurface source other than remineralisation at this latitude. These estimates of remineralised dFe support the hypothesis that phytoplankton are heavily reliant on remineralisation and as the bloom season progresses remineralisation becomes increasingly crucial in Fe-limited regions of the open SO [START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]. The determination of remineralised dFe concentrations is, however, dependent on Fe:P:O2 cellular ratios, which were assumed to be constant along the transect (Ito and Follow, 2005;Twining et al., 2014). It cannot, however, be disregarded that deviations in cellular ratios can introduce errors in the estimates of remineralised dFe. Aside from the deviations of cellular ratios, scavenging is also a significant process which does not influence PO4 (Tagliabue et al., 2019). It can therefore be assumed that our estimates of maximum attainable remineralised Fe are acceptable estimates, prior to the correction for scavenging, which has yet to be accurately quantified within the SO (Tagliabue et al., 2019).

Assuming 100% remineralisation of Fe in the mesopelagic zone along the transect of this study, it can be assumed that a minimum of 20 to 60% of subsurface remineralised Fe has been lost via scavenging (Figure 2.8).

Considering the strong correlations obtained from the linear regressions of subsurface dFe to AOU, these regressions can be used to estimate the Fe:C (µmol mol -1 ) ratios of remineralised particles (Achterberg et al., 2018). The slopes of dFe:AOU ranged from 0.0012 ± 0.0003 to 0.0037 ± 0.0003 nmol µmol -1 (Figure A1). Using the AOU:C ratio of 1.39 [START_REF] Anderson | On the hydrogen and oxygen content of marine phytoplankton[END_REF], we estimated a range of Fe:C ratios of 1.7 ± 0.4 to 5.1 ± 0.4 µmol mol -1 (3.55 ± 1.21 µmol mol - 1 , n = 7; mean ± SD), in agreement with reported SO Fe:C ratios of 1.5 -8.0 µmol mol -1 [START_REF] Abraham | Importance of stirring in the development of an iron-fertilized phytoplankton bloom[END_REF][START_REF] Fung | Iron supply and demand in the upper ocean[END_REF][START_REF] Sunda | Control of dissolved iron concentrations in the world ocean: A comment[END_REF][START_REF] Sarthou | The fate of biogenic iron during a phytoplankton bloom induced by natural fertilisation: Impact of copepod grazing[END_REF]Tagliabue et al., 2019). The mean dFe:PO4 3-(0.37 ± 0.19 mmol mol -1 , n = 7; mean ± SD) from linear regressions from this study (Figure A2) is also similar to the literature value of cellular Fe:P (0.54 mmol mol -1 ; Twining et al., 2014), which is evidence that remineralisation was in fact the dominant process, in the mesopelagic zone of this region at the time this study, especially since this ratio can also be affected by many other environmental factors.

Conclusion

The were lower than co-located summer observations (Figure 2.12). The general basin scale trend in dFe concentrations is in agreement with higher inputs in the Atlantic basin via large zonal lateral advection from the Western Antarctic Peninsula, and also that dFe concentrations can be linked to water mass age (Table 2.1; De Jong et al., 2012, 2015;Ellwood et al., 2008). The biogeochemical significance of these differences can, however, only be observed by the higher PP in the Atlantic basin, when compared to the rest of the SO [START_REF] Arrigo | Primary production in the Southern Ocean, 1997-2006[END_REF].

Early Various dFe fluxes into the surface mixed layer were estimated, namely, winter entrainment, diapycnal diffusion, vertical Ekman pumping and lateral advection (Figure 2.16). As has been observed in previous studies (Achterberg et al., 2018;[START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF], winter entrainment was generally the largest surface mixed layer dFe input pathway along the transect, increasing northwards to a maximum in the STZ. Fluxes in the STZ were noticeably higher than the rest of the transect, which was not unexpected because of the continental margin influence in the subsurface waters at this latitude. Diapycnal diffusion, previously thought to be a rather insignificant vertical supply of dFe (Achterberg., 2018;[START_REF] De | Sources and fluxes of dissolved iron in the Bellingshausen Sea (West Antarctica): The importance of sea ice, icebergs and the continental margin[END_REF][START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF], was relatively larger than other fluxes at stations in the AZ and STZ, where the separation between the ferricline and the MLD was relatively small. In the PFZ vertical Ekman pumping overtook winter entrainment as the largest flux of dFe into the surface mixed layer, which could be due to the upwelling of NADW in this region. Overall, fluxes were generally in the same range as previous studies in the SO (Table 2.1), which were mostly determined using summer observations, indicating that the supply of dFe to the surface mixed layer could lack a distinct pulse of resupply but rather be a somewhat steady-state of yearround supply and removal.

Remineralisation has previously been identified as a dominant source of subsurface dFe replenishment in open waters of the SO, where external inputs are minimal [START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]2019). Our estimates exhibit a steady increase in subsurface remineralised dFe stocks northwards from the AZ, and that up to 100% of subsurface dFe is possibly remineralised, with the exception of the station at 56°S where there could be an unaccounted for subsurface input.

These estimates also indicate that a possible loss of at least 20 to 60% of subsurface dFe via scavenging is detected during winter. Estimates of Fe:C (3.55 ± 1.21 µmol mol -1 , n = 7; mean ± SD) and Fe:P (0.37 ± 0.19 mmol mol -1 , n = 7; mean ± SD) ratios determined during this study, from subsurface dissolved phase observations, are in good agreement with published SO phytoplankton cellular ratios. These ratios give further evidence that remineralisation is the dominant process in the mesopelagic zone of the open waters of the SIO during winter. It can be proposed that the magnitude of subsurface replenishment of dFe via remineralisation influences dFe fluxes into the surface mixed layer, which in turn will sustain primary production in the coming bloom season.

Chapter 3: Early winter barium excess in the Southern Indian Ocean as an annual remineralisation proxy (GEOTRACES GIPr07 cruise)

primary productivity (PP), throughout the SO from data spanning ~ 20 years, advocating for a possible annual timescale of this proxy. The percentage of mesopelagic POC remineralisation as calculated from estimated POC remineralisation fluxes over integrated remotely sensed PP was ~ 2 fold higher south of the polar front (19 ± 15 %, n = 39) than north of the polar front (10 ± 10 %, n = 29), revealing the higher surface carbon export efficiency further south. By linking integrated remotely sensed PP to mesopelagic Baxs stock we could obtain better estimates of carbon export and remineralisation signals within the SO on annual and basin scales.

Introduction

The Southern Ocean (SO) is a carbon sink of global significance responsible for 40 -50 % of the global oceans' carbon uptake (Friedlingstein et al., 2019;[START_REF] Gregor | A comparative assessment of the uncertainties of global surface ocean CO2 estimates using a machine-learning ensemble (CSIR-ML6 version 2019a)-Have we hit the wall?[END_REF][START_REF] Gruber | The variable southern ocean carbon sink[END_REF]. Oceanic carbon uptake is regulated by various processes, including the biological carbon pump (BCP). Inorganic carbon is consumed and released by photosynthetic organisms through photosynthesis and respiration [START_REF] Sarmiento | Ocean Biogeochemical Dynamics[END_REF], thereby regulating the earth's carbon cycle by partially sequestering photosynthetically fixed CO2 in the ocean interior [START_REF] Honjo | Understanding the role of the biological pump in the global carbon cycle: An imperative for ocean science[END_REF]. In particular, the SO BCP is a crucial contributor to the earth's carbon cycle by exporting, from surface waters, ~ 3 Pg C yr -1 of the ~ 10 Pg C yr -1 global export production [START_REF] Schlitzer | Carbon export fluxes in the Southern Ocean: Results from inverse modeling and comparison with satellite-based estimates[END_REF]. The efficiency of the BCP is linked to the export and preservation of surface particulate matter and is directly linked to atmospheric CO2 levels, on glacialinterglacial timescales [START_REF] Honjo | Understanding the role of the biological pump in the global carbon cycle: An imperative for ocean science[END_REF][START_REF] Sigman | The polar ocean and glacial cycles in atmospheric CO2 concentration[END_REF].

Sedimentation out of the surface layer (~100 m) is defined as surface export and out of the mesopelagic zone (~1000 m) as deep export (Passow and Carlow, 2012). There are large gaps in our knowledge with regard to deep carbon export, internal cycling and the seasonality of these processes [START_REF] Takahashi | The changing carbon cycle in the southern ocean[END_REF]. The magnitude of deep carbon export is dependent on the efficiency of mesopelagic remineralisation [START_REF] Jacquet | Early spring mesopelagic carbon remineralization and transfer efficiency in the naturally iron-fertilized Kerguelen area[END_REF] which can balance or even exceed particulate organic carbon (POC) surface export, especially later in the growing season, thereby limiting deep export [START_REF] Buesseler | Shedding light on processes that control particle export and flux attenuation in the twilight zone of the open ocean[END_REF][START_REF] Cardinal | Variations of carbon remineralisation in the Southern Ocean illustrated by the Baxs proxy[END_REF][START_REF] Jacquet | Twilight zone organic carbon remineralization in the Polar Front Zone and Subantarctic Zone south of Tasmania[END_REF][START_REF] Jacquet | Early spring mesopelagic carbon remineralization and transfer efficiency in the naturally iron-fertilized Kerguelen area[END_REF]Lemaitre et al., 2018;Planchon et al., 2013). A possible explanation for imbalances between surface export and mesopelagic processes can be lateral advection of surface waters with lower particle export relative to the mesopelagic signal (Planchon et al., 2013). It is also possible that continued remineralisation of earlier larger export fluxes is detected in the mesopelagic signal but not in the export fluxes of in situ observations (Planchon et al., 2013).

In addition to this, the efficiency of remineralisation is influenced by the size and composition of exported particles (Rosengard et al., 2015;Twining et al., 2014) as well as the pathway by which these particles are transported downwards (e.g., eddy-subduction, active migration, sinking or mixing) from the surface mixed layer to the mesopelagic zone (Boyd et al., 2019;Le Moigne, 2019), creating an intricate web of processes to disentangle. Mesopelagic remineralisation has also been shown to be influenced by environmental factors, such as temperature, phytoplankton community structure and nutrient availability [START_REF] Bopp | Multiple stressors of ocean ecosystems in the 21st century: Projections with CMIP5 models[END_REF][START_REF] Buesseler | Shedding light on processes that control particle export and flux attenuation in the twilight zone of the open ocean[END_REF]. Indeed, nutrient limitation in surface waters limits export and consequently mesopelagic remineralisation by promoting the shift to smaller phytoplankton assemblages that preferentially take up recycled nutrients in the surface mixed layer (Planchon et al., 2013). Phytoplankton community composition exerts an important control where diatoms are more efficiently exported, due to their large size and ballasting by biogenic silica, compared to smaller non-diatom phytoplankton [START_REF] Armstrong | Settling velocity spectra and the ballast ratio hypothesis[END_REF][START_REF] Buesseler | The decoupling of production and particulate export in the surface ocean[END_REF][START_REF] Ducklow | Upper ocean carbon export and the biological pump[END_REF]. Latitudinal trends in remineralisation efficiency can also be linked to temperaturedependent heterotrophs that are responsible for remineralisation (DeVries and Weber, 2017;Marsay et al., 2015). The mesopelagic layer is under-studied, especially in the high latitudes, and therefore these processes are poorly constrained, despite their importance to global elemental cycles, including that of carbon (Le Moigne, 2019;Robinson et al., 2010).

Export and remineralisation tracers, such as 234 Th/ 238 U and apparent oxygen utilization (AOU),

have been used to study mesopelagic POC remineralisation fluxes [START_REF] Buesseler | Particle export during the Southern Ocean Iron Experiment (SOFeX)[END_REF]Planchon et al., 2013;Lemaitre et al., 2018). Surface export is set by the deficit of 234 Th activities over 238 U activities, while remineralisation processes are reflected by 234 Th/ 238 U ratios larger than 1 below the surface mixed layer integrating processes over a 2 to 3 week period [START_REF] Buesseler | Particle export during the Southern Ocean Iron Experiment (SOFeX)[END_REF]Planchon et al., 2013). AOU is the depletion of oxygen (O2) in the ocean interior relative to surface saturation, due to biological respiration, when surface water masses are subducted. AOU is dependent on salinity and temperature and integrates remineralisation on timescales of years to decades (Ito et al., 2004). Inaccuracies have, however, been detected with AOU as a remineralisation proxy, specifically in high latitude areas, due to O2 undersaturation as a consequence of large temperature gradients (Ito et al., 2004).

Barium excess (Baxs) is another proxy utilized to yield estimates of mesopelagic POC remineralisation fluxes. It is defined as the "biogenic" portion of particulate Barium (pBa) as barite crystals, formed by the decay of bio-aggregates below the surface mixed layer (Bishop, 1988;[START_REF] Dehairs | Discrete suspended particles of barite and the barium cycle in the open ocean[END_REF]Lam and Bishop, 2007;Legeleux and Reyss, 1996;[START_REF] Van Beek | 228Ra/226Ra and 226Ra/Ba ratios to track barite formation and transport in the water column[END_REF]. As these crystals are released, a Baxs peak is formed within the mesopelagic zone which has been found to correlate to primary production (PP), O2 consumption and POC remineralisation (Dehairs et al., 1997). Depth-integrated rates of O2 consumption between the base of the mixed layer and 1000 m were estimated using an inverse 1-D advection-diffusionconsumption model [START_REF] Shopova | A simple model of biogeochemical element distribution in the oceanic water column[END_REF] to develop a transfer function between the Baxs signal and the rate of surface POC export for subsequent mesopelagic remineralisation (Dehairs et al., 1997). Strong correlations have been obtained between the well-established export/remineralisation flux proxy 234 Th and Baxs, during studies conducted in the SO and the North Atlantic, confirming the validity of Baxs as a remineralisation proxy (Cardinal et al., Chapter 3: 97 2005;Lemaitre et al., 2018;Planchon et al., 2013). Estimates of POC remineralisation fluxes, using the Baxs proxy, are directly influenced by the background signal of Baxs, after partial dissolution and sedimentation from the previous bloom season. It can be thought of as "preformed Baxs'', defined as the Baresidual signal at zero O2 consumption [START_REF] Jacquet | Early spring mesopelagic carbon remineralization and transfer efficiency in the naturally iron-fertilized Kerguelen area[END_REF].

Because studies conducted in spring and summer suggest that the mesopelagic Baxs signal lasts between a few days to a few weeks (Dehairs et al., 1997;[START_REF] Cardinal | Variations of carbon remineralisation in the Southern Ocean illustrated by the Baxs proxy[END_REF][START_REF] Jacquet | Barium cycling along WOCE SR3 line in the Southern Ocean[END_REF]Jacquet et al., , 2008a)), it is postulated that winter measurements should give the true SO Baresidual value (Jacquet et al., 2008b[START_REF] Jacquet | Twilight zone organic carbon remineralization in the Polar Front Zone and Subantarctic Zone south of Tasmania[END_REF]. In this context, as part of a GEOTRACES process study (GIpr07) of a transect along 30°E in the Southern Indian Ocean (58.5°S to 41.0°S), we studied Baxs distributions during early austral winter (July 2017) to better constrain the SO Baresidual concentrations and the timescale of this proxy. To our knowledge these are the first reported wintertime values for this proxy in the SO.

Materials and Methods

Sampling and hydrography

During the GEOTRACES GIpr07 cruise, which took place in early austral winter (28 June -13

July 2017) onboard the R/V SA Agulhas II, seven stations were sampled along 30°E, from 58.5°S to 41.0°S (WOCE I06S, Figure 3.1a). At each station between 15 and 21 samples were collected from 25 m down to 1500 m, for shallow stations, and down to 4250 m, for deep stations, to be analysed for multiple parameters.

