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Abstract. The Southern Ocean is of global importance and processes such as mesopelagic remineralisation that impact the 11 

efficiency of the biological carbon pump in this region is of substantial interest. During this study the proxy barium excess 12 

which is utilised to shed light on mesopelagic remineralisation was measured at seven stations along 30°E in the Southern 13 

Indian Ocean during early austral winter of 2017. To our knowledge this is the first reported winter study utilising this proxy 14 

in the Southern Ocean. Concentrations of 59 to 684 pmol L-1 were comparable to those observed throughout other seasons, 15 

indicating that this proxy has a longer timescale than previously thought. Background barium excess values observed in deep 16 

waters were also similar to previous studies, not having declined down to an expected “true” Southern Ocean background 17 

value. It is apparent that processes driving the mesopelagic barium excess signal are still underway during early winter. 18 

Indicating that continuous remineralisation is sustained at levels comparable to summer, well after bloom termination. 19 

Moreover, linking integrated remote sensing primary production to the mesopelagic barium excess signal reiterates a longer 20 

timescale. The significant positive correlations obtained in the Antarctic and Subantarctic zones suggest that mesopelagic 21 

barium excess stock can be used as a remineralisation proxy on an annual timescale and possible inference of carbon 22 

remineralisation from remote sensing data on an annual and basin scale.  23 

1 Introduction 24 

The Southern Ocean (SO) is a carbon sink of global significance responsible for 40 – 50 % of the global oceans’ carbon uptake 25 

(Friedlingstein et al., 2019; Gregor et al., 2019; Gruber et al., 2019). Oceanic carbon uptake is regulated by various processes, 26 

including the biological carbon pump (BCP). The pathway by which inorganic carbon is consumed and released by 27 

photosynthetic organisms through photosynthesis and respiration (Sarmiento and Gruber, 2006), thereby regulating the earth’s 28 

carbon cycle by partially sequestering photosynthetically fixed CO2 in the ocean interior (Honjo et al., 2014). In particular, the 29 
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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 30 

yr-1 global export production (Schlitzer, 2002). The efficiency of the BCP is linked to the export and preservation of surface 31 

particulate matter and is directly linked to atmospheric CO2 levels, on glacial-interglacial timescales (Honjo et al., 2014; 32 

Sigman et al., 2010).   33 

Sedimentation out of the surface layer (~100 m) is defined as surface export and out of the mesopelagic zone (~1000 m) as 34 

deep export (Passow and Carlow, 2012). There are large gaps in our knowledge with regard to deep carbon export, internal 35 

cycling and the seasonality of these processes (Takahashi et al., 2012). The magnitude of deep carbon export is dependent on 36 

the efficiency of mesopelagic remineralisation (Jacquet et al., 2015) which can balance or even exceed particulate organic 37 

carbon (POC) surface export, especially later in the growing season, thereby limiting deep export (Buesseler and Boyd, 2009; 38 

Cardinal et al., 2005; Jacquet et al., 2011, 2015; Lemaitre et al., 2018; Planchon et al., 2013). A possible explanation for 39 

imbalances between surface export and mesopelagic processes can be lateral advection of surface waters with lower particle 40 

export relative to the mesopelagic signal (Planchon et al., 2013). It is also possible that continued remineralisation of earlier 41 

larger export fluxes is detected in the mesopelagic signal but not in the export fluxes of in situ observations (Planchon et al., 42 

2013). In addition to this, the efficiency of remineralisation is influenced by the size and composition of exported particles 43 

(Rosengard et al., 2015; Twining et al., 2014) as well as the pathway by which these particles are transported downwards (e.g., 44 

eddy-subduction, active migration, sinking or mixing) from the surface mixed layer to the mesopelagic zone (Boyd et al., 2019; 45 

Le Moigne, 2019), creating an intricate web of processes to disentangle. Mesopelagic remineralisation has also been shown to 46 

be influenced by environmental factors, such as temperature, phytoplankton community structure and nutrient availability 47 

(Bopp et al., 2013; Buesseler and Boyd, 2009). Indeed, nutrient limitation in surface waters limits export and consequently 48 

mesopelagic remineralisation by promoting the shift to smaller phytoplankton assemblages that preferentially take up recycled 49 

nutrients in the surface mixed layer (Planchon et al., 2013). Phytoplankton community composition exerts an important control 50 

where diatoms are more efficiently exported, due to their large size and ballasting by biogenic silica, compared to smaller non-51 

diatom phytoplankton (Armstrong et al., 2009; Buesseler, 1998; Ducklow et al., 2001). Latitudinal trends in remineralisation 52 

efficiency can also be linked to temperature-dependent heterotrophs that are responsible for remineralisation (DeVries and 53 