Positions of the fronts during the cruise were determined using the July monthly mean absolute dynamic topography data from the CLS/AVISO product (Rio et al., 2011), with boundary definitions from Swart et al. (2010). From north to south the identified fronts are, the Subtropical Front (STF), the Subantarctic Front (SAF), the Polar Front (PF), the Southern Antarctic Circumpolar Current Front (SACCf) and the Southern Boundary (SBdy) (Figure 3.1a). The marginal ice zone, identified as the position of 30 % ice cover, was positioned at Montégut, et al., 2004). Decreases in dissolved O2 concentrations at intermediate depths, together with Baxs concentrations, were used to define the mesopelagic remineralisation layer.

pBa and pAl

Profile sampling of the water column was conducted with a GEOTRACES compliant trace metal clean CTD housed on an epoxy coated aluminium frame with titanium bolts equipped with 24 x 12 L trace metal clean Teflon coated GO-FLO bottles (General Oceanics). All sampling and analyses were conducted following the GEOTRACES clean sampling and analysis protocols (Cutter et al., 2017). Volumes of 2 to 7 L seawater were filtered from the GO-FLO bottles onto acid-washed polyethersulfone filters (25 mm diameter, Supor, 0.45 µm pore size), for pBa and pAl analyses. Filters were mounted in-line on the side spigot of each Go-Flo bottle, on swinnex filter holders. Furthermore, bottles were mixed 3 times before filtration, as recommended by the GEOTRACES protocols (Cutter et al., 2017), to ensure homogenous sampling. Although the large fast-sinking fraction of particles may be undersampled by using bottles [START_REF] Bishop | A new large volume filtration system for the sampling of oceanic particulate matter[END_REF][START_REF] Planquette | Sampling for particulate trace element determination using water sampling bottles: Methodology and comparison to in situ pumps[END_REF], comparing data that were generated using the same, internationally validated sampling systems and protocols (Cutter et al. 2017), as we do in this study, minimises potential bias. After filtration, filters were placed in trace metal clean petri slides (Pall) and kept frozen at -20°C until further processing on land. Sample processing was conducted under a class 100 HEPA filtered laminar flow and extraction hood in a clean laboratory.

The pBa and pAl samples were processed and analysed 6 months after sample collection, at LEMAR (France). Unused blank filters and filters containing the samples were acid reflux digested at 130°C in acid-cleaned savillex vials using a mixture of HF and HNO3 (both Ultrapure grade, Merck) solutions [START_REF] Planquette | Sampling for particulate trace element determination using water sampling bottles: Methodology and comparison to in situ pumps[END_REF]. Archive solutions were stored in 3 ml of 0.12 M HNO3 (Ultrapur grade), of which 250 µL was diluted up to 2 mL for analysis by sector field inductively coupled plasma mass spectrometry (SF-ICP-MS, Element XR Thermo Scientific). Samples were spiked with 1 µg L -1 indium as an internal standard to correct for instrument drift. The detection limits, defined as three times the standard deviation of the blanks (unused filter blanks), were 0.39 pmol L -1 and 0.03 nmol L -1 (n = 5) for pBa and pAl, respectively. Mean amounts (in nmol) of a given element determined in unused filter blanks were subtracted from the amounts in the sample filter then divided by the volume filtered. Three certified reference materials (BCR 414, MESS 4 and PACS 3) were processed and analysed with the samples to assess the accuracy of the methodology. Our values were in good agreement with the certified values of the reference materials (Table 3.1) [START_REF] Jochum | GeoReM: A new geochemical database for reference materials and isotopic standards[END_REF]. Percentage error of analyses was determined by the repeat analysis of random samples during each run, the mean percentage error of sample analysis for pBa and pAl was 9.2 ± 2.5 % and 11.1 ± 4.6 % (mean ± SD, n = 6), respectively. 

Baxs as a proxy for mesopelagic POC remineralisation

The non-lithogenic fraction of pBa, Baxs, was calculated by subtracting the lithogenic fraction of pBa from the total pBa measured using Eq. 1. The lithogenic contribution to pBa was calculated by multiplying the pAl concentration with the Ba/Al upper continental crust (UCC) ratio, 0.00135, as determined by [START_REF] Taylor | The continental crust: Its composition and evolution[END_REF].
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Total pBa and Baxs profiles were nearly identical with a mean percentage Baxs to total pBa of 99 ± 1 % (mean ± SD, n = 124; Table B2), indicating that pBa from lithogenic sources was negligible. This ensures the accurate estimation of Baxs, which requires that less than 50 % of pBa should be associated with lithogenic inputs [START_REF] Dymond | Barium in Deep-Sea Sediment: A Geochemical Proxy for Paleoproductivity[END_REF].

The mesopelagic POC remineralisation flux was estimated using Eq. 2 (Dehairs et al., 1997;[START_REF] Shopova | A simple model of biogeochemical element distribution in the oceanic water column[END_REF].
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Where the mesopelagic POC remineralisation flux is expressed in mg C m -2 d -1 , Z is the depth range of the mesopelagic Baxs layer (100 -1000 m), C:O2 is the stoichiometric molar ratio of carbon to O2 consumption by remineralisation as per the Redfield Ratio (127/175, [START_REF] Broecker | Sources and flow patterns of deep-ocean waters as deduced from potential temperature, salinity, and initial phosphate concentration[END_REF], 12.01 is the molar mass of carbon (g mol -1 ) and JO2 is the rate of O2 consumption (µmol L -1 d -1 ) as estimated using Eq. 3 (Dehairs et al., 1997;[START_REF] Shopova | A simple model of biogeochemical element distribution in the oceanic water column[END_REF].
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Where mesopelagic Baxs is the depth-weighted average Baxs of the mesopelagic zone (pmol L - 1 ), the constant value of 17200 is the slope of the linear regression of depth-weighted average Baxs (pmol L -1 ) versus O2 consumption rate (µmol L -1 d -1 ) using the Southern Ocean transfer function by Dehairs et al. (1997) and Baresidual is the deep ocean background value of Baxs at zero oxygen consumption. The literature value of 180 pmol L -1 was used as the Baresidual value (Dehairs et al., 1997) in our calculations.

The integrated mesopelagic Baxs stock (µmol m -2 ) over the mesopelagic layer (100 -1000 m)

was calculated from the depth-weighted average Baxs in order to investigate the link between the accumulated mesopelagic signal and the corresponding integrated remotely sensed primary productivity (PP).

Integrated remotely sensed PP

The integrated remotely sensed PP (mg C m -2 d -1 ) within the surface mixed layer was calculated using the CbPM algorithm [START_REF] Behrenfeld | Carbon-based ocean productivity and phytoplankton physiology from space[END_REF], which requires chlorophyll concentration (mg m -3 ), particulate backscatter (λ 443 nm, m -1 ), photosynthetically active radiation (PAR;

μmol photons m -2 d -1 ) and the MLD (m). Ocean Colour-Climate Change Initiative (OC-CCI) data (https://esa-oceancolour-cci.org/), which blends existing data streams into a coherent record, meeting the quality requirements for climate assessment [START_REF] Sathyendranath | An ocean-colour time series for use in climate studies: The Chapter 3: experience of the ocean-colour climate change initiative (OC-CCI)[END_REF], were used for chlorophyll and particulate backscatter. PAR was taken from GLOB colour (http://www.globcolour.info/), and the MLD was taken from the climatology of de Boyer Montegut et al. (2004). The integrated remotely sensed PP data were regridded to 0.25° spatially, using bilinear interpolation using the Python programming package xESMF [START_REF] Zhuang | xESMF: Universal Regridder for GeospatialData[END_REF], and averaged monthly. The area-averaged PP was averaged over a 6 x 1° rectangular sample area, positioned 6° upstream longitudinally, and 1° latitudinally centred around each sampled station (see discussion for details). In order to assess the validity of the remotely sensed PP data and demonstrate no meridional bias across the SO, the percentage valid pixels was calculated for data north (90 ± 20 %; mean ± SD, n = 370) and south (82 ± 29 % mean ± SD, n = 488) of the PF, revealing no bias.

Integrated % POC remineralised

The integrated remineralised POC (mg C m -2 ) was estimated by multiplying the POC remineralisation flux (mg C m -2 d -1 ), as estimated using the Baxs proxy method, by the number of days over which the corresponding remotely sensed PP (mg C m -2 d -1 ) was subsampled. The % POC remineralised was then estimated as the percentage of integrated remotely sensed PP (mg C m -2 ) remineralised, assuming that the mesopelagic Baxs stock signal observed is due to the remineralisation of the integrated surface PP signal.

Statistical analysis

For statistical analysis, the least squares regression method was applied for assessment of significant correlations (Barbur et al., 1994). Significant differences between regions and regressions were tested using Welch's t-test, with an alpha of 0.05 (95 % confidence level) (Kokoska and Zwillinger, 2000).

Results

Hydrography

The potential temperature (θ) and salinity (S) along the transect ranged from -0.06 to 18.03 °C and from 33.77 to 35.59, respectively. Where surface θ and S define four hydrographic zones;

namely, the Antarctic zone (AZ; θ < 2.5 °C; S ≤ 34) from ~ 50°S to 58.5°S, the polar frontal zone (PFZ; θ ⩰ 5 °C; S ⩰ 33.8) at ~ 48°S, the subantarctic zone (SAZ; 5 < θ < 11 °C; 33.8 < S < 34.7) between 43°S and 45.5°S, and the subtropical zone (STZ; θ ≥ 17.9 °C; S ⩰ 35.6) at 41°S (Figure 3.1a; Anilkumar and Sabu, 2017;Orsi et al., 1995;[START_REF] Pollard | Physical controls on biogeochemical zonation in the Southern Ocean, Deep[END_REF]. The MLDs along the transect ranged between 97 and 215 m (144 ± 39 m; mean ± SD, n = 7), shoaling towards the PF (Table B1).

As can be observed on the T-S plot of stations sampled (Figure 3.1b), different water masses were sampled along the transect throughout the water column. South of the polar front (SPF;

⪆ 50°S; TM1, 2 and 4), from surface to depth, Antarctic Surface Water (AASW; 27 < σθ < 

Dissolved O2

The water column dissolved O2 concentrations ranged from 159 to 333 µmol L -1 (Figure 3.2).

Maximum concentrations were observed in the surface mixed layer, increasing southwards along the transect, with a mean value of 287 ± 40 µmol L -1 (mean ± SD, n = 700). A decrease in concentrations below the MLD coincided with an increase in σθ. South of the PF, the decrease in dissolved O2 concentrations at the MLD was sharp and relatively shallow when compared to profiles NPF, which were more gradual, spanning a wider depth range. Within the mesopelagic zone concentrations decreased down to 204 ± 29 µmol L -1 (mean ± SD, n = 6373), then remained relatively uniform below 1000 m at 192 ± 113 µmol L -1 (mean ± SD, n = 12950). The mean Baresidual concentration south of PF was 183 ± 29 pmol L -1 (mean ± SD, n = 7), whereas it was 142 ± 45 pmol L -1 (mean ± SD, n = 8) between the PF and the STF. The two regions were however not significantly different to each other when conducting a Welch's ttest (t-statistic = 2.10; p-value = 0.06) and when averaging all concentrations below 2000 m along the transect, the Baresidual concentration was 161 ± 43 pmol L -1 (mean ± SD, n = 15). This concentration is not statistically different from the literature value of 180 pmol L -1 (Dehairs et al., 1997), which is widely used for estimates of POC remineralisation fluxes. For a better comparison with these previous estimates, we used 180 pmol L -1 for the Baresidual concentration in our calculations.

The estimated POC remineralisation fluxes for the study area ranged from 6 to 96 mg C m -2 d - 1 (Table B3), increasing northwards from the southernmost station up to the PFZ from 32 to 92 mg C m -2 d -1 , then decreasing down to 70 mg C m -2 d -1 at the SAF. The highest flux was estimated in the SAZ and the lowest flux was estimated in the STZ.

Discussion

Early wintertime Baxs and Baresidual concentrations

A noticeable difference between profiles sampled early in the bloom season (Dehairs et al., 1997;[START_REF] Jacquet | Early spring mesopelagic carbon remineralization and transfer efficiency in the naturally iron-fertilized Kerguelen area[END_REF] versus those sampled later [START_REF] Cardinal | Geochemistry of suspended particles in the Subantarctic and Polar Frontal zones south of Australia: Constraints on export and advection processes[END_REF]Planchon et al., 2013) is the contrasted Baxs concentrations in the surface mixed layer. Dehairs et al. (1997) has

shown that these concentrations of Baxs can be as high as 9000 pmol L -1 in areas of high productivity during spring, which then become depleted to concentrations below the SO Baresidual value of ~ 180 pmol L -1 , as productivity declines and surface POC export increases (Planchon et al., 2013). These high surface concentrations are, however, not due to the same process as the one that controls the Baxs concentrations within the mesopelagic zone [START_REF] Jacquet | Twilight zone organic carbon remineralization in the Polar Front Zone and Subantarctic Zone south of Tasmania[END_REF]. Surface water concentrations are associated with Ba adsorbed onto particles whereas the mesopelagic Baxs signal is due to barite crystals formed within decaying bioaggregates [START_REF] Cardinal | Variations of carbon remineralisation in the Southern Ocean illustrated by the Baxs proxy[END_REF]Lam and Bishop, 2007;Lemaitre et al., 2018;[START_REF] Sternberg | Barium uptake and adsorption in diatoms[END_REF]. In this study, we observed surface depletion of Baxs at all stations, in line with the assumption that the bulk surface export from the preceding bloom had been achieved at the time of sampling and, the majority of the Baxs had been transferred to the mesopelagic zone.

A sharp increase in σθ observed at the MLD has previously been identified as the depth at which decaying bio-aggregates are formed (Lam and Bishop, 2007). These increases coincided with an increase in Baxs (Figure 3.2), linking the subsurface Baxs signal to decaying bio-aggregates as per previous studies [START_REF] Cardinal | Variations of carbon remineralisation in the Southern Ocean illustrated by the Baxs proxy[END_REF]Dehairs et al., 1997;[START_REF] Jacquet | Twilight zone organic carbon remineralization in the Polar Front Zone and Subantarctic Zone south of Tasmania[END_REF].

Additionally, decreases observed in dissolved O2 profiles along the transect were also accompanied by coinciding increases in Baxs, in line with O2 consumption due to remineralisation within the mesopelagic zone (Figure 3.2) [START_REF] Cardinal | Variations of carbon remineralisation in the Southern Ocean illustrated by the Baxs proxy[END_REF][START_REF] Jacquet | Barium distribution across the Southern Ocean frontal system in the Crozet-Kerguelen Basin[END_REF][START_REF] Jacquet | Twilight zone organic carbon remineralization in the Polar Front Zone and Subantarctic Zone south of Tasmania[END_REF]. The observed range of mesopelagic Baxs concentrations (113 -684 pmol L -1 ) were comparable to those previously reported in SO open waters (~ 200 -1000 pmol L -1 ; [START_REF] Cardinal | Geochemistry of suspended particles in the Subantarctic and Polar Frontal zones south of Australia: Constraints on export and advection processes[END_REF][START_REF] Cardinal | Variations of carbon remineralisation in the Southern Ocean illustrated by the Baxs proxy[END_REF][START_REF] Jacquet | Barium distribution across the Southern Ocean frontal system in the Crozet-Kerguelen Basin[END_REF]Jacquet et al., , 2008aJacquet et al., , 2008b[START_REF] Jacquet | Twilight zone organic carbon remineralization in the Polar Front Zone and Subantarctic Zone south of Tasmania[END_REF][START_REF] Jacquet | Early spring mesopelagic carbon remineralization and transfer efficiency in the naturally iron-fertilized Kerguelen area[END_REF]Planchon et al., 2013).