Weber, 2017; Marsay et al., 2015). The mesopelagic layer is under-studied, especially in the high latitudes, and therefore these 54 

processes are poorly constrained, despite their importance to global elemental cycles, including that of carbon (Le Moigne, 55 

2019; Robinson et al., 2010).  56 

Export and remineralisation tracers, such as 234Th/238U and apparent oxygen utilization (AOU), have been used to study 57 

mesopelagic POC remineralisation fluxes (Buesseler et al., 2005; Planchon et al., 2013; Lemaitre et al., 2018). Excess 234Th 58 

activities are used to measure surface export and 234Th/238U ratios higher than 1 are attributed to remineralisation, integrating 59 

processes over a 2 to 3 week period (Buesseler et al., 2005; Planchon et al., 2013). AOU is the depletion of oxygen (O2) in the 60 

ocean interior, relative to surface saturation, due to biological respiration, when surface water masses are subducted. AOU is 61 

dependent on salinity and temperature and integrates remineralisation on timescales of years to decades (Ito et al., 2004). 62 

https://doi.org/10.5194/bg-2021-42
Preprint. Discussion started: 1 March 2021
c© Author(s) 2021. CC BY 4.0 License.



3 
 

Inaccuracies have, however, been detected with AOU as a remineralisation proxy, specifically in high latitude areas, due to O2 63 

undersaturation as a consequence of large temperature gradients (Ito et al., 2004).  64 

Barium excess (Baxs) is another proxy utilized to yield estimates of mesopelagic POC remineralisation fluxes. It is defined as 65 

the “biogenic” portion of particulate Barium (pBa) as barite crystals, formed by the decay of bio-aggregates below the surface 66 

mixed layer (Bishop, 1988; Dehairs et al., 1997; Lam and Bishop, 2007; Legeleux and Reyss, 1996; van Beek et al., 2007). As 67 

these crystals are released a Baxs peak is formed within the mesopelagic zone which has been found to correlate to primary 68 

production (PP), O2 consumption and POC remineralisation (Dehairs et al., 1997). Depth-integrated rates of O2 consumption 69 

between the base of the mixed layer and 1000 m were estimated using an inverse 1-D advection-diffusion-consumption model 70 

(Shopova et al., 1995) to develop a transfer function between the Baxs signal and the rate of surface POC export for subsequent 71 

mesopelagic remineralisation (Dehairs et al., 1997). Strong correlations have been obtained between the well-established 72 

export/remineralisation flux proxy 234Th and Baxs, during studies conducted in the SO and the North Atlantic, confirming the 73 

validity of Baxs as a remineralisation proxy (Cardinal et al., 2005; Lemaitre et al., 2018; Planchon et al., 2013). Estimates of 74 

POC remineralisation fluxes, using the Baxs proxy, are directly influenced by the background signal of Baxs, after partial 75 

dissolution and sedimentation from the previous bloom season, which can be thought of as the “pre-formed Baxs'', defined as 76 

the Baresidual signal at zero O2 consumption (Jacquet et al., 2015). Studies conducted in spring and summer suggest that the 77 

mesopelagic Baxs signal lasts between a few days to a few weeks (Dehairs et al., 1997; Cardinal et al., 2005; Jacquet et al., 78 

2007, 2008a).  79 

Winter Baxs data is thus crucial for giving insight into the true SO Baresidual values (Jacquet et al., 2008b, 2011) and the timescale 80 

of the mesopelagic Baxs signal, which we believe to be longer than a few weeks. In this context, as part of a GEOTRACES 81 

process study (GIpr07) of a transect along 30°E in the Southern Indian Ocean (SIO, 58.5°S to 41.0°S), we studied Baxs 82 

distributions during early austral winter (July 2017) to better constrain the SO Baresidual concentrations and the timescale of this 83 

proxy. We also aim to better understand the seasonal cycle and how it links to PP on a basin scale. 84 

2 Materials and Methods 85 

2.1 Sampling and hydrography 86 

During the GEOTRACES GIpr07 cruise, which took place in early austral winter (28 June - 13 July 2017) onboard the R/V 87 

SA Agulhas II, seven stations were sampled along 30°E, from 58.5°S to 41.0°S (WOCE I06S, Figure 1a). At each station 88 

between 15 and 21 samples were collected from 25 m down to 1500 m, for shallow stations, and down to 4250 m, for deep 89 

stations, to be analysed for multiple parameters.  90 

Positions of the fronts during the cruise were determined using mean absolute dynamic topography data from the CLS/AVISO 91 

product (Rio et al., 2011), with boundary definitions from Swart et al. (2010). From north to south the fronts are, the Subtropical 92 

Front (STF), the Subantarctic Front (SAF), the Polar Front (PF), the Southern Antarctic Circumpolar Front (SACCf) and the 93 

Southern Boundary (SBdy) (Figure 1a). 94 
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95 
Figure 1: (a) GEOTRACES GIPr07 cruise sampling stations overlaid on a map with frontal positions; namely, the Subtropical Front 96 
(STF), the Subantarctic Front (SAF), the Polar Front (PF), the Southern Antarctic Circumpolar Front (SACCf) and the Southern 97 
Boundary (SBdy), as determined by mean absolute dynamic topography (MADT) and crossing over three zones; namely, the 98 
Antarctic zone (AZ), the Polar frontal zone (PFZ), the Subantarctic zone (SAZ) and the Subtropical zone (STZ), (b) Potential 99 
temperature plotted against salinity, overlaid on isopycnals and identification of water masses sampled; namely, Subtropical Surface 100 
Water (STSW), South Indian Central Water (SICW), Subantarctic Mode Water (SAMW), Subantarctic Surface Water (SASW), 101 
Antarctic Intermediate Water (AAIW), Antarctic Surface Water (AASW), North Atlantic Deep Water (NADW), Lower 102 
Circumpolar Deep Water (LCDW), Upper Circumpolar Deep Water (UCDW), Antarctic Bottom Water (AABW). 103 

2.2 Temperature, salinity and dissolved O2 104 

Temperature (°C), salinity and dissolved O2 (µmol L-1) profiles were measured by sensors (SBE 911plus). At each cast discrete 105 

seawater samples were collected for analysis and calibration of the sensor data. Discrete samples were analysed onboard for 106 

salinity (8410A Portasal salinometer) and dissolved O2 concentrations (Metrohm 848 titrino plus; Ehrhardt et al., 1983). Strong 107 

correlations were obtained between sensor data and discrete samples for salinity (R2 = 0.99) and dissolved O2 (R2 = 0.83), 108 

validating the sensor data which was then used for further data interpretation. Temperature and salinity measurements were 109 

used to calculate potential density (σθ), using the python seawater package (Gill, 1982), to characterise water masses sampled. 110 

The σθ profiles were also used to identify the mixed layer depth (MLD) at all stations during the cruise, which was defined as 111 

the depth at which there is a change of 0.03 kg m-3 in σθ from a near-surface value at 10 m depth (de Boyer Montégut, et al., 112 

2004). 113 
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2.3 pBa and pAl  114 

Profile sampling of the water column was conducted with a GEOTRACES compliant trace metal clean CTD housed on an 115 

epoxy coated aluminium frame rosette with titanium bolts equipped with 24 x 12 L trace metal clean Teflon coated GO-FLO 116 

bottles (General Oceanics). All sampling and analyses were conducted following the GEOTRACES clean sampling and 117 

analysis protocols (Cutter et al. 2017). Volumes of 2 to 7 L of seawater were filtered from the GO-FLO bottles onto acid-118 

washed polyethersulfone filters (25 mm diameter, Supor, 0.45 µm pore size), mounted on swinnex filter holders, for pBa and 119 

pAl analyses. After filtration, filters were placed in trace metal clean petri slides (Pall) and kept frozen at -20°C until further 120 

processing on land. Sample processing was conducted under a class 100 HEPA filtered laminar flow and extraction hood in a 121 

clean laboratory.  122 

The pBa and pAl samples were processed and analysed 6 months after sample collection at LEMAR (France). Filters 123 

containing the samples were acid reflux digested at 130°C in acid-cleaned savillex vials using a mixture of HF and HNO3 (both 124 

Ultrapure grade, Merck) solutions (Planquette and Sherrell, 2012). Archive solutions were stored in 3 ml of 0.12 M HNO3 125 

(Ultrapur grade), of which 250 µL was diluted up to 2 mL for analysis by sector field inductively coupled plasma mass 126 

spectrometry (SF-ICP-MS, Element XR Thermo Scientific). Samples were spiked with 1 µg L-1 indium as an internal standard 127 

to correct for instrument drift. The detection limits, defined as three times the standard deviation of the blanks (unused filter 128 

blanks), were 0.39 pmol L-1 and 0.03 nmol L-1 (n = 5) for pBa and pAl, respectively. Three certified reference materials (BCR 129 