Baxs profiles exhibited similar distributions to those reported throughout bloom seasons in the SO, with distinct peaks observed within the mesopelagic zone at all stations. Earlier in the bloom season, peaks mostly occur within the upper half of the mesopelagic zone (100 -500 m: [START_REF] Cardinal | Geochemistry of suspended particles in the Subantarctic and Polar Frontal zones south of Australia: Constraints on export and advection processes[END_REF][START_REF] Cardinal | Variations of carbon remineralisation in the Southern Ocean illustrated by the Baxs proxy[END_REF][START_REF] Jacquet | Barium distribution across the Southern Ocean frontal system in the Crozet-Kerguelen Basin[END_REF]Jacquet et al., , 2008a[START_REF] Jacquet | Twilight zone organic carbon remineralization in the Polar Front Zone and Subantarctic Zone south of Tasmania[END_REF][START_REF] Jacquet | Early spring mesopelagic carbon remineralization and transfer efficiency in the naturally iron-fertilized Kerguelen area[END_REF], but as the season progresses, they deepen down towards the bottom half of the mesopelagic zone (500 ->1000 m: Jacquet et al., 2008b, Planchon et al., 2013). Deepening and widening of the remineralisation depth range can be expected as the season progresses, due to continued remineralisation taking place as particles sink to the bottom of the mesopelagic zone (Lemaitre et al., 2018;Planchon et al., 2013). This is also what we observed during early winter at stations NPF, with a second peak in deeper waters, as observed by Jacquet et al. (2008b) during the iron (Fe) fertilisation experiment (EIFEX). The deeper peak could also be linked to relatively larger cells that sink faster as they remineralise, possibly a large bloom earlier in the season.

A distinct latitudinal trend in mesopelagic depth-weighted average Baxs has generally been observed in the SO with the highest values in the PFZ, decreasing north and southwards from the PF. These latitudinal trends tend to be accompanied by a coinciding trend in in situ surface biomass measurements [START_REF] Cardinal | Variations of carbon remineralisation in the Southern Ocean illustrated by the Baxs proxy[END_REF]Dehairs et al., 1997[START_REF] Jacquet | Twilight zone organic carbon remineralization in the Polar Front Zone and Subantarctic Zone south of Tasmania[END_REF]Planchon et al., 2013). During our early winter study, we observed a similar latitudinal trend in mesopelagic Baxs stock (μmol m -2 ), with an increase from the southernmost station up to the PF, then varying around a maximum in the SAZ, down to the lowest value in the STZ, whereas temporally integrated remotely sensed PP increased progressively northwards to a maximum in the STZ (Figure B1). Time of sampling and extended blooms, which are characteristic of the SAZ [START_REF] Thomalla | Regional scale characteristics of the seasonal cycle of chlorophyll in the Southern Ocean[END_REF], could be contributing factors to the higher values observed in PP and mesopelagic Baxs distributions at stations north of the PF (Figure B1). Contrary to what was expected, the profiles observed during our early winter study still show a significant mesopelagic remineralisation signal, well after the summer bloom termination, which occurred between April and May (Figure 3.3), as defined by the point in time when community losses outweigh the growth rate [START_REF] Thomalla | Regional scale characteristics of the seasonal cycle of chlorophyll in the Southern Ocean[END_REF]. (mean ± SD, n = 15) is not significantly different from the widely used Baresidual concentration of 180 pmol L -1 , measured during early Spring to late Summer (e.g., Dehairs et al. 1997;[START_REF] Jacquet | Early spring mesopelagic carbon remineralization and transfer efficiency in the naturally iron-fertilized Kerguelen area[END_REF]Planchon et al., 2013). We thus did not observe a wintertime decline to an expected "true" SO background value, when PP and bacterial activity are suspected to be minimal [START_REF] Jacquet | Twilight zone organic carbon remineralization in the Polar Front Zone and Subantarctic Zone south of Tasmania[END_REF]. There are two possible explanations for this; firstly, the decline to a winter background signal might never be achieved due to ongoing barite precipitation and remineralisation, as well as the release of labile Ba attached to phytoplankton as they decay, precipitating into barite crystals, which could possibly continue throughout winter (Cardinal et al., 2005). Secondly, the low sinking speed of suspended barite (~ 0.3 m d -1, [START_REF] Sternberg | Seasonal cycle of suspended barite in the mediterranean sea[END_REF], once produced in the mesopelagic layer, implies that it would take ~ 6 years (not considering reaggregation and redissolution) to sink from 300 m (~ peak of production) to the bottom of the mesopelagic layer (1000 m depth). The "true" background value may thus have to be measured at the very end of winter just before the initiation of the spring bloom. This also suggests that the Baxs signal in the mesopelagic layer may represent remineralisation activity over more than a few days to weeks, per previous reports (e.g. Dehairs et al., 1997;[START_REF] Jacquet | Early spring mesopelagic carbon remineralization and transfer efficiency in the naturally iron-fertilized Kerguelen area[END_REF]Planchon et al., 2013).

Timescale of the mesopelagic Baxs signal

The Baxs signal that we observed in winter is in agreement with the suggestion by Dehairs et al. (1997), that there can be significant carry over between bloom seasons. Other studies have also pointed out that the timescale of this proxy is longer than a snapshot view [START_REF] Cardinal | Variations of carbon remineralisation in the Southern Ocean illustrated by the Baxs proxy[END_REF] and have highlighted a seasonal increase in mesopelagic Baxs [START_REF] Jacquet | Twilight zone organic carbon remineralization in the Polar Front Zone and Subantarctic Zone south of Tasmania[END_REF]. This strongly suggests that the Baxs signal is not directly linked to synoptic measurements of PP at the time of sampling. In order to investigate this hypothesis, for the first time, we compiled a SO mesopelagic Baxs stock dataset with all available literature data including data from this study (Figure 3.4a, Table B3). The mesopelagic Baxs stock was integrated over the Baxs peak depth range (as identified in each study). As can be seen on the map of the compilation dataset 2010). Assuming a maximum surface current speed of 0.2 m s -1 [START_REF] Ferrari | Suppression of eddy diffusivity across jets in the Southern Ocean[END_REF], it was estimated that these aggregates would have originated, 346 km west from the station that was sampled for mesopelagic Baxs, ~ 20 days prior. Using this distance, the dimensions of the sample area were set with the southernmost station (TM1) of this study, where degrees of longitude cover the smallest area. For the sake of consistency this sample area was applied to all sampling locations of the considered dataset. The integrated remotely sensed PP (see section 2.5) was then averaged spatially, positioned 6° upstream longitudinally, and 1° latitudinally centred around each station, in order to capture the surface PP that is assumed to translate to the mesopelagic remineralisation and measured Baxs stock.

The monthly averaged remotely sensed PP, at the time of sampling, was compiled for the considered dataset, and we found that the PP over the growing season (Figure 3.4d & e) reaches highest values between January and February (day 125 to 175 of the year), thereafter, steadily decreasing to minimal values in July (~ day 310 of the year, i.e., during our study). The mesopelagic Baxs accumulation over time can, therefore, not be matched with the remotely sensed PP measured during the month of sampling. A possible relationship between mesopelagic Baxs stock and temporally integrated remotely sensed PP was further investigated by considering longer timescales. Remotely sensed PP of the preceding bloom was temporally integrated from the preceding September, prior to sampling, as the start of the bloom, in general agreement with previous bloom phenology studies [START_REF] Thomalla | Regional scale characteristics of the seasonal cycle of chlorophyll in the Southern Ocean[END_REF], up to one month prior to the sampling date of the study, taking into consideration time needed for export, aggregate formation and barite crystal release through remineralisation (~ 1 month). Open circles are data points from studies which did not use HF in the particulate sample digestion procedure, regressions did not include these data, there was, however, no significant difference when including these data points (Table B3).

Varying timescales were considered between the preceding September up to 1 month prior to sampling (Sept -T1; Table B4), in monthly increments, that could influence the relationship between remotely sensed PP and the mesopelagic Baxs stock (Table B4). The strongest and most significant correlation between the mesopelagic Baxs stock and integrated remotely sensed PP, for both north and south of the PF, was obtained from the preceding September up to 1 month prior to sampling (Table B4, Sept -T1, SPF: Figure 3.5a, R 2 = 0.55, p-value < 0.05, n = 39; NPF: Figure 3.5b, R 2 = 0.42, p-value < 0.05, n = 31). When remote sensing data was limited due to cloud cover and low sunlight during winter months, specifically at the southernmost stations, all available data was used for the duration of the season. The correlation observed in the STZ is not significant at a 95 % confidence level (p-value = 0.10); however, the limited number of data points (n = 6) may preclude any significance from emerging. The significant positive correlations obtained south of the STF suggest that mesopelagic Baxs stock can be used as a remineralisation proxy on an annual timescale instead of only a few weeks. Figure 3.5 also reveals that for a given PP the mesopelagic Baxs stock was 2-fold higher SPF compared to NPF (Welch's t-test, t-statistic = 2.24; p-value < 0.05), this is further discussed below. Red open squares are data points from our winter dataset where there was not sufficient remote sensing PP data to integrate up to 1 month prior to sampling and available data up to 3 months prior to sampling was plotted but not included in the statistical analysis.

Environmental factors influencing mesopelagic remineralisation and carbon export efficiency

Estimated POC remineralisation fluxes along the transect (6 -96 mg C m -2 d -1 ) were on the upper end of the range of fluxes reported in previous studies, with the exception of the STZ station, but within the same order of magnitude for the SO as estimated from spring to autumn (0.2 -118 mg C m -2 d -1 ; Table B3; [START_REF] Cardinal | Variations of carbon remineralisation in the Southern Ocean illustrated by the Baxs proxy[END_REF][START_REF] Jacquet | Twilight zone organic carbon remineralization in the Polar Front Zone and Subantarctic Zone south of Tasmania[END_REF][START_REF] Jacquet | Early spring mesopelagic carbon remineralization and transfer efficiency in the naturally iron-fertilized Kerguelen area[END_REF]Planchon et al., 2013). As the bloom season progresses, more efficient remineralisation rates have been reported in multiple studies [START_REF] Cardinal | Variations of carbon remineralisation in the Southern Ocean illustrated by the Baxs proxy[END_REF][START_REF] Jacquet | Twilight zone organic carbon remineralization in the Polar Front Zone and Subantarctic Zone south of Tasmania[END_REF]Planchon et al., 2013).

However, during late summer as the bloom declines, observations indicate an inefficient BCP due to enhanced surface nutrient recycling [START_REF] Dehairs | Accumulation of Suspended Barite at Mesopelagic Depths and Export Production in the Southern Ocean[END_REF][START_REF] Jacquet | Twilight zone organic carbon remineralization in the Polar Front Zone and Subantarctic Zone south of Tasmania[END_REF]Planchon et al., 2013), leading to a decrease in surface POC export (Planchon et al., 2013). Seasonal variation is reported to be more pronounced northwards within the SO with the least variation observed in the southern Antarctic circumpolar current (Dehairs et al., 1997;Planchon et al., 2013).

The percentage of mesopelagic POC remineralisation as calculated from estimated POC remineralisation fluxes over integrated remotely sensed PP, for the SO compilation dataset (SPF; 19 ± 15 %, n = 39 and NPF; 10 ± 10 %, n = 29; mean ± SD; t-statistic = 2.75; p-value <0.05; Table B3), was ~ 2 fold higher SPF than NPF, revealing the higher surface carbon export efficiency SPF. Our estimates of % POC remineralised fall within the range of reported export efficiencies throughout the SO (2 -58 %;[START_REF] Jacquet | Twilight zone organic carbon remineralization in the Polar Front Zone and Subantarctic Zone south of Tasmania[END_REF][START_REF] Morris | 234Th-derived particulate organic carbon export from an island-induced phytoplankton bloom in the Southern Ocean[END_REF]Savoye et al., 2008). Our values also support the inverse relationship between export efficiency and productivity, with higher export efficiency in areas of lower production (HPLE; High

Productivity Low E-ratio, where e-ratio refers to the ratio between export production and net primary productivity, Fan et al., 2020;[START_REF] Maiti | An inverse relationship between production and export efficiency in the Southern Ocean[END_REF]. Estimated mesopelagic POC remineralisation has been reported to account for a significant fraction of exported carbon in the PFZ and southwards, from 31 to 97 %, from spring to summer, whereas it only accounts for ~ 50% in the SAZ and SAF, during summer [START_REF] Cardinal | Variations of carbon remineralisation in the Southern Ocean illustrated by the Baxs proxy[END_REF]. A combination of variables can influence surface export efficiency and the magnitude of the subsequent mesopelagic remineralisation, even more so when considering longer timescales. These variables include physical dynamics and interlinked biogeochemical factors, i.e., bacterial activity, phytoplankton community structure, zooplankton grazing and nutrient availability [START_REF] Bopp | Multiple stressors of ocean ecosystems in the 21st century: Projections with CMIP5 models[END_REF][START_REF] Buesseler | Shedding light on processes that control particle export and flux attenuation in the twilight zone of the open ocean[END_REF][START_REF] Cardinal | Variations of carbon remineralisation in the Southern Ocean illustrated by the Baxs proxy[END_REF]Jacquet et al., 2008b;[START_REF] Pyle | Oceanic fronts control the distribution of dissolved barium in the Southern Ocean[END_REF]. In previous studies, supply and loss via physical transport has been deemed negligible relative to decay and loss via production, due to minimal advection and diffusion gradients observed on the timescale of days to weeks. These processes were therefore assumed to have minimal impact on the mesopelagic signal (Dehairs et al., 1997;Planchon et al., 2013;[START_REF] Van Der Loeff | 234Th in surface waters: Distribution of particle export flux across the Antarctic Circumpolar Current and in the Weddell Sea during the GEOTRACES expedition ZERO and DRAKE[END_REF]. It has, however, been observed that features such as mesoscale eddies can have an effect on Baxs distribution by influencing particle patterns on a broad spatial scale, homogenising mesopelagic remineralisation signals by causing relatively flat profiles or shallower remineralisation peaks [START_REF] Buesseler | Particle export during the Southern Ocean Iron Experiment (SOFeX)[END_REF]Jacquet et al., 2008b).

The region of our winter study is known for being a mesoscale eddy hotspot due to the South-West Indian Ridge [START_REF] Ansorge | Evidence of a southward eddy corridor in the South-West Indian ocean[END_REF]. In the STZ, extremely dynamic submesoscale activity due to the ARC may indeed have significantly influenced the mesopelagic signal, and may help explain the absence of correlation with integrated surface PP. On the contrary, south of the STF, the significant correlations seem to indicate that physical transport variability is not the main process affecting the mesopelagic Baxs signal, and that biogeochemical factors may be dominant.