414, MESS 4 and PACS 3) were processed and analysed with the samples to assess the accuracy of the methodology. Our 130 

values were in good agreement with the certified values of the reference materials (Table 1) (Jochum et al., 2007). Percentage 131 

error of analyses was determined by the repeat analysis of random samples during each run, the mean percentage error of 132 

sample analysis for pBa and pAl was 9.2 ± 2.5 % and 11.1 ± 4.6 % (mean ± SD, n = 6), respectively. 133 
Table 1: Certified Reference Material recovery data for accuracy determination of pBa and pAl analyses 134 

 pBa (mg/kg) pAl (mg/kg) 

PACS 3 certified (mean ± SD)  65800 ± 1700 

PACS 3 measured (mean ± SD)  73156 ± 15416 

PACS 3 mean % recovery  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 
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BCR 414 mean % recovery ± SD 105 ± 12 111 ± 13 

 135 

2.4 Baxs as a proxy for mesopelagic POC remineralisation  136 

Baxs, the non-lithogenic fraction of the total pBa, was calculated by subtracting the lithogenic fraction of pBa from the total 137 

pBa measured using Eq. 1. The lithogenic contribution to pBa was calculated by multiplying the pAl concentration with the 138 

Ba/Al upper continental crust (UCC) ratio, 0.00135, as determined by Taylor and McLennan (1985). 139 

𝐵𝑎!"	 =	 [𝑝𝐵𝑎] 	−	([𝑝𝐴𝑙] 	×	(𝐵𝑎/𝐴𝑙)$%%)         (1) 140 

The mesopelagic POC remineralisation flux was estimated using Eq. 2 (Shopova et al., 1995; Dehairs et al., 1997). 141 

𝑀𝑒𝑠𝑜𝑝𝑒𝑙𝑎𝑔𝑖𝑐	𝑃𝑂𝐶	𝑟𝑒𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛 = 𝑍 × 𝐽𝑂& × (𝐶:𝑂&)'()*+(,)	'-.+/ 	× 	12.01		     (2) 142 

Where the mesopelagic POC remineralisation flux is expressed in mg C m-2 d-1, Z is the depth range of the mesopelagic Baxs 143 

layer (100 - 1000 m), C:O2 is the stoichiometric molar ratio of carbon to O2 consumption by remineralisation as per the Redfield 144 

Ratio (127/175, Broecker et al., 1985), 12.01 is the molar mass of carbon (g mol-1) and JO2 is the rate of O2 consumption (µmol 145 

L-1 d-1) as estimated using Eq. 3. 146 

𝐽𝑂& =	 (𝑀𝑒𝑠𝑜𝑝𝑒𝑙𝑎𝑔𝑖𝑐	𝐵𝑎!" − 𝐵𝑎0("+)1-,)/17200          (3) 147 

Where mesopelagic Baxs is the depth-weighted average (DWA) Baxs of the mesopelagic zone (pmol L-1), the constant value of 148 

17200 is the slope of the linear regression of DWA Baxs (pmol L-1) versus O2 consumption rate (µmol L-1 d-1) using the SO 149 

transfer function by Dehairs et al. (1997) and Baresidual is the deep ocean background value of Baxs at zero oxygen consumption. 150 

The literature value of 180 pmol L-1 was used as the Baresidual value (Dehairs et al., 1997) in our calculations.  151 

The Baresidual value for our study was calculated as the mean Baxs concentrations of samples below 2000 m, using the PF to 152 

divide the SO into two zones (north of the polar front (NPF) and south of the polar front (SPF)). The integrated mesopelagic 153 

Baxs stock (µmol m-2) over the mesopelagic layer (100-1000 m) was calculated from the DWA Baxs in order to investigate the 154 

link between the accumulated mesopelagic signal and the corresponding integrated remote sensing PP.   155 

2.5 Integrated remotely sensed PP 156 

The integrated remote sensing PP (mg C m-2 d-1) within the surface mixed layer was calculated using the CbPM algorithm 157 

(Behrenfeld et al., 2005), which requires chlorophyll (mg m-3), particulate backscatter (λ 443 nm, m-1), photosynthetically 158 

active radiation (PAR; μmol photons m-2 d-1) and MLD (m). Ocean Colour Climate Change Initiative (OC-CCI) data 159 

(https://esa-oceancolour-cci.org/) which blends existing data streams into a coherent record meeting the quality requirements 160 

for climate assessment (Sathyendranath et al., 2019) were used for chlorophyll and particulate backscatter. PAR was taken 161 

from GLOB colour (http://www.globcolour.info/), and the MLD was taken from the climatology of de Boyer Montegut et al. 162 

(2004). The data were regridded to 0.25° spatially, using bilinear interpolation, and averaged monthly. The integrated CbPM 163 
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was averaged over a 6 x 1° rectangular sample area, positioned 6° upstream longitudinally, and 1° latitudinally centred around 164 

each sampled station (see discussion for details).  165 

2.6 Integrated % POC remineralised  166 

The integrated remineralised POC (mg C m-2) was estimated by multiplying the POC remineralisation flux (mg C m-2 d-1), as 167 

estimated using the Baxs proxy method, by the number of days over which the corresponding remote sensing PP (mg C m-2 d-168 
1) was subsampled. The % POC remineralised was then estimated as the percentage of integrated remote sensing PP (mg C m-169 
2) remineralised, assuming that the mesopelagic Baxs stock signal is due to the remineralisation of the integrated surface signal, 170 

for all available literature data and early winter data from this study.  171 

2.7 Statistical analysis 172 

For statistical analysis, the least squares regression method was applied for assessment of significant correlations (Barbur et 173 

al., 1994). Significant differences between zones and between regression slopes were tested using Welch’s t-test, with an alpha 174 

of 0.05 (95 % confidence level) (Kokoska and Zwillinger, 2000). 175 

3 Results 176 

3.1 Hydrography   177 

The potential temperature and salinity along the transect ranged from -0.06 to 18.03 °C and from 33.77 to 35.59, respectively. 178 

They define three hydrographic zones; namely, the Antarctic zone (AZ; θ < 2.5 °C; S ≤ 34) from 50°S to 58°S, the Subantarctic 179 

zone (SAZ; 5 < θ < 11 °C; 33.8 < S < 34.7) between 43°S and 48°S, and the Subtropical zone (STZ; θ ≥ 17.9 °C; S ⩰ 35.6) at 180 

41°S (Figure 1a; Anilkumar and Sabu, 2017; Orsi et al., 1995). The MLDs along the transect ranged between 97 and 215 m 181 

(144 ± 39 m; mean ± SD, n = 7), shoaling towards the PF (Table S1).  182 

As can be observed on the T-S plot of stations sampled (Figure 1b), different water masses were sampled along the transect 183 

throughout the water column. SPF (⪆50°S; TM1, 2 & 4), from surface to depth, Antarctic Surface Water (AASW; 27 < σθ < 184 

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 < 27.85 185 

kg.m-3, respectively), and Antarctic Bottom Water (AABW; 27.8 < σθ < 27.85 kg.m-3) were characterized. NPF and south of 186 

the STF (<50°S; TM5, 6 & 7), from surface to depth, Subantarctic Surface Water (SASW; 26.5 < σθ < 26.75 kg.m-3), Antarctic 187 

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 188 

north as 45.5°S, AABW close to the ocean floor, were identified. At the northernmost station (TM8; 41°S) in the STZ, the 189 

water masses sampled include Subtropical Surface Water (STSW; σθ ⩰ 25.7 kg.m-3), South Indian Central Water (SICW; 25.8 190 

< σθ < 26.2 kg.m-3 ), Subantarctic Mode Water (SAMW; 26.2 < σθ < 26.6 kg.m-3), AAIW and NADW.  191 
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3.2 Dissolved O2 192 

Dissolved O2 concentrations ranged from 159 to 333 µmol L-1 (Figure 2). Maximum concentrations were observed in the 193 

surface mixed layer, increasing southwards along the transect, with a mean value of 287 ± 40 µmol L-1 (mean ± SD, n = 700). 194 

A decrease in concentrations below the MLD coincided with an increase in σθ. SPF the decrease in dissolved O2 concentrations 195 

at the MLD was sharp and relatively shallow when compared to profiles NPF, which were more gradual, spanning a wider 196 

depth range. Within the mesopelagic zone concentrations decreased down to 204 ± 29 µmol L-1 (mean ± SD, n = 6373), then 197 

remained relatively uniform below 1000 m at 192 ± 113 µmol L-1 (mean ± SD, n = 12950). 198 
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 199 
Figure 2: Baxs (black circles) with error bars, potential density (red squares) and dissolved O2 (blue triangles) profiles sampled along 200 
the transect, plotted against depth, for stations TM1 to TM8, from south to north. Green shaded area is the mesopelagic zone, and 201 
the hatched area is the ocean floor. 202 

3.3 Baxs and estimated POC remineralisation fluxes  203 

Total pBa and Baxs profiles were nearly identical with a mean percentage Baxs to total pBa of 99 ± 1 % (mean ± SD, n = 124; 204 