The Fe-limited SAZ [START_REF] Ryan-Keogh | Seasonal development of iron limitation in the sub-Antarctic zone[END_REF] and AZ [START_REF] Viljoen | Phytoplankton response in growth, photophysiology and community structure to iron and light in the Polar Frontal Zone and Antarctic waters[END_REF] have generally mixed and seasonally changing assemblages of pico-, nano-and micro-phytoplankton [START_REF] Eriksen | Seasonal succession of phytoplankton community structure from autonomous sampling at the Australian Southern Ocean Time Series (SOTS) observatory[END_REF][START_REF] Gall | Phytoplankton processes. Part 1: Community structure during the Southern Ocean Iron RElease Experiment (SOIREE)[END_REF]. Diatoms tend to dominate in the silicate-rich waters south of the PF [START_REF] Petrou | Southern Ocean phytoplankton physiology in a changing climate[END_REF][START_REF] Rembauville | Plankton Assemblage Estimated with BGC-Argo Floats in the Southern Ocean: Implications for Seasonal Successions and Particle Export[END_REF][START_REF] Wright | Phytoplankton community structure and stocks in the Southern Ocean (30-80°E) determined by CHEMTAX analysis of HPLC pigment signatures[END_REF], whilst seasonally silicatelimited waters north of the PF, favour smaller phytoplankton groups [START_REF] Freeman | The Variable and Changing Southern Ocean Silicate Front: Insights from the CESM Large Ensemble[END_REF][START_REF] Nissen | Factors controlling coccolithophore biogeography in the Southern Ocean[END_REF][START_REF] Trull | Distribution of planktonic biogenic carbonate organisms in the Southern Ocean south of Australia: A baseline for ocean acidification impact assessment[END_REF]. HPLE regimes are indeed characteristic of large areas of the SAZ. They are mainly due to surface POC accumulation caused by non-sinking particles, tending towards less efficient export of smaller cells (Fan et al., 2020). Even when large particles are abundant in HPLE surface layers, a complex grazing community may prevent the export of large particles [START_REF] Dehairs | Accumulation of Suspended Barite at Mesopelagic Depths and Export Production in the Southern Ocean[END_REF]Lam and Bishop, 2007). This can explain the higher surface carbon export efficiency that we estimate SPF compared to NPF. Export efficiency has also been linked to bacterial productivity with efficient surface remineralisation limiting surface POC export, when most of the water column integrated bacterial productivity is restricted to the upper mixed layer [START_REF] Dehairs | Accumulation of Suspended Barite at Mesopelagic Depths and Export Production in the Southern Ocean[END_REF][START_REF] Jacquet | Twilight zone organic carbon remineralization in the Polar Front Zone and Subantarctic Zone south of Tasmania[END_REF], which can be the case to varying degrees throughout the SO. In the STZ phytoplankton communities are reported to be dominated by prokaryotic picoplankton including cyanobacteria and prochlorophytes [START_REF] Mendes | Cross-front phytoplankton pigments and chemotaxonomic groups in the Indian sector of the Southern Ocean[END_REF]. These groups utilise regenerated nutrients in the surface mixed layer tending towards diminished surface export efficiency with high concentrations of non-sinking POC (Fan et al., 2020;Planchon et al. 2013). In addition to this, the potential influence of high submesoscale activity, may explain the low mesopelagic Baxs measured at the STZ station of this study, despite it being the station with the highest integrated PP (Figure B1). Linking temporally integrated remotely sensed PP to mesopelagic Baxs stock, coupled with the added influence of physical dynamics affecting surface export efficiencies, along longer timescales, could give better estimates of export and remineralisation signals throughout

the SO, on an annual and basin scale. Our estimates of percentage remineralised POC over remotely sensed PP may contribute to the improved modelling of the C cycle over the SO, on an annual timescale.

Conclusions

Our unique early winter Baxs data were similar in magnitude and exhibited the same relationship with σθ and dissolved O2 gradients as observed in summer, indicating that processes controlling this signal in summer are still driving the signal in early winter. The expected decline of the mesopelagic Baxs signal to background values during winter was not observed in this study, supporting the hypothesis that this remineralisation proxy likely has a longer timescale than previously reported. The absolute decline might be delayed due to the cumulative behaviour of mesopelagic Baxs, ongoing remineralisation and barite precipitation.

The "true" SO background value may thus have to be measured at the very end of winter, prior to bloom initiation.

Significant positive correlations north and south of the PF, between mesopelagic Baxs stock and remotely sensed PP, integrated from September to 1 month before sampling (Sept -T1), in combination with significant Baxs accumulation trends obtained for the SO compilation dataset, suggest an annual timescale. They may also indicate that physical processes do not dominate the mesopelagic signal on an annual scale, within the SO, and that biogeochemical factors are dominant. There is no significant difference in mesopelagic Baxs and POC remineralisation, north and south of the PF, but the significantly higher integrated remotely sensed PP to the north when compared to the south, indicates a greater export efficiency south of the PF. This is in accordance with the phenomenon of HPLE regimes which are common throughout the SO, moreso north of the PF than south of the PF (Fan et al., 2020). The longer timescale of Baxs and the cumulative behaviour of this proxy in the mesopelagic zone make it possible to use Baxs on an annual scale for the estimation of POC remineralisation fluxes throughout the SO and to better understand how variable environmental factors influence these processes on a basin scale. We believe that the significance of these relationships will improve as more data become available (e.g., GEOTRACES IDP2021), which will assist in better understanding and constraining the timescale of remineralisation and C export efficiency throughout the SO. increased lateral advection inputs from the Antarctic Peninsula (De Jong et al., 2012), as well as inter-basin water mass age differences (Ellwood et al., 2008). It is also believed that variable hydrothermal inputs and ligand concentration differences would affect inter-and intra-basin differences in dFe distributions (Tagliabue et al., 2012;Thuróczy et al. 2011).

Author contribution

During this study, surface water dFe concentrations at all stations resembled end of summer observations, indicating that during July there has yet to be noticeable replenishment of surface water dFe concentrations. Surface water dFe depletion increased southwards, whereas macronutrients were high at all stations in the SO, characteristic of the HNLC SO (Martin, 1990;Martin et al., 1990). An intermediate water peak was observed on water column profiles for concentrations of all nutrients, including dFe, as well as the remineralisation proxy, Baxs, also resembling distributions reported from studies throughout the SO. The separation between the MLD and the ferricline was also similar to previous observations, hindering the supply of subsurface dFe to the upper surface mixed layer. These distributions highlight the significance of remineralisation within intermediate waters and the lack of surface mixed layer replenishment during early winter in the HNLC open waters of the western SIO.

Intermediate water remineralisation was assessed utilising both the AOU and Baxs remineralisation proxies. Although both proxies assess remineralisation, they integrate remineralisation over different temporal and spatial scales. AOU integrates remineralisation on timescales of years to decades in water masses as they are subducted, accumulating nutrients as the water masses age via continuous remineralisation (Ito et al., 2004;Tagliabue et al., 2019).

The mesopelagic Baxs signal has been linked to the rate of surface POC export and integrates over seasonal to annual timescales, linked to surface export instead of water mass subduction 

Perspectives

Although we are aware that scavenging affects dFe distributions, the magnitude to which this process influences observations is still unknown (Achterberg et al., 2018;Boyd and Ellwood, 2010;Tagliabue et al., 2016;2019). Additional measurements of Fe pools, other than dFe, and fluxes are necessary to better understand the various mechanisms influencing internal cycling (Tagliabue et al., 2019). The balance between the preformed and remineralised components of the internal cycling of PO4 3-is not as clear for dFe due to scavenging, therefore PO4 3-is used in conjunction with AOU to assess dFe remineralisation, based on the Fe:P cellular ratios of SO phytoplankton (Ito and Follows, 2005;Parekh et al., 2005;Twining et al., 2014). Better insight into the magnitude of scavenging is needed in order to better quantify net dFe remineralisation fluxes in intermediate waters throughout the SO, as this method does not take that into account.

To further facilitate our understanding of the SO Fe biogeochemical cycling we require further investigation into the seasonality and spatial variability with regards to bacterial community, organic speciation and the particulate and colloidal fractions of Fe in the SO. The seasonality of the bacterial community and ligand concentrations could shed light on the inter-and intrabasin trends we observe in the current dFe observations, as well as possible influences on the magnitude of remineralisation and accumulation of nutrients within the SO interior. A better understanding of the interplay between the particulate and dissolved/colloidal fractions of Fe, in conjunction with the organic speciation, can be vital to a clearer characterisation of scavenging rates, and how this affects the temporal and spatial distributions of Fe throughout the water column. It has previously been suggested that colloidal Fe aggregation and scavenging are additional processes that drive the observed loss of dFe from the euphotic zone (Mtshali et al., 2019), these processes could very well be significant within the mesopelagic zone.

These further observations would provide the data needed to determine stocks and residence times of dFe more accurately throughout the SO, contributing useful information to increase the accuracy of estimates of internal cycling of Fe in the SO and how this will change with climate change. Winter studies have thus far been conducted in July and have not shown any significant surface water dFe replenishment to induce bloom initiation. It might be that the time of sampling thus far has been too early to observe this replenishment; sampling should be conducted at the start of spring, directly before bloom initiation.

It may be useful to compare net dFe remineralisation fluxes, deduced from dFe/AOU slopes to colloidal Fe concentrations, which could shed light on the possible influence by the interplay between soluble and colloidal Fe [START_REF] Fitzsimmons | Both soluble and colloidal iron phases control dissolved iron variability in the tropical north atlantic ocean[END_REF][START_REF] Nishioka | Size-fractionated iron concentrations in the northeast Pacific Ocean: distribution of soluble and small colloidal iron[END_REF]Tagliabue et al., 2019;[START_REF] Wu | Soluble and Colloidal Iron in the Oligotrophic North Atlantic and North Pacific[END_REF]. Factors that influence the internal cycling of Fe, such as phytoplankton community structure, surface water Fe availability, concentrations of strong Febinding ligands, bacterial activity and Fe speciation, will significantly influence the future internal cycling of Fe, intermediate water accumulation of Fe (Tagliabue et al., 2019) and thereby the resupply of Fe to surface waters. Current, which carries large amounts of heat, carbon and nutrients. Thus, this oceanic province partly regulates the Earth's climate. One of the factors influencing the biological carbon pump of the Southern Ocean is the availability of iron, which is an essential nutrient for phytoplankton. However, observations in this region have mainly been conducted in spring and summer, leaving significant gaps in our knowledge of the biogeochemical cycle of iron, in particular on the seasonality of internal processes such as mesopelagic remineralisation.

During this study, the distributions of dissolved iron and excess barium (Baxs), a mesopelagic remineralisation proxy, were measured throughout the water column, at seven stations along 30°E in the Southern Indian Ocean during early austral winter of 2017. Our results suggest that remineralization is maintained at comparable levels as observed during summer, well after the bloom decline, at the onset of winter. Regarding dissolved iron, the winter concentrations were not significantly different to summer observations in the western Southern Indian Ocean, remaining at subnanomolar concentrations, from 0.02 to 0.73 nmol L -1 . Concentrations in surface water were depleted, indicating that in July there has not yet been a replenishment of the dissolved iron stock in surface waters.

The distributions of dissolved iron and Baxs exhibited peaks in intermediate waters on the water column profiles, indicating iron remineralization. Using the apparent oxygen utilization proxy, we estimated that a large fraction (58 ± 1 to 160 ± 2%) of the measured mesopelagic dissolved iron stock was provided by remineralisation.
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 1 Figure 1.1: A spilhaus projection of the global ocean, viewed as a unified body, linked by the ACC via thermohaline circulation (simplified) shown with surface water flow in red and deep water flow in blue (Modified from Meredith, 2019).

  areas within the SO where Fe limitation predominates, are termed High-Nutrient-Low-Chlorophyll (HNLC) regions, which are characterized by large amounts of unused macronutrients accompanied by sub-nanomolar Fe concentrations.
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 12 Figure 1.2: Global annual mean, near sea surface (10 m) total dissolved carbon dioxide (TCO2) estimates from the Carbon Dioxide Information Analysis Center[START_REF] Goyet | Global distribution of total inorganic carbon and total alkalinity below the deepest winter mixed layer depths[END_REF].
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 13 Figure 1.3: A schematic diagram of the major sources, sinks and processes which affect the distribution of Fe in the SO. Sources include atmospheric inputs (e.g., dust), continental margin resuspension, sediment resuspension, sea ice and hydrothermal inputs. Surface water mixing, vertical and lateral advection, and diffusion are physical processes which transport Fe throughout the water column. Photochemical oxidation and reduction of Fe, excess ligand production, biological uptake, aggregate formation, vertical export, bacterial mediated remineralisation, and scavenging are internal processes which drive the physical and chemical speciation of Fe throughout the water column (Created by Dr Llopis Monferrer).
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 1 Figure 1.4: A schematic diagram, adapted from Tagliabue et al. (2014), depicting the hypothesis of seasonal changes in the physical dFe supply pathways into the surface mixed layer. As the bloom season progresses, the magnitude of remineralisation increases and changes in the pelagic community composition, to smaller cells, occur. The dominant physical processes across seasons are shown at the bottom of the figure, where winter entrainment is the dominant supply term in winter, increasing dFe surface stocks. Detrainment then decreases surface dFe during spring after which diapycnal diffusion and surface remineralisation take over as the dominant supply mechanisms to sustain surface mixed layer dFe stocks.
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 1 Figure 1.5: A compilation of SO open ocean dFe observations, obtained from Tagliabue et al. (2012), Schlitzer et al. (2018; GEOTRACES IDP2017), Grand et al. (2015), and Mtshali et al. (2019) are displayed as positions (blue) on a cylindrical equal-area projection of the SO, with the three basin cut offs indicated by the red lines, from left to right, Pacific, Atlantic and Indian, and the black line is the mean northern branch of the PF (Tagliabue et al., 2012), acting as the cut off between the SAZ and the AZ (top panel). Using the same compilation data, the plots on the bottom panel indicate the monthly frequency of dFe observations within each SO basin. Green circles indicate the spatial and temporal gaps to be addressed during this study.
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 1 Figure 1.6: A typical dFe profile, indicating the relative influence of scavenging (Scav) versus remineralisation (Remin). Δ[Fe] indicates the change in dFe concentration(Boyd and Ellwood, 2010).
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 1 Figure 1.7: A schematic diagram depicting the main processes affecting dissolved O2 distribution in the SO. Deep convection and the formation of Antarctic Intermediate Water transports O2-rich surface waters into the deep and interior ocean, respectively. O2 is removed from subducted surface waters, relative to surface saturation (O2,sat), due to biological consumption (AOU). Preformed nutrients ([Npreformed]) are subducted into the interior ocean. As remineralisation takes up O2, the observed nutrient concentration ([N]) is made up of [Npreformed] + remineralised nutrients ([Nremineralised]), in intermediate waters (modified from Gilbert, 2017).

Figure 1

 1 Figure 1.8: A typical marine Baxs profile during spring and summer. Adsorption of Ba onto biogenic particles in high productivity waters give high concentrations of Baxs. A minimum at the MLD, where bioaggregates are formed, creating the environment in which barite crystals are formed. The release of these barite crystals creates a Baxs peak in the mesopelagic zone, as a consequence of remineralisation(Lemaitre, 2017, thesis).
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 2 1a). Seawater samples were collected from 25 m down to 1500 m, for shallow stations, and from 25 m down to 4250 m, for deep stations.

Figure 2 .

 2 Figure 2.1: (a) GEOTRACES GIPr07 cruise sampling stations overlaid on a map with frontal positions; namely, the Subtropical Front (STF), the Subantarctic Front (SAF), the Polar Front (PF), the Southern Antarctic Circumpolar Front (SACCf) and the Southern Boundary (SBdy), as determined by mean absolute dynamic topography (MADT) and crossing over three zones; namely, the Antarctic zone (AZ), the Polar frontal zone (PFZ), the Subantarctic zone (SAZ) and the Subtropical zone (STZ), (b) Potential temperature plotted against salinity, overlaid on isopycnals and identification of water masses sampled; namely, Subtropical Surface Water (STSW), South Indian Central Water (SICW), Subantarctic Mode Water (SAMW), Subantarctic Surface Water (SASW), Antarctic Intermediate Water (AAIW), Antarctic Surface Water (AASW), North Atlantic Deep Water (NADW), Lower Circumpolar Deep Water (LCDW), Upper Circumpolar Deep Water (UCDW), Antarctic Bottom Water (AABW).

Figure 2 . 2 :

 22 Figure 2.2: Profiles of apparent oxygen utilisation (AOU; blue) and phosphate (PO4 3-; orange) sampled along the transect, plotted against depth, for stations TM1 to TM8, from south to north, with water masses overlaid. The green shaded area is the identified AOU remineralisation depth range, and the hatched area is the ocean floor.Where [dFerem] (nmol L -1 ) is the estimated maximum remineralised dFe concentrations

Figure 2 . 3 :

 23 Figure 2.3: Gridded section plots of (a) nitrate (NO3 -), (b) phosphate (PO4 3-), (c) silicic acid (Si(OH)4) (Weir et al., 2020) and (d) in-situ fluorescence derived Chl-ɑ concentrations along the transect sampled.Si(OH)4 concentrations ranged from 1.7 to 132.2 μmol L -1 , also displaying the typical nutrient

  3-concentrations (Weir et al., 2020) a significant increase was observed between surface and intermediate water masses. In the AZ, NO3 -and PO4 3-concentrations increased to a maximum in UCDW and remained relatively constant down to AABW. Concentrations in the SAZ increased from AAIW, up to a maximum in NADW.

Figure 2 .

 2 Figure 2.4: Boxplot of macronutrients, NO3 -, PO4 3-and Si(OH)4, (Weir et al., 2020), (a-c) and dFe (d) concentrations split into water masses along the transect sampled. From left to right water masses are split into surface, intermediate and deep water masses, from the AZ up to the STZ. Diamonds (a-c) and open circles (d) are outliers.

Figure 2 .

 2 Figure 2.5: Profiles of dissolved Fe (dFe; black) with error bars sampled along the transect, plotted against depth, for stations TM1 to TM8, from south to north, with water masses overlaid. Data points detached from the profile (red) are dFe measurements which might have been high due to possible contamination and have therefore been excluded from further analysis of the data. The green shaded area is the identified AOU remineralisation depth range, and the hatched area is the ocean floor.

  ), reaching maximum values in deep waters, along the transect A subsurface increase, below the MLD, was observed at each station, becoming more pronounced and spanned wider depth ranges northwards along the transect (Figure 2.5). The Fe-limitation tracer Fe* (Fe* = [dFe] -rFe:P[PO4 3-]) was calculated for the observations made during this study, where rFe:P is the Fe:P (0.54 mmol mol -1 ) molar ratio for SO phytoplankton (Twinning et al., 2014), and [dFe] and [PO4 -3 ] are the in situ concentrations. The Fe* tracer can give insight into the degree of Fe limitation of pytoplankton and any latitudinal trend in limitation, if one is present

Figure 2 .

 2 Figure 2.6: Gridded section plot of Fe-limitation tracer, Fe* (Fe* = [dFe] -rFe:P[PO4 3-]), along the transect.

  2.3.4 AOU and remineralised Fe estimatesAOU profiles along the transect were very similar to PO4 3-profiles (Figure 2.2). They all exhibited a surface minimum increasing sharply at the MLD up to a maximum in the AOU remineralisation depth range, then decreased slightly to relative constant values in deep waters. AOU values ranged from 21 to 177 μmol L -1 along the transect. The upper surface water (≤ 200 m) values south of the PF were 52 ± 34 μmol L -1 (mean ± SD, n = 603), decreasing significantly northwards in the SAZ and STZ to 30 ± 12 μmol L -1 (mean ± SD, n = 804; tstatistic = 15.35; p-value < 0.05). The AOU remineralisation depth range was shallow south of the PF (~ 200 m down to ≤ 500 m) and deepened in the SAZ and STZ (~200 m down to ≤ 1500 m). In general, AOU values within the remineralisation depth ranges were 161 ± 13 μmol L -1 (mean ± SD, n = 911) south of the PF and decreased northwards to 123 ± 39 μmol L -1 (mean ± SD, n = 5239; t-statistic = 56.57; p-value < 0.05) in the SAZ and STZ. Below the remineralisation depth ranges AOU values were similar along the transect at 155 ± 6 μmol L -1

Figure 2 .

 2 Figure 2.7: Least squares linear regression of PO4 3-concentrations within the AOU remineralisation depth range plotted against AOU, for each station along the transect, from TM1 to TM8, from south to north.Estimates of mesopelagic integrated [dFerem] stock increased northwards along the transect,

Figure 2 .

 2 Figure 2.8: The latitudinal trend, south to north, left to right, of (a) the integrated subsurface remineralised dFe stock, as estimated by AOU, with weighted standard deviation as error bars, and (b) the % remineralised dFe of the integrated dFe stock, with dashed line indicating 50% and 100%, with percentage weighted standard deviation as error bars.

  Data from this study adds to both spatial and temporal gaps highlighted in SO dFe observations, being conducted during winter and in the open waters of the western HNLC SIO, along a transect of the 30°E line from 41°S down to 58.5°S (Figure2.9). A previous compilation study conducted byTagliabue et al. (2012) highlighted that better spatial coverage of dFe observations in the SIO will assist in the inter-basin characterisation of dFe fluxes, sources and sinks. Observations in the Indian sector of the SO have mostly been concentrated around the Kerguelen Plateau with very few observations in the western SIO, upstream of the Kerguelen

Figure 2 .

 2 Figure 2.9: A compilation of SO open ocean dFe observations, obtained from Tagliabue et al. (2012), Schlitzer et al. (2018; GEOTRACES IDP2017), Grand et al. (2015), Mtshali et al. (2019), and data from this study (highlighted in the green circle) are displayed as positions (blue) on a cylindrical equal-area projection of the SO, with the three basin cut offs indicated by the red lines, from left to right, Pacific, Atlantic and Indian, and the black line is the mean northern branch of the PF (Tagliabue et al., 2012), acting as the cut off between the SAZ and the AZ (top panel). Using the same compilation data, the plots on the bottom panel indicate the monthly frequency of dFe observations within each SO basin. Observations obtained during this study is highlighted in green circles on both panels. To facilitate seasonal, zonal and basin comparisons of dFe concentrations in the open waters

  ). Surface and deep water dFe concentrations in the Pacific basin increased from significantly lower concentrations in the AZ to higher concentrations in the SAZ. In the Atlantic basin surface water dFe concentrations exhibited an opposite trend than observed in the Pacific basin, with significantly higher concentrations in the AZ than in the SAZ. The higher dFe concentrations observed in the AZ versus the SAZ, in the Atlantic basin, is in agreement with theTagliabue et al. (2012) compilation study; this trend was, however, not observed in the Pacific or Indian basins.

Figure 2 .

 2 Figure 2.10: Boxplots of the zonal comparison of dFe concentrations from all available dFe data in each of the SO basins, left to right, Indian, Pacific and Atlantic basins. The top panel is the SAZ measurements, and the bottom panel is the AZ measurements, split into surface, intermediate and deep water measurements. Red points are outliers.

  ). Median dFe concentrations in SAZ intermediate waters, and AZ surface and intermediate waters increased significantly across basins from the lowest in the Indian basin to the highest in the Atlantic basin. Deep water concentrations were only significantly different between basins in the AZ, increasing from the lowest in the Pacific up to the highest in the Atlantic basin. It must, however, be noted that there are only two observations in the AZ deep waters of the Pacific basin, and this low number of observations could be causing a skewed comparison. In general, dFe concentrations increased with depth and across basins, from the lowest in the Indian basin to the highest in the Atlantic basin (Figure 2.10). The inter-basin trend of higher dFe concentrations in the Atlantic basin was also observed in the compilation study by Tagliabue et al. (2012).

Figure 2 .

 2 Figure 2.11: Boxplots of dFe concentrations from the winter studies conducted in each of the SO basins, top to bottom, Indian (this study), Pacific (Ellwood et al., 2008) and Atlantic (Mtshali et al., 2019) basins, split into surface, intermediate and deep water concentrations. Data from this study are the filled boxes. Black diamonds are outliers.

Figure 2 .

 2 Figure2.12: Boxplots of the seasonal comparison of dFe concentrations from the winter studies conducted in each of the SO basins, left to right, Indian (this study;Grand et al., 2015), Pacific(Ellwood et al., 2008;[START_REF] Bowie | Biogeochemical iron budgets of the Southern Ocean south of Australia: Decoupling of iron and nutrient cycles in the subantarctic zone by the summertime supply[END_REF][START_REF] Hassler | Primary productivity induced by iron and nitrogen in the Tasman Sea: An overview of the PINTS expedition[END_REF] and Atlantic(Mtshali et al., 2019;[START_REF] Chever | Physical speciation of iron in the Atlantic sector of the Southern Ocean Chapter 2: along a transect from the subtropical domain to the Weddell Sea Gyre[END_REF][START_REF] Klunder | Dissolved iron in the Southern Ocean (Atlantic sector)[END_REF] basins. The top panels show winter measurements, split into surface, intermediate and deep water measurements, the bottom ones show summer measurements at the same location. Data from this study are the filled boxes in the top right-hand plot. Grey diamonds are outliers.Median concentrations of dFe increased with depth in all three basins for winter and summer

  , showing higher dFe concentrations in the Atlantic basin, a region characterized by higher PP when compared to the Pacific and Indian basins. Variables such as inter-basin hydrothermal inputs and ligand concentration differences can also contribute to the trends we observe in the open waters of the SO (Tagliabue et al., 2012; Thuróczy et al., 2011), there are, however, currently not enough observations of these variables throughout the open waters of the SO to identify them as driving factors. The absence of significant differences in the seasonal comparison for the winter studies highlights the lack of surface water dFe replenishment during July, within the open waters of the SO. The expected winter dFe replenishment of surface and intermediate waters might only take place during the transition between winter and spring, closer to bloom initiation, if it

  .6) indicate that during early winter this section of the SO is still strongly Fe limited, in agreement with our seasonal comparisons, which also revealed no surface water dFe replenishment during July. The dominant processes driving the shape of the dFe profiles along the transect are surface depletion due to biological uptake, remineralisation causing an increase in intermediate waters and relatively constant values in deep waters due to scavenging (Figure1.6)(Boyd and Ellwood, 2010;[START_REF] Bruland | Controls of Trace Metals in Seawater[END_REF] Achterberg et al., 2018). Throughout the water column, dFe concentrations were subnanomolar, accompanied by high concentrations of macronutrients, characteristic of HNLC open water regions of the SO, throughout the year.Macronutrient (NO3 -, PO4 3-and Si(OH)4) profiles exhibited the typical SO nutrient distribution, with surface depletion due to biological uptake, increasing with depth due to continuous remineralisation as water masses are subducted (Figure2.3). Macronutrient distributions exhibited an opposite latitudinal trend to dFe concentration distributions in surface waters, increasing southwards, whereas dFe concentrations increased northwards. In the AZ, NO3 -and PO4 3-concentrations increased to a maximum in UCDW, due to remineralisation, and decreased slightly in AABW, as this water mass is relatively new, formed by subduction of surface waters and mixing with deep waters along the Antarctic shelf. As continuous remineralisation takes place due to surface export and the subduction of water masses, NO3 - and PO4 3-concentrations in the SAZ increased up to maximum concentrations in NADW Table 

Figure 2 .

 2 Figure 2.13: Data comparison of crossover stations at 45.5°S and 48°S, from this study (open red squares) and the Grand et al. (2015; filled blue circles), from left to right, salinity, dFe and PO4 3-plotted against potential density. Dashed lines indicate the density ranges for SASW and AAIW water masses.

(

  < 1000 m) at which the largest change in dFe concentration is observed with depth[START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]. The replenishment of dFe in intermediate waters via remineralisation in conjunction with the position of the ferricline in relation to the MLD would influence the magnitude of dFe fluxes into the surface mixed layer. During this study the mean ferricline depth along the transect was 314 ± 170 m (mean ± SD, n = 7), whereas the mean MLD was = 7) between the MLD and the ferricline(Figure 2.14). The mean separation between the ferricline and MLD during this study was similar to a previously reported mean separation of 245 m by[START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF], representative of observations throughout the SO, in agreement with the finding that there is no seasonal bias on this separation value. The MLD and ferricline were at similar depths at TM2 (56°S), in the AZ, and TM8 (41°S), in the STZ, influencing the relative magnitude of diapycnal diffusion as a surface mixed layer dFe supply mechanism at these stations.

Figure 2 .

 2 Figure 2.14: A plot of the MLD (black triangles) and the ferricline (red squares) depths at each station sampled along 30°E during this study.When compiling maximum winter MLD data using ARGO data from 2006 to 2019 along the

Figure 2 .

 2 Figure 2.15: Hovmöller plots depicting the distribution of the maximum MLDs along 30°E estimated from ARGO data from 2006 to 2019, (a) the frequency the maximum MLD occurred during each month of the year, spanning the full dataset time frame; and (b) the maximum MLD depth, overlaid with the time of sampling and the month during which the maximum MLD occurred during the year of sampling.Annual dFe fluxes to the surface mixed layer via winter entrainment, diapycnal diffusion,

  compilation dataset of open water SO dFe observations revealed spatial and temporal gaps, of which recent winter studies, including this study, have started addressing (Figure 2.9). A comparison of all available dFe data exhibits a general increase in concentrations from surface to depth, and from the Indian and Pacific basins to the highest concentrations in the Atlantic basin. Significant differences between the SAZ and the AZ were only detected in data from the Pacific and Atlantic basins. In the Pacific basin surface and deep water concentrations were significantly higher in the SAZ than the AZ, and in the Atlantic basin surface water concentrations were higher in the AZ than in the SAZ (Figure 2.10). Winter observations in the SAZ also revealed an increase in dFe concentrations from the Pacific basin to the highest concentrations in the Atlantic basin (Figure 2.11). Seasonal comparisons of dFe concentrations did not reveal any significant surface water replenishment during July, at the sites of the three SO winter studies, on the contrary winter dFe concentrations in the Pacific and Indian basins

  winter dFe distributions in the open waters of the Southern Indian Ocean resembled end of summer distributions with pronounced surface depletion, indicative of end of bloom limiting conditions. There was no obvious evidence of dust deposition, hydrothermal, sea ice or continental margin inputs along the transect, except for a subsurface input in the STZ (41°S) from the Mozambique channel via the ARC. Median dFe concentrations increased significantly northwards and with depth, across water masses, whereas macronutrients increased southwards. The observations in the STZ were slightly different compared to the rest of the transect, south of the STF. In the STZ surface macronutrient and dFe concentrations were depleted, making this region macronutrient and Fe-limited. In general, the ferricline was deeper than the MLD at most stations, with the largest separation in the SAZ. In the AZ and STZ the separation between the ferricline and MLD was less pronounced, and in the STZ the ferricline MLD were at similar depths (Figure2.14). The latitudinal change in the position of the ferricline in relation to the MLD influenced the magnitude of surface mixed layer dFe flux estimates along the transect.