Table S2), indicating that pBa from lithogenic sources was negligible, further supported by the lack of correlation between 205 

pAl and pBa (R2 = 2 x 10-6). This ensures the accurate estimation of Baxs, which requires that less than 50 % of pBa should be 206 

associated with lithogenic inputs (Dymond et al., 1992).  207 
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Baxs concentrations ranged from 59 to 684 pmol L-1. All profiles exhibited a depletion of Baxs in the upper surface waters (59 208 

- 152 pmol L-1), then a rapid increase below the MLD (~150 m), with concentrations ranging between 113 and 684 pmol L-1 209 

in the mesopelagic zone (100 - 1000 m, Figure 2). At the two southernmost stations (TM1 and TM2), mesopelagic Baxs peaks 210 

spanned a narrower depth range (100 - 600 m) than stations further north, with concentrations reaching values of ~ 400 pmol 211 

L-1. In the polar frontal zone (PFZ) and the SAZ, where concentrations increased to a maximum of 684 pmol L-1 at 48°S (TM5), 212 

the subsurface increase of Baxs started at slightly deeper depths (150 - 200 m) and spanned wider depth ranges down to 1000 213 

m. The STZ station, at 41°S (TM8), had the lowest concentrations, only increasing up to ~ 200 pmol L-1. Double peaks were 214 

observed at all stations NPF, the shallow and more substantial peak occurring in the upper mesopelagic zone and a second 215 

peak in the lower mesopelagic zone. Below the mesopelagic zone, Baxs concentrations decreased down to ~ 180 pmol L-1 and 216 

remained somewhat uniform.  217 

The Baresidual concentration of the southern part of the transect, SPF, was 183 ± 29 pmol L-1 (mean ± SD, n = 7), whereas the 218 

northern part of the transect, NPF, was 142 ± 45 pmol L-1 (mean ± SD, n = 8). The two zones were however not significantly 219 

different to each other when conducting Welch's t-test (t-statistic = 2.10; p-value = 0.06) and, when averaging all samples 220 

below 2000 m along the transect, the Baresidual concentration was 161 ± 43 pmol L-1 (mean ± SD, n = 15). 221 

Estimated POC remineralisation fluxes ranged from 6 to 96 mg C m-2 d-1 (Table S1), increasing northwards from the 222 

southernmost station up to the PFZ from 32 to 92 mg C m-2 d-1, then decreased down to 70 mg C m-2 d-1 at the SAF. The highest 223 

flux of 96 mg C m-2 d-1, was estimated in the SAZ and the lowest flux was estimated in the STZ at 6 mg C m-2 d-1. 224 

3.4 Integrated % POC remineralised 225 

The % POC remineralised of integrated remote sensing PP was split into two zones within the SO, SPF (19 ± 15 %; mean ± 226 

SD, n = 39) and NPF (25 ± 58 %; mean ± SD, n = 31; Table S1), with no significant difference (Welch’s t-test; t-statistic = 227 

0.54; p-value = 0.59).  228 

4 Discussion 229 

4.1 Early wintertime surface and mesopelagic Baxs and Baresidual values 230 

When taking into account literature values, a noticeable difference between profiles sampled early in the bloom season (Dehairs 231 

et al., 1997; Jacquet et al., 2015) versus those sampled later (Cardinal et al., 2001; Planchon et al., 2013), are the contrasted 232 

concentrations of Baxs in the surface mixed layer early in the bloom season. Dehairs et al., (1997) have shown that these 233 

concentrations of Baxs can be as high as 9000 pmol L-1 in areas of high productivity during spring, which then becomes depleted 234 

to concentrations below the SO Baresidual value of ~ 180 pmol L-1, as productivity declines and surface POC export increases 235 

(Planchon et al., 2013). These high surface concentrations are, however, not the same as that measured within the mesopelagic 236 

zone (Jacquet et al., 2011). Surface water concentrations are associated with Ba adsorbed onto particles whereas the 237 

mesopelagic Baxs signal is due to barite crystals formed within decaying bio-aggregates (Cardinal et al., 2005; Lam and Bishop, 238 
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2007; Lemaitre et al., 2018; Sternberg et al., 2005). In this study, we observed surface depletion of Baxs at all stations, in line 239 

with the assumption that the bulk surface export from the preceding bloom had been achieved at the time of sampling and, the 240 

majority of the Baxs had been transferred to the mesopelagic zone. This was in association with low surface chlorophyll ɑ 241 

concentrations, which ranged from 0.186 to 0.513 µg L-1 along the transect (Figure S1).   242 

Sharp gradients in σθ observed at the MLD, have previously been identified as the depth at which decaying bio-aggregates are 243 

formed (Lam and Bishop, 2007). These gradients coincided with an increase in Baxs (Figure 2), linking the subsurface Baxs 244 

signal to the decaying bio-aggregates as per previous studies (Cardinal et al., 2005; Dehairs et al., 1997; Jacquet et al., 2011). 245 

Additionally, gradients observed in dissolved O2 profiles along the transect are also accompanied by coinciding, opposite 246 

gradients in Baxs, in line with O2 consumption due to remineralisation within the mesopelagic zone (Figure 2) (Cardinal et al., 247 

2005; Jacquet et al., 2005, 2011). The observed range of mesopelagic Baxs concentrations (113 - 684 pmol L-1) were comparable 248 

to those previously reported in SO open waters (~ 200 - 1000 pmol L-1; Cardinal et al., 2001, 2005; Jacquet et al., 2005, 2008a, 249 

2008b, 2011, 2015; Planchon et al., 2013).  250 

Baxs profiles exhibited similar distributions to those reported throughout bloom seasons in the SO, with distinct peaks observed 251 

within the mesopelagic zone across all stations. Earlier in the bloom season peaks mostly occur within the upper half of the 252 

mesopelagic zone (100 - 500 m) (Cardinal et al., 2001, 2005; Jacquet et al., 2005, 2008a, 2011, 2015), but as the season 253 

progresses, they deepen down towards the bottom half of the mesopelagic zone (500 - >1000 m) (Jacquet et al., 2008b, 254 

Planchon et al., 2013). Deepening and widening of the remineralisation depth range can be expected as the season progresses, 255 

due to continued remineralisation taking place as particles sink to the bottom of the mesopelagic zone (Lemaitre et al., 2018; 256 

Planchon et al., 2013). This is also what we observed during winter at stations NPF, with a second peak in deeper waters, as 257 

observed by Jacquet et al. (2008b) during the iron (Fe) fertilization experiment (EIFEX). The deeper peak could also be linked 258 

to relatively larger cells that sink faster as they remineralise, possibly a large bloom early in the season.  259 

A distinct latitudinal trend in mesopelagic DWA Baxs has generally been observed in the SO with the highest values in the 260 

PFZ, decreasing north and southwards from the PF. These latitudinal trends tend to be accompanied by a coinciding trend in 261 

in situ surface biomass measurements (Cardinal et al., 2005; Dehairs et al., 1997, Jacquet et al., 2011; Planchon et al., 2013). 262 

During our early winter study, we observed a similar latitudinal trend in mesopelagic Baxs stock (μmol m-2), with an increase 263 

from the southernmost station up to the PF, then varying around a maximum in the SAZ, down to the lowest value in the STZ, 264 

whereas integrated PP increased exponentially northwards (Figure S1). Time of sampling and extended blooms, which are 265 

characteristic of the SAZ (Thomalla et al., 2011), could be contributing factors to the higher values observed in PP and 266 

mesopelagic Baxs distributions at stations NPF (Figure S1). Contrary to what was expected, the profiles observed during our 267 

early winter study still show a significant mesopelagic remineralisation signal, well after the decline of the summer bloom, 268 

which occurred between April and May, as defined by the point in time when community losses outweigh the growth rate 269 

(Thomalla et al., 2011).  270 

We did not observe the expected wintertime decline in the Baresidual signal to the “true” SO background values, when PP and 271 

bacterial activity are minimal (Jacquet et al., 2011). A concentration of 180 pmol L-1 is considered the background value for 272 
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saturated waters SPF, whereas undersaturation of Baxs is expected in deep waters NPF, thereby resulting in lower background 273 

values (Jacquet et al., 2011; Monnin et al., 1999; Planchon et al., 2013), this was, however, not observed during this early 274 

winter study. The Baresidual concentrations NPF and SPF were not significantly different to each other and the mean Baresidual 275 

concentration along the whole transect was also not significantly different to the background value of 180 pmol L-1, used in 276 

previous studies (Dehairs et al. 1997; Jacquet et al., 2015; Planchon et al., 2013). We observed the lowest mesopelagic signal 277 

in the STZ, where it is possible that the background values in the STZ could be much lower than 180 pmol L-1, as it is considered 278 

undersaturated (Monnin et al., 1999; Planchon et al., 2013). We did not, however, sample below 1500 m in this region and can 279 

therefore not elaborate further on that. The winter background signal might never be achieved due to ongoing barite 280 

precipitation and remineralisation, as well as the release of labile Ba, which is attached to phytoplankton as they decay, 281 

precipitating into barite crystals, a process which could possibly continue throughout winter (Cardinal et al., 2005).  282 