Figure 3 . 2 :

 32 Figure 3.2: Baxs (black circles) with error bars, potential density (σθ; red) and dissolved O2 (blue) profiles sampled along the transect, plotted against depth, for stations TM1 to TM8, from south to north. The green shaded area is the mesopelagic zone, and the hatched area is the ocean floor.
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 33 Baxs and estimated POC remineralisation fluxesAlong the transect, Baxs concentrations ranged from 59 to 684 pmol L -1 . All profiles exhibited a depletion of Baxs in the upper surface waters (59 -152 pmol L -1 ), then a rapid increase below the MLD (~150 m), with concentrations ranging between 113 and 684 pmol L -1 in the mesopelagic zone (100 -1000 m, Figure3.2). At the two southernmost stations (TM1 and TM2), mesopelagic Baxs peaks spanned a narrower depth range (100 -600 m) than stations further north, with concentrations reaching values of ~ 400 pmol L -1 . Concentrations were higher in the PFZ and SAZ with a maximum of 684 pmol L -1 in the PFZ, at 48°S (TM5). The subsurface increase of Baxs started at slightly deeper depths (150 -200 m) and spanned wider depth ranges down to 1000 m, at stations north of the PF. The STZ station, at 41°S (TM8), had the lowest concentrations, only increasing up to ~ 200 pmol L -1 . Double peaks were observed at all stations north of the PF, with a shallow and more substantial peak occurring in the upper mesopelagic zone and a second peak in the lower mesopelagic zone. Below the mesopelagic zone, Baxs concentrations decreased down to ~ 180 pmol L -1 and remained relatively uniform.

Figure 3 . 3 :

 33 Figure 3.3: Time series, area-averaged (6 x 1° rectangular sample area, positioned 6° upstream longitudinally, and 1° latitudinally centred around each station) remotely sensed CbPM-PP (mg C m -2 day -1 ), monthly average from 08/2016 to 08/2017, dashed vertical lines indicate sampling date.In deeper waters along the transect, south of the STF, (below 2000 m) where remineralisation

(

  Figure 3.4a), these data points were collected across the three basins of the SO, over ~ 20 years. Despite this diversity in observations, a statistically significant accumulation of mesopelagic Baxs with time is still observed, SPF(Figures 3.4b

  ) and NPF(Figures 3.4c). Mesopelagic Baxs accumulates at a rate of 0.86 (±0.15) µmol m -2 d -1 SPF (R 2 = 0.43, p-value < 0.05, n = 43; Figure 3.4b), and at 0.88 (±0.20) µmol m -2 d -1 NPF (R 2 = 0.41, p-value < 0.05, n = 31; Figure 3.4c), with no statistically significant difference between the two regions (Welch's t-test = 0.24; p-value = 0.80).A possible link between the integrated mesopelagic Baxs stock and the corresponding integrated remotely sensed PP was assessed for all studies conducted after September 1997, when remotely sensed PP data became available. To do so, we first estimated that sub millimetre sized aggregates would take ~ 20 days to sink down to 1000 m (considered as the bottom of the mesopelagic zone in this study), using a sinking speed of 50 m d -1 , that corresponds to an average literature value (50 -100 m d -1 :[START_REF] Riebesell | Particle aggregation during a diatom bloom. II. Biological aspects[END_REF] 50 -430 m d -1 around South Georgia: Cavan et al. 2015; mean of ~ 100 m d -1 in the Southern Ocean as reviewed in Laurenceau-Cornec et al., 2015; Marguerite Bay: 10 -150 m d -1 : McDonnell and Buesseler,

Figure 3 .

 3 Figure 3.4: (a) Positions of Baxs observations compiled from all known SO studies, on a cylindrical equal-area projection of the SO, the three SO basin cut offs are indicated by the dashed black lines, from left to right, Pacific, Atlantic and Indian. Integrated mesopelagic Baxs stock plotted against day of year sampled, with the 1st of September set as day 1, for all available literature data and winter data from this study. Data was split into two zones using the Polar Front (PF) to divide the SO; (b) South of the PF (SPF) and (c) North of the PF (NPF).Monthly averaged remotely sensed PP plotted against day of year, for locations and dates of the SO compilation dataset and winter data from this study; (d) SPF and (e) NPF. Open circles are data points from studies which did not use HF in the particulate sample digestion procedure, regressions did not include these data, there was, however, no significant difference when including these data points (TableB3).

Figure 3 . 5 :

 35 Figure 3.5: Integrated mesopelagic Baxs stock plotted against integrated remotely sensed PP from the preceding September up to one month prior to sampling, all available literature data and winter data from this study, (a) South of the PF (SPF, black squares) and (b) North of the PF (NPF, black circles).Red open squares are data points from our winter dataset where there was not sufficient remote sensing PP data to integrate up to 1 month prior to sampling and available data up to 3 months prior to sampling was plotted but not included in the statistical analysis.

  This study was conceptualised by N.R.vH, H.P, G.S and E.B. Formal analysis, investigation and validation of data was carried out by N.R.vH, H.P, G.S, T.J.R-K and T.N.M. N.R.vH and T.J.R-K contributed towards the visualisation of the data. H.P, G.S, T.N.M, A.R, N.L. and E.B contributed towards supervision and resources. Funding was acquired by N.R.vH, T.N.M, A.R and E.B. All authors contributed towards writing, reviewing and editing of the final manuscript.Chapter 4: Discussion, Conclusions and Perspectives 4.1 Discussion and Conclusions The data obtained from this study contributes to spatial and temporal observational gaps with regards to marine Fe biogeochemistry in the SO, as well as insights into the seasonal accumulation of Baxs as a remineralisation proxy. Recent winter studies, including this study, have very recently started giving insight into the seasonal cycle of dFe in the HNLC regions of the open SO. Despite what was expected, winter surface (< 200 m) and intermediate (200 -1000 m) water dFe concentrations were not significantly different to the co-located summer concentrations in the Indian and Atlantic basins, and summer dFe concentrations were significantly higher than winter concentrations in the Pacific basin. The higher concentrations observed in the Atlantic basin, from the compilation data comparisons, can be linked to

(

  Chapter 3, van Horsten et al., In review). Integrated mesopelagic remineralised dFe stock estimates were determined using the AOU proxy (Chapter 2) and POC remineralisation fluxes were estimated using the Baxs proxy(Chapter 3, van Horsten et al., In review), along the 30°E line. The remineralised dFe stock estimates, using the AOU proxy, increased steadily northwards along the transect. It was estimated that up to 100% of the observed mesopelagic dFe stock is supplied by remineralisation and a minimum of 20 to 60% is lost via scavenging, at all but one station (56°S) along the transect, where a possible unaccounted for dFe input resulted in a remineralisation stock less than 100%. Baxs estimated POC remineralisation fluxes also increased from the AZ up to maximum values in the SAZ, but the lowest POC remineralisation flux was estimated in the STZ. The subsurface remineralisation signal for dFe and macronutrients, observed at 41°S, therefore seems to be linked more to advected water masses, transporting remineralised nutrients into the STZ rather than from surface export. Fe remineralisation fluxes were calculated and integrated over the mesopelagic depth range, using POC remineralisation fluxes obtained from the Baxs proxy method (See section 3.2.4 for detailed methodology), in conjunction with the estimated Fe:C ratios, using dFe/AOU linear regression slopes. Remineralisation fluxes ranged from 0.68 ± 0.14 nmol dFe m -3 yr -1 to 16.66 ± 1.36 nmol dFe m -3 yr -1 for the study area, increasing northwards from the AZ (1.80 ± 0.45 nmol dFe m -3 yr -1 ), to a maximum in the SAZ (16.66 ± 1.36 nmol dFe m -3 yr -1 ). Fluxes in the AZ (1.80 -3.51 nmol dFe m -3 yr -1 ) were comparable to values observed in the Southern Pacific Ocean of ~ 2 nmol m -3 yr -1(Tagliabue et al., 2019), whereas fluxes in the SAZ (9.86 -16.66 nmol dFe m -3 yr -1 ) were an order of magnitude larger. The lowest remineralisation flux was in the oligotrophic STZ (0.68 ± 0.14 nmol dFe m -3 yr -1 ). The Fe remineralisation fluxes estimated from the POC remineralisation fluxes, using the Baxs proxy, are indicative of surface export and subsequent mesopelagic remineralisation, on a seasonal to annual timescale(Chapter 3, van Horsten et al., In Review). The larger remineralisation fluxes estimated in the SAZ can be linked to a relatively higher productive bloom season, evident from the latitudinal trend of the integrated remotely sensed PP along the transect (FigureB1). Although remineralisation fluxes were larger north of the PF, export efficiencies were found to be higher south of the PF, when compared to integrated remotely sensed PP(Chapter 3, van Horsten et al., In review).The decoupling observed between remineralisation fluxes, magnitude of integrated remotely sensed PP and the export efficiencies, gives insight into the fact that PP alone, does not drive the magnitude of mesopelagic remineralisation in the open waters of the SO (Figure4.1). In fact, HPLE regimes which are common throughout the SO, more so north of the PF than south of the PF(Fan et al., 2020), can be a significant driving factor in the magnitude of mesopelagic remineralisation throughout the SO and thereby the internal cycling of Fe.
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 41 Figure 4.1: Schematic diagram highlighting the contrast between the two zones when comparing surface export in the Fe-limited HNLC SO, SPF and NPF. SPF is diatom dominated, with high concentrations of macronutrients, low surface layer recycling and more efficient surface export despite low PP. NPF is flagellate dominated, tending towards Si limitation, increased surface recycling and less efficient surface export, resulting in comparable mesopelagic remineralisation despite higher PP in the NPF zone, indicative of a high productivity, low export regime whereas SPF has a higher surface export efficiency (created by Dr Llopis Monferrer).

Figure A 1 :

 1 Figure A 1: Least squares linear regression of dFe concentrations within the AOU remineralisation depth range plotted against AOU, for each station along the transect, from TM1 to TM8, from south to north.

Figure A 2 :

 2 Figure A 2: Least squares linear regression of dFe concentrations within the AOU remineralisation depth range plotted against PO4 3-, for each station along the transect, from TM1 to TM8, from south to north.

Figure B 1 :

 1 Figure B 1: Top panel is the latitudinal trend, south to north, left to right, of winter integrated mesopelagic Baxs stock concentrations (black triangles). The bottom panel is the latitudinal trend of the corresponding annually integrated remote sensing PP (black circles). Sampling regions are overlaid in grey, namely SPF, NPF and STZ.
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Table B3

 B3 Integrated mesopelagic Baxs stock plotted against integrated remotely sensed PP from the preceding September up to one month prior to sampling, all available literature data and winter data from this study, (a) South of the PF (SPF, black squares) and (b) North of the PF (NPF, black circles). Red open squares are data points from our winter dataset where there was not sufficient remote sensing PP data to integrate up to 1 month prior to sampling and available data up to 3 months prior to sampling was plotted but not included in the statistical analysis. .............................................................. 113 Figure 4.1: Schematic diagram highlighting the contrast between the two zones when comparing surface export in the Fe-limited HNLC SO, SPF and NPF. SPF is diatom dominated, with high concentrations of macronutrients, low surface layer recycling and more efficient surface export despite low PP. NPF is flagellate dominated, tending towards Si limitation, increased surface recycling and less efficient surface export, resulting in comparable mesopelagic remineralisation despite higher PP in the NPF
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Table B 3

 B : Barium excess data used for the Southern Ocean (SO) compilation dataset, split into regions sampled during each study (south of the Polar Front (SPF), north of the Polar Front (NPF) and the subtropical zone (STZ)), the SO basin sampled, estimated POC remineralisation fluxes (POCrem) using the Baxs method, integrated POCrem is the POC flux multiplied by number of days from preceding September up to 1 month prior to sampling, PPintegrated is the integrated remotely sensed PP multiplied by the number of days used for integrated POCrem and % integrated POCrem is the percentage integrated POCrem to PPintegrated. No remotely sensed PP was available for studies preceding September 1997. *Particulate sample digestion methods did not use HF and thus may overestimate Baxs concentrations. ........................................................................................................................................................................ 154 Table B 4: Least squares regression statistics for correlations between mesopelagic Baxs stock and temporally integrated remotely sensed PP of the SO compilation data for all tested timescales between the preceding September and 1 month prior to sampling (Sept -T1) where the T-value is the number

of months prior to sampling. Sept -T1 regressions considered integrated PP from Sept 2016 to June 2017 and T1 -T2 considered PP from May 2017 to June 2017, for this study (July 2017). For a study conducted in March 1998, Sept -T1 considered PP from September 1997 to February 1998 and T1 -T2 considered PP from January 1998 to February 1998. Highlighted comparisons are significantly different, at a 95% confidence level. .............................................................................................................................. 162

  ). ... 163 Naturally occurring thorium isotope, produced by the decay of uranium-238

	PF	Polar Front
	pFe	Particulate iron
	PFZ	Polar frontal zone
	238 U AABW PO4 3-AAIW POC AASW PP ACC SACCf AOU ARC SAF SAMW AZ SASW Ba SAZ Baresidual Sbdy Baxs SD BCP SF-ICP-MS Sector field inductively coupled mass spectrometry Most abundant uranium isotope Phosphate Antarctic bottom water Particulate organic carbon Antarctic intermediate water Primary productivity Antarctic surface water Southern Antarctic circumpolar front Antarctic circumpolar current Subantarctic front Apparent oxygen utilisation Subantarctic mode water Agulhas return current Subantarctic surface water Antarctic zone Subantarctic zone Barium Southern boundary Background barium excess signal referred to as barium residual Standard deviation Particulate biogenic barium in the form of barite crystals referred to as barium excess Biological carbon pump C Si Silicon Carbon CbPM Si(OH)4 Silicic acid Carbon-based productivity model CDW SICW South Indian central water Circumpolar deep water Chl ɑ SIO Southern Indian Ocean Chlorophyll ɑ (phytoplankton light harvesting pigment) CO2 SO Southern Ocean Carbon dioxide CTD SPF South of the Polar Front Conductivity-Temperature-Depth dFe STF Subtropical front Dissolved iron DWA STSW Subtropical surface water Depth weighted average Fe STZ Subtropical zone Iron Fe* SWIR Southwest Indian ridge Iron limitation tracer HF T-S Temperature-Salinity Hydrofluoric acid HNLC TCO2 Total dissolved carbon dioxide High nutrient low chlorophyll UCC Upper continental crust
	HNO3 UCDW	Nitric acid Upper circumpolar deep water
	HPLE θ	High productivity low export Potential temperature
	kz σθ	Diffusivity constant Potential density
	LCDW	Lower circumpolar deep water
	MADT	Mean absolute dynamic topography
	MLD	Mixed layer depth
	n	Number of observations
	NADW	North Atlantic deep water
	NO3 -	Nitrate
	NPF	North of the Polar Front
	O2	Oxygen
	OC-CCI	Ocean Colour Climate Change Initiative
	P	Phosphorus
	pAl	Particulate aluminium
	PAR	Photosynthetically active radiation
	pBa	Particulate barium

  3-concentrations ranged from 2.4 to 37.4 μmol L -1 and 0.19 to 2.6 μmol L -1 , respectively[START_REF] Weir | Winter biogenic silica and diatom distributions in the Indian sector of the Southern Ocean[END_REF] (Figure 2.3a & b; Table 

Table 2 .

 2 1: Fluxes of dFe into the surface mixed layer from this study and various other studies conducted throughout the SO (µmol m -2 yr -1 )

			Tagliabue et al.,	De Jong et al.,	Bowie et al.,	Boyd et al.,	Croot et al.,	Coale et al.,	De Jong et al.,
	Reference	This study	2014	2015	2009	2005	2004	2005	2012
									Antarctic
	Location/	Indian	Southern	Bellingshausen	SAZ	SAZ	Atlantic		Peninsula	and
	dFe fluxes	sector	Ocean	sea	New Zealand	New Zealand	sector	Ross Sea	Atlantic sector
	Winter								
	entrainment 4.4 -73.1	9.1 -33	-	-	-	-	-	-
	Diapycnal								
	diffusion	-10.3 -30.9 1.2 -3.6	0 -1.1	-11.3 -2.6	5.5	12.8	-	0.1 -2.9
	Vertical								
	pumping	-4.9 -21.7	-1.9 -0.4	3.3 -33.6	0 -17.2	-	11.3	9.9	1.1 -47.1
	Lateral								
	advection	-20.9 -0.8 -	1.8 -177.4	8.8 -45.3	0.0	-	1.8	3.3 -131.4

Table 3

 3 

		pBa (mg/kg)	pAl (mg/kg)
	PACS 3 certified (mean ± SD) N/A	65800 ± 1700
	PACS 3 measured (mean ± SD) N/A	73156 ± 15416
	PACS 3 mean % recovery	N/A	111 ± 23
	MESS 4 certified	920	79000 ± 2000
	MESS 4 (mean ± SD)	1033 ± 28	100048 ± 26870
	MESS 4 mean % recovery ± SD 112 ± 3	127 ± 34
	BCR 414 indicative values	32 ± 5	2384 ± 652
	BCR 414 (mean ± SD)	34 ± 4	2651 ± 317
	BCR 414 mean % recovery ±	105 ± 12	111 ± 13
	SD		

.1: Certified Reference Material recovery data for accuracy determination of pBa and pAl analyses N/A: refers to instances where there is no certified values available to check for accuracy

  27.4 kg.m -3 ),Upper and Lower Circumpolar Deep Water (UCDW; 27.2 < σθ < 27.75 kg.m -3 and LCDW; 27.75 < σθ < 27.85 kg.m -3 , respectively), and Antarctic Bottom Water (AABW; 27.8 < σθ < 27.85 kg.m -3 ) were characterised. North of the polar front (NPF) and south of the

	STF (< 50°S; TM5, 6 and 7), from surface to depth, Subantarctic Surface Water (SASW; 26.5
	< σθ < 26.75 kg.m -3 ), Antarctic Intermediate Water (AAIW; 26.7 < σθ < 27.4 kg.m -3 ), North
	Atlantic Deep Water (NADW; 27 < σθ < 27.85 kg.m -3 ) and, as far north as 45.5°S, AABW
	close to the ocean floor, were identified. At the northernmost station (TM8; 41°S), in the STZ,
	the water masses sampled include Subtropical Surface Water (STSW; σθ ⩰ 25.7 kg.m -3 ), South
	Indian Central Water (SICW; 25.8 < σθ < 26.2 kg.m -3 ), Subantarctic Mode Water (SAMW;
	26.2 < σθ < 26.6 kg.m -3 ), AAIW and NADW.

Table A 2

 A : Winter 30°E transect station information; zones Antarctic zone (AZ), Polar Frontal zone (PFZ), Subantarctic zone (SAZ) and the Subtropical zone (STZ), the mixed layer depth (MLD), and the ferricline depths at each station, the apparent oxygen utilisation (AOU) remineralisation depth range used to estimate subsurface remineralisation, the estimated pre-formed PO4 3-concentrations ([PO43-pre]) based on PO4 3-against AOU linear regressions and the integrated subsurface remineralised dFe ([dFerem])stock, as estimated by AOU.

	Station	Date	Latitude	Longitude	Zone	MLD	Ferricline	Remineralisation	[PO4 3-pre]	[dFerem]
		(dd/mm/yr)	(°S)	(°E)		(m)	(m)	depth range (m)	(μmol L -1 )	stock
										(μmol m -2 )
	TM1	06/07/2017	58.5	30	AZ	156	250	150 -451	1.77	75.7
	TM2	06/07/2017	56	30	AZ	129	150	100 -501	1.97	52.7
	TM4	08/07/2017	50.5	30	AZ	97	300	100 -501	1.78	138.7
	TM5	09/07/2017	48	30	PFZ	126	400	100 -1252	1.41	564.6
	TM6	09/07/2017	45.5	30	SAZ	215	598	100 -1249	0.62	796.9
	TM7	10/07/2017	43	30	SAZ	165	400	175 -1250	0.33	899.2
	TM8	10/07/2017	41	30	STZ	118	100	76 -1501	0	946.4

Table A 3

 A : Median and standard deviation of dFe (nmol L -1 ) and macronutrient concentrations (μmol L -1 )[START_REF] Weir | Winter biogenic silica and diatom distributions in the Indian sector of the Southern Ocean[END_REF] and the number of observations (n), for this study, divided into water masses sampled; namely, Subtropical Surface Water (STSW), South Indian Central Water (SICW), Subantarctic Mode Water (SAMW), Subantarctic Surface Water (SASW), Antarctic Intermediate Water (AAIW), Antarctic Surface Water (AASW), North Atlantic Deep Water (NADW), Lower Circumpolar Deep Water (LCDW), Upper Circumpolar Deep Water (UCDW), Antarctic Bottom Water (AABW).

	Nutrient dFe (nmol L -1 )		PO4 3-(μmol L -1 )	NO3 -(μmol L -1 )		Si(OH)4 (μmol L -1 )
	Water									
	mass	Median SD	n	Median SD n	Median	SD	n	Median	SD	n
	AASW 0.05	0.04 13	1.91	0.11 13	28.50	1.60 13	44.73	10.05 13
	SASW 0.11	0.06 18	0.95	0.41 18	12.15	4.98 18	2.65	1.24	18
	STSW 0.14	0.04 4	0.20	0.02 4	2.80	0.41 4	2.91	0.02	4
	UCDW 0.24	0.12 23	2.34	0.14 23	35.10	1.32 23	80.19	16.09 23
	LCDW 0.38	0.10 15	2.11	0.13 15	33.40	1.12 15	97.99	13.00 15
	AAIW 0.44	0.15 26	1.89	0.44 26	27.75	6.24 26	15.99	13.77 26
	SAMW 0.48	0.08 3	0.59	0.11 3	7.20	3.09 3	4.82	0.42	3
	SICW	0.44	0.05 5	0.34	0.07 5	5.00	0.85 5	3.96	0.30	5
	AABW 0.40	0.06 9	2.23	0.08 9	34.20	0.92 9	124.07	9.45	9
	NADW 0.55	0.08 15	2.20	0.24 15	33.60	3.07 15	64.66	13.44 15
	Table A 4: Statistical data (t-statistic and p-value) for Welch's t-tests conducted on the in situ dFe, PO4 3-, NO3 -
	and Si(OH)4 concentration comparisons between water masses sampled. Highlighted comparisons are
	significantly different, at a 95% confidence level.				
			dFe			PO4 3-		NO3 -		Si(OH)4
	Water	mass							
	comparisons	t-statistic p-value t-statistic p-value t-statistic p-value t-statistic p-value
	AASW vs SASW	4.73	6 x 10 -5 8.37	5 x 10 -8 11.31	2 x 10 -10 13.93	7 x 10 -9
	SASW vs STSW	0.19	0.85	8.85	8 x 10 -8 9.61	2 x 10 -8 1.11	0.28
	AASW vs STSW	3.65	0.01	52.66	1 x 10 -16 52.36	2 x 10-18 14.12	8 x 10 -9
	AASW vs UCDW	7.73	1 x 10 -8 9.41	2 x 10 -10 12.50	3 x 10 -11 8.09	2 x 10 -9
	UCDW vs LCDW	3.36	0.00	5.38	7 x 10 -6 4.84	3 x 10 -5 4.53	7 x 10 -5
	LCDW vs AAIW	1.10	0.25	2.72	0.01	5.21	2 x 10 -5 18.14	6 x 10 -18
	AAIW vs SAMW	0.49	0.65	11.74	4 x 10 -8 8.29	0.00	5.85	4 x 10 -6
	SAMW vs SICW	0.61	0.59	3.66	0.04	1.90	0.19	3.63	0.03

Table A 6

 A : Statistical data (t-statistic and p-value) for Welch's t-tests conducted on the dFe compilation dataset. Highlighted comparisons are significantly different, at a 95% confidence level.

	Atlantic	Indian		
	SO basin comparisons SAZ Surface SAZ Surface	t-statistic p-value 1.10 0.27
	Indian SAZ Intermediate	SAZ Intermediate	5.40	1 x 10 -7
	SAZ Surface SAZ Deep	AZ Surface SAZ Deep	0.28 0.06	0.78 0.95
	SAZ Intermediate AZ Surface	AZ Intermediate AZ Surface	0.47 7.38	0.64 1 x 10 -12
	SAZ Deep AZ Intermediate	AZ Deep AZ Intermediate	0.02 3.97	0.98 1 x 10 -4
	Pacific AZ Deep	AZ Deep	0.20	0.84
	SAZ Surface Winter study comparisons AZ Surface	3.88	3 x 10 -4
	SAZ Intermediate Indian	AZ Intermediate Pacific	0.70	0.50
	SAZ Deep SAZ Surface	AZ Deep SAZ Surface	5.41 2.44	3 x 10 -6 0.02
	Atlantic SAZ Intermediate	SAZ Intermediate	4.30	5 x 10 -5
	SAZ Surface SAZ Deep	AZ Surface SAZ Deep	7.38 0.04	1 x 10 -12 0.97
	SAZ Intermediate Pacific	AZ Intermediate Atlantic	1.80	0.07
	SAZ Deep SAZ Surface	AZ Deep SAZ Surface	0.35 3.57	0.73 0.01
	Indian SAZ Intermediate	Pacific SAZ Intermediate	3.96	3 x 10 -3
	SAZ Surface SAZ Deep	SAZ Surface SAZ Deep	3.13 5.59	2 x 10 -3 6 x 10 -4
	SAZ Intermediate Atlantic	SAZ Intermediate Indian	0.14	0.89
	SAZ Deep SAZ Surface	SAZ Deep SAZ Surface	0.38 2.02	0.70 0.08
	AZ Surface SAZ Intermediate	AZ Surface SAZ Intermediate	0.81 1.96	0.42 0.08
	AZ Intermediate SAZ Deep	AZ Intermediate SAZ Deep	0.86 6.84	0.41 2 x 10 -5
	AZ Deep Seasonal comparisons AZ Deep	2.23	0.03
	Pacific Indian	Atlantic		
	SAZ Surface Winter Surface	SAZ Surface Summer Surface	0.93 1.12	0.35 0.28
	SAZ Intermediate Winter Intermediate Summer Intermediate 0.67 SAZ Intermediate 6.04	6 x 10 -9 0.52
	SAZ Deep Winter Deep	SAZ Deep Summer Deep	0.76 -	0.45 -
	AZ Surface Pacific	AZ Surface	8.54	8 x 10 -16
	AZ Intermediate Winter Surface	AZ Intermediate Summer Surface	4.03 17.49	3 x 10 -4 5 x 10 -36
	AZ Deep Winter Intermediate Summer Intermediate 4.85 AZ Deep 5.51	3 x 10 -7 6 x 10 -6

Table B 2

 B : Particulate Ba (pBa), particulate Al (pAl) and barium excess (Baxs) profile concentrations for seven stations along the 30°E transect study during winter 2017.

		3500 26	194 102	2.83 0.99	
		26 75	121 109	0.67 1.13	
		75 101	132 128	0.79 1.47	
		99 126	154 114	1.39 1.13	
		151 150	536 129	0.28 1.13	
	TM7 43°S, 30°E TM4 50.5°S, 30°E	200 250 300 399 175 202 253 301 501 400 602 500 701 750	634 560 607 155 158 619 559 570 399 364 289 480 271 380	0.67 0.92 0.97 0.66 1.16 2.01 1.85 1.70 1.20 2.23 0.64 2.59 0.93 2.29	
		799 1008	281 272	0.68 2.74	
		901 1250	245 260	1.29 4.74	
		999 1503	361 280	2.92 3.35	
		1250 25	225 61	2.18 1.53	
		2000 76	164 74	1.37 1.98	
		2502 100	183 76	2.52 2.55	
		3001 120	163 159	3.41 1.24	
		3501 151	249 211	6.24 2.15	
	TM8 41°S, 30°E	26 50 75 100 175 200 251 299	143 135 113 127 169 207 238 158	0.88 1.63 0.86 0.39 2.50 2.36 3.47 3.53	
		150 401	627 128	1.46 3.47	
		201 501	349 168	0.58 3.82	
	Station TM5 Latitude (°S), 30°E Longitude (°E) 48°S,	Depth (m) 251 801 301 1000 400 1249 601 501 1501	pBa (pmol L -1 ) 686 253 561 248 510 240 318 368 178	pAl (nmol L -1 ) 1.29 5.37 5.22 1.61 5.31 1.15 1.72 1.89 4.23	Baxs (pmol L -1 )
	TM1 58.5°S, 30°E TM2 56°S, 30°E TM6 45.5°S, 30°E	25 75 100 150 200 250 299 349 401 451 500 550 751 1001 1250 1500 700 802 900 1000 1752 2250 2751 3501 4251 23 76 101 149 200 251 300 25 51 76 100 150 201 250 300 401 501 599 701 400 598 701 800 902 1000 1249 1750 2249 2750 3500 4249	134 131 193 153 340 357 375 343 352 271 229 150 256 203 245 207 185 320 305 342 308 187 186 136 92 89 83 92 115 128 639 285 127 121 113 113 271 248 311 453 356 315 253 228 439 404 299 319 323 348 218 257 188 180 116 82	0.95 0.76 1.67 1.09 1.54 0.77 2.12 1.18 2.44 0.58 2.09 1.25 2.03 0.29 2.03 0.78 2.97 0.84 0.66 0.36 0.64 0.33 0.72 1.98 1.28 1.63 1.01 1.20 2.99 1.45 1.24 1.47 0.72 1.30 0.74 3.48 3.74 3.50 3.11 0.31 4.01 0.57 2.76 0.25 1.86 0.69 2.32 0.82 2.50 1.11 3.68 0.75 2.27 0.74 0.48 2.98	
		801	224	0.98	
		901	235	1.17	
		1001	228	1.46	
		1250	235	1.33	
		1751	206	1.68	
		2250	192	1.94	
		2769	163	2.03	

Table B 3

 B : Barium excess data used for the Southern Ocean (SO) compilation dataset, split into regions sampled during each study (south of the Polar Front (SPF), north of the Polar Front (NPF) and the subtropical zone (STZ)), the SO basin sampled, estimated POC remineralisation fluxes (POCrem) using the Baxs method, integrated POCrem is the POC flux multiplied by number of days from preceding September up to 1 month prior to sampling, PPintegrated is the integrated remotely sensed PP multiplied by the number of days used for integrated POCrem and % integrated POCrem is the percentage integrated POCrem to PPintegrated. No remotely sensed PP was available for studies preceding September 1997. *Particulate sample digestion methods did not use HF and thus may overestimate Baxs concentrations. Distributions en fer dissous et en baryum particulaire pour l'étude de la reminéralisation en début d'hiver dans le secteur Indien de l'Océan Austral (mission GEOTRACES GIPr07)Mots clés : L'Océan Austral, excès de baryum en hiver, cyclage du fer en hiver, reminéralisation Résumé : L'océan Austral est d'une importance centrale pour l'océan mondial, reliant les bassins Atlantique, Pacifique et Indien grâce notamment au courant circumpolaire antarctique, qui transporte de grandes quantités de chaleur, de carbone et de nutriments. Ainsi, cette province océanique régule en partie le climat de la Terre. Un des facteurs influençant la pompe à carbone biologique de l'Océan Austral est la disponibilité en fer, qui est un nutriment essentiel à la cellule phytoplanctonique. Or, les observations dans cette région ont été principalement menées au printemps et en été, laissant des lacunes importantes dans notre connaissance du cycle biogéochimique du fer notamment sur la saisonnalité des processus internes tels que la reminéralisation mésopélagique. Au cours de cette thèse, les distributions en fer dissous et d'excès de baryum (Baxs) qui est un proxy de la réminéralisation mésopélagique, ont été mesurés dans toute la colonne d'eau, à sept stations le long de 30°E dans le sud de l'océan Indien au début de l'hiver austral 2017. Nos résultats suggèrent que la reminéralisation est maintenue à des niveaux comparables à l'été, bien après la fin de la floraison, au début de l'hiver. Concernant le fer dissous, les concentrations hivernales ne sont pas significativement différentes des observations estivales mesurées dans l'ouest de l'océan Indien Austral, restant à des concentrations subnanomolaires, de 0.02 à 0.73 nmol L -1 . Les concentrations dans les eaux de surface sont diminués, indiquant qu'en juillet, il n'y a pas encore eu de reconstitution du stock de fer dissous dans les eaux de surface. Les distributions de fer dissous et d'excès de baryum présentent des pics dans les eaux intermédiaires sur les profils de colonne d'eau, indiquant une reminéralisation du fer. En utilisant le proxy d'utilisation apparente de l'oxygène nous avons estimé qu'une fraction importante (de 58 ± 1 à 160 ± 2 %) du stock de fer dissous mésopélagique mesuré était fourni par reminéralisation.

		202	34.75	10.63	4.98		0.37	2.89		11.80	0.89	0.01
		253	34.71	10.06	5.07		0.31	4.59		13.50	0.95	0.00
	Basin Zone Indian (20°E -145°E) SPF 06/07/2017 58.5 Date Latitude (°S) SPF 06/07/2017 56.0 SPF 08/07/2017 50.5 NPF 09/07/2017 48.0 NPF 09/07/2017 45.5 NPF 10/07/2017 43.0 STZ 10/07/2017 41.0 SPF 01/11/2011 48.5 SPF 04/11/2011 48.7 SPF 12/11/2011 48.8 SPF 14/11/2011 48.7 SPF 16/11/2011 50.6 SPF 18/11/2011 48.4 NPF 02/11/2011 48.4 NPF 07/11/2011 48.5 SPF 20/01/2005 49.2 SPF 24/01/2005 50.6 SPF 26/01/2005 51.7 SPF 29/01/2005 50.5 SPF 30/01/2005 51.1 SPF 03/02/2005 50.6 SPF 06/02/2005 51.7 SPF 07/02/2005 52.4 SPF 12/02/2005 50.6 SPF 13/11/2001 53.7 SPF 16/11/2001 56.9 SPF 20/11/2001 60.9 SPF 24/11/2001 63.9 SPF 05/12/2001 63.9 SPF 07/12/2001 60.9 NPF 03/11/2001 46.9 NPF 07/11/2001 48.9 NPF 09/11/2001 51.0 NPF 10/12/2001 51.0 NPF 19/01/1999 46.0 NPF 25/01/1999 45.1 NPF 28/01/1999 44.5 STZ 31/01/1999 44.3 STZ 02/02/1999 44.2 STZ 07/02/1999 44.0 STZ 13/02/1999 43.1 SPF 19/03/1998 53.7 SPF 22/03/1998 53.0 NPF 07/03/1998 45.0 NPF 10/03/1998 46.8 NPF 15/03/1998 49.5 NPF 17/03/1998 51.0 NPF 26/03/1998 50.9 STZ 03/03/1998 42.0 SPF 14/01/1987 56.5 SPF 16/01/1987 59.5 SPF 17/01/1987 61.8 SPF 18/01/1987 64.2 SPF 20/01/1987 66.0 SPF 24/01/1987 63.8 SPF 26/01/1987 65.2 SPF 27/01/1987 61.0 SPF 28/01/1987 57.0 SPF 29/01/1987 53.0 NPF 01/02/1987 47.2 STZ 05/02/1987 38.0 STZ 07/02/1987 38.0 Indian (20°E -145°E) & Pacific (145°E -65°W) SPF 01/02/2007 54.0 SPF 02/02/2007 54.0 SPF 03/02/2007 54.1 SPF 04/02/2007 54.5 SPF 05/02/2007 54.5 SPF 07/02/2007 50.9 NPF 20/01/2007 44.9 NPF 22/01/2007 46.3 NPF 26/01/2007 46.5 NPF 08/02/2007 50.0 NPF 09/02/2007 48.1 NPF 11/02/2007 45.6 NPF 12/02/2007 45.5 NPF 14/02/2007 44.9 NPF 16/02/2007 45.6 STZ 19/02/2007 43.7 Atlantic (65°W -20°E) SPF 11/03/2008 51.9 SPF 14/03/2008 55.2 NPF 27/02/2008 42.5 NPF 01/03/2008 44.9 NPF 05/03/2008 47.5 NPF 07/03/2008 49.0 SPF 11/02/2004 50.0 SPF 22/02/2004 50.0 SPF 23/02/2004 50.0 SPF 04/03/2004 50.0 SPF 09/03/2004 50.0 SPF 11/03/2004 50.0 SPF 17/03/2004 50.0 SPF 19/03/2004 50.0 SPF 13/10/1992 56.5 SPF 14/10/1992 54.5 SPF 22/10/1992 56.1 SPF 25/10/1992 55.0 SPF 26/10/1992 53.0 SPF 27/10/1992 51.0 SPF 29/10/1992 49.0 SPF 06/11/1992 59.5 SPF 12/11/1992 57.5 SPF 12/11/1992 57.5 SPF 16/11/1992 53.0 SPF 17/11/1992 51.0 SPF 19/11/1992 49.0 SPF 23/11/1992 49.8 NPF 18/10/1992 48.5 NPF 30/10/1992 47.0 NPF 21/11/1992 47.0 SPF 20/12/1988 50.0 SPF 20/12/1988 59.5 SPF 21/12/1988 60.0 SPF 21/12/1988 60.5 SPF 22/12/1988 61.0 SPF 22/12/1988 61.5 SPF 24/12/1988 62.1 SPF 27/12/1988 57.0 SPF 28/12/1988 58.0 SPF 28/12/1988 59.0 SPF 29/12/1988 60.0 SPF 30/12/1988 61.0 SPF 31/12/1988 61.7 TM4 08/07/2017 50.5 26 50 99 151 30.0 Longitude (°E) 30.0 30.0 30.0 30.0 30.0 30.0 72.1 72.0 71.4 72.6 72.1 71.9 75.0 74.7 74.0 72.1 78.0 77.0 74.6 72.1 78.0 75.6 72.1 142.0 142.0 142.0 142.0 142.0 142.0 142.0 142.0 142.0 142.0 62.5 63.1 62.5 62.4 62.3 63.4 62.5 141.8 141.7 141.5 142.0 141.8 141.8 142.8 141.9 63.2 69.9 76.3 84.0 67.3 42.0 32.0 32.3 31.8 31.2 23.6 23.3 30.0 145.9 146.1 146.3 146.1 147.1 148.7 143.1 140.6 140.3 149.4 151.2 153.2 153.4 152.5 153.7 148.6 0.0 0.0 8.9 6.9 4.4 2.8 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 -6.0 -6.0 -6.8 -6.0 -6.0 -6.0 -6.0 -6.0 -6.0 -6.0 -6.0 -6.0 -6.0 -6.0 -6.0 -6.0 -6.0 -45.4 -49.0 -49.0 -49.0 -49.0 -49.0 -49.0 -49.0 -48.9 -49.0 -49.0 -49.0 -49.0 -48.8 33.77 224 Bastock (μmol m -2 ) 246 311 338 296 345 173 77 72 103 89 67 95 60 82 127 130 100 154 131 120 160 145 111 88 121 86 79 92 139 74 68 62 59 283 239 343 234 283 292 151 153 145 82 57 96 127 94 87 345 259 274 194 189 261 166 273 268 239 176 161 116 177 167 220 258 232 140 125 94 112 153 198 141 148 122 130 73 112 132 135 236 145 184 324 232 198 275 260 353 360 292 65 54 59 69 60 73 76 77 59 69 63 76 94 77 101 77 86 17 20 14 16 17 21 22 40 106 73 61 32 38 19 1.79 33.77 1.79 33.78 1.74 34.02 1.43 200 34.17 1.65 250 34.33 2.03 TM7 10/07/2017 43 26 34.58 10.55 32 (mg C m -2 d -1 ) POCrem 44 78 92 70 96 6 42 35 76 58 11 66 20 49 32 34 21 45 34 29 48 41 25 15 29 14 12 17 36 10 7 5 4 102 63 118 65 82 86 32 41 35 14 2 20 30 17 15 93 55 66 21 14 50 2 58 54 39 7 --43 38 65 84 71 44 37 22 33 52 73 46 49 36 40 12 13 23 25 77 30 50 78 31 14 40 45 92 96 61 13 7 9 14 10 16 18 19 9 14 12 25 27 19 31 18 0.2 -------20 3 ----7.16 7.17 7.11 6.25 5.22 4.41 5.78 50 34.58 10.55 5.78 75 34.58 10.55 5.77 101 34.60 10.60 5.75 126 34.66 10.79 5.70 301 34.61 9.32 5.06 400 34.58 8.53 4.57 500 34.47 7.11 4.48 750 34.25 4.36 4.93 1008 34.40 3.63 4.04 1250 34.54 3.26 3.60 1503 34.62 2.86 3.69 TM8 10/07/2017 41 25 35.59 18.02 4.84 51 35.59 18.03 4.83 76 35.59 18.03 4.83 100 35.58 18.00 4.82 120 35.56 17.50 4.39 151 35.55 17.24 4.43 175 35.53 16.99 4.42 200 35.52 16.71 4.38 251 35.50 16.14 4.27 299 35.32 14.89 4.79 401 35.29 13.73 4.44 501 35.12 12.42 4.56 801 34.56 8.15 4.59 1000 34.39 5.56 4.38 1249 34.43 4.22 3.92 23 SPF 19/12/1988 60.9 1501 34.54 3.49 3.56	Integrated POCrem (mg C m -2 ) 8896 12232 21840 25852 19670 27072 1692 1302 1190 3192 2552 506 3168 640 1813 3552 3910 2457 5400 4114 3625 6144 5289 3350 645 1334 700 648 1105 2412 330 259 195 280 11220 7308 14042 7930 10168 11094 4320 6929 6020 2198 320 3300 5010 2992 2295 12491 7587 9082 1952 7301 305 8569 7996 5817 1108 --5314 4762 8100 10584 8992 5676 4107 2441 3875 6760 9563 6065 6593 4896 5465 1692 2155 3861 3740 11658 4680 7900 10374 4464 2030 6200 7200 14904 16128 10370 528 293 480 779 549 923 1052 1226 681 1023 878 1920 2152 1548 1436 1079 25 -------2331 390 ----0.03 0.05 0.05 0.08 0.12 0.24 0.11 0.11 0.15 0.11 0.10 0.31 0.67 0.48 0.68 0.67 0.70 0.73 0.10 0.11 0.16 0.19 0.38 0.39 0.47 0.44 0.48 0.38 0.48 0.54 0.49 0.68 0.61 0.61	PPintegrated (mg C m -2 ) 94226 89959 111498 121189 162823 229782 261424 3246 3505 4189 4693 2957 6557 3016 3387 20593 15787 18911 20634 13586 20508 23831 21603 26108 6486 6259 10680 10144 15831 18509 --1621 10929 80171 86214 87265 92009 93316 90692 100687 82220 81306 100516 100374 96739 92570 103327 94660 61097 61864 62461 62828 61876 50368 60591 53982 57207 52597 61995 86173 90826 97168 93136 114832 66711 67327 114462 85271 75250 66889 50310 59284 60100 69011 71992 73184 76760 77953 25.11 26.94 26.56 32.84 45.20 55.86 1.65 2.25 2.27 2.27 2.39 6.08 10.10 14.96 24.48 46.89 63.49 66.09 2.92 2.90 2.90 2.94 3.76 3.87 3.96 4.03 4.54 4.78 4.82 5.53 11.96 27.49 46.23 64.21	% Integrated POCrem 9 14 20 21 12 12 1 40 34 76 54 17 48 21 54 17 25 13 26 30 18 26 25 13 10 21 7 6 7 13 --12 3 14 9 16 9 11 12 4 8 7 2 0 3 5 3 2 9 8 13 17 15 11 7 5 7 21 13 26.40 26.60 26.80 31.30 34.60 36.60 8.40 10.10 10.80 11.40 11.30 18.60 22.60 27.00 31.00 34.70 35.30 34.50 2.40 2.50 3.20 3.10 4.30 4.30 5.00 5.70 6.20 6.40 7.20 12.10 21.20 29.80 33.40 34.80	Reference This study Jacquet et al. (2015) Jacquet et al. (2008a) Cardinal et al. (2005) Jacquet et al. (2005) Cardinal et al. (2001) Dehairs et al. (1990)* Jacquet et al. (2011) Planchon et al. (2013) Jacquet et al. (2008b) Dehairs et al. (1997)* 1.91 1.87 1.89 2.06 2.37 2.57 0.63 0.63 0.70 0.70 0.81 1.21 1.45 1.61 2.11 2.38 2.47 2.24 0.22 0.19 0.19 0.21 0.23 0.31 0.34 0.37 0.41 0.48 0.59 0.70 1.35 1.88 2.07 2.20	0.00 0.34 0.33 0.28 0.01 0.00 -0.01 0.51 0.52 0.51 0.49 0.38 0.00 -0.01 -0.01 -0.01 0.00 0.01 0.00 0.33 0.36 0.37 0.32 0.01 0.03 0.02 0.02 0.01 0.03 0.00 0.00 0.00 0.00 0.01 0.01
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Subantarctic zone (SAZ) and the Subtropical zone (STZ), the mixed layer depth (MLD), and the ferricline depths at each station, the apparent oxygen utilisation (AOU) remineralisation depth range used to estimate subsurface remineralisation, the estimated pre-formed PO4 3-concentrations ([PO4 3- pre]) based on PO4 3-against AOU linear regressions and the integrated subsurface remineralised dFe Therefore, a potential sea ice influence on our study area can be disregarded. 

Temperature, salinity and dissolved O2

Temperature (°C), salinity and dissolved O2 (µmol L -1 ) profiles were measured by sensors (SBE 911plus) which were calibrated by the manufacturer within a year prior to the cruise. At each cast, discrete seawater samples were collected and analysed onboard for in situ calibration of sensor data for salinity (8410A Portasal salinometer, R 2 = 0.99) and dissolved O2 concentrations (Metrohm 848 titrino plus, R 2 = 0.83; [START_REF] Ehrhardt | Methods of seawater analysis[END_REF]. Temperature and salinity measurements were used to calculate potential density (σθ; Gill, 1982) to characterise water masses sampled and to identify the mixed layer depth (MLD). The MLD is the depth at which there is a change of 0.03 kg m -3 in σθ from a near-surface value at ~ 10 m (de Boyer

Appendix A

This appendix contains supplementary data and figures linked to the interpretation of Chapter 2 of this manuscript; Early winter Southern Indian Ocean dissolved iron distributions and remineralisation (GEOTRACES GIPr07 cruise). 

Appendix B

This appendix contains supplementary data and figures, as submitted with the Early winter barium excess in the Southern Indian Ocean as an annual remineralisation proxy (GEOTRACES GIPr07 cruise) paper, presented as Chapter 3 of this manuscript. 

Appendix C

This appendix contains ancillary and metadata for stations sampled along the 30°E line during the GEOTRACES GIpr07 cruise. This data was used for the interpretation of dFe and Baxs measurements conducted during this study.

Table C1: Metadata, ancillary data and nutrient concentrations [START_REF] Weir | Winter biogenic silica and diatom distributions in the Indian sector of the Southern Ocean[END_REF] of samples collected along the 30°E line, during the GEOTRACES GIpr07 process study, from 58.5°S to 41°S (TM1 to TM8).