4.2 Timescale of the mesopelagic Baxs signal  283 

The timescale of mesopelagic Baxs as a remineralisation proxy has been reported to be in the order of days to weeks (Dehairs 284 

et al., 1997; Jacquet et al., 2015; Planchon et al., 2013). However, the similarity between our results and those from studies 285 

conducted during spring and summer strongly suggests a longer timescale. If it was in the order of days to weeks (< 4 weeks), 286 

as reported (Dehairs et al., 1997; Jacquet et al., 2015; Planchon et al., 2013), the mesopelagic signal would be expected to be 287 

close to the Baresidual value during winter months. The Baxs signal that we observed in winter is also in agreement with the 288 

previous suggestion by Dehairs et al. (1997), that there can be a significant carry over between bloom seasons. 289 

The hypothesis that mesopelagic Baxs has a longer timescale, possibly on an annual scale, was thus tested by investigating a 290 

possible link between the integrated mesopelagic Baxs stock and the corresponding integrated remote sensing PP from the 291 

preceding bloom season. In order to do so a SO mesopelagic Baxs stock dataset was compiled, including all available literature 292 

data and data from this study (Table S3). The sample area for the remote sensing PP was determined by assuming a maximum 293 

surface current speed of 0.2 m s-1 (Ferrari and Nikurashin, 2010) and a particle sinking speed of 50 m d-1 (Riebesell et al., 294 

1991), at which surface particles would take up to ~ 20 days to sink down to the bottom of the mesopelagic zone (1000 m). 295 

Within these 20 days of particles sinking to the bottom of the mesopelagic zone, a surface current speed of 0.2 m s-1 would 296 

transport waters 346 km eastward. Using this distance, the dimensions of the sample area were set with the southernmost 297 

station (TM1) of this study, where degrees of longitude cover the smallest area. For the sake of consistency this sampling area 298 

was applied to all sampling locations of the compilation dataset. The integrated PP was then averaged spatially, positioned 6° 299 

upstream longitudinally, and 1° latitudinally centred around each sampled station. Integrated remote sensing PP of the 300 

preceding bloom was calculated using the month of September prior to sampling as the start of the bloom. This is in general 301 

agreement with previous bloom phenology studies for this region (Thomalla et al., 2011). The PP was integrated up to one 302 

month prior to the sampling date of the study, taking into consideration time needed for export, aggregate formation and barite 303 

crystal release through remineralisation (~ 1 month). The mesopelagic Baxs stock was integrated over the Baxs peak depth range 304 

(as identified in each study) in order to link it to the corresponding integrated remote sensing PP. When remote sensing data 305 
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was limited due to cloud cover and low sunlight during winter months, specifically at the southernmost stations, all available 306 

data was used for the duration of the season. 307 

Varying timescales were considered between the preceding September up to 1 month prior to sampling, that could influence 308 

the relationship between PP and the mesopelagic Baxs stock. However, the strongest and most significant correlation between 309 

the mesopelagic Baxs stock and integrated remote sensing PP was obtained from the preceding September up to 1 month prior 310 

to sampling (Table S4), for the AZ (SPF) (Figure 3a, R2 = 0.55, p-value < 0.05, n = 39) and the SAZ (NPF) (Figure 3b, R2 = 311 

0.42, p-value < 0.05, n = 31). The negative correlation observed in the STZ is not significant at a 95 % confidence level (Figure 312 

3c, R2 = 0.52, p-value = 0.10); however, the limited number of data points may preclude any significance from emerging. The 313 

significant positive correlations obtained in the AZ and the SAZ suggest that mesopelagic Baxs stock can be used as a 314 

remineralisation proxy on an annual timescale instead of only a few weeks.  315 
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 316 
Figure 3: Integrated mesopelagic Baxs stock plotted against integrated remote sensing PP from the preceding September up to one 317 
month prior to sampling, all available literature data and winter data from this study, split into three zones using the Polar Front 318 
(PF) to divide the SO; (a) South of the PF (SPF, black squares), (b) North of the PF (NPF, black circles), and (c) Subtropical Zone 319 
(STZ, black triangles). Red squares are data points from our winter dataset where there was not sufficient remote sensing PP data 320 
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 321 
statistical analysis and the red triangle is the STZ station from the winter dataset, which appears to be an outlier, was also excluded 322 
from statistical analysis due to the station possibly being strongly influenced by the Agulhas Return Current. 323 
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4.3 Environmental factors influencing mesopelagic remineralisation  324 

Welch’s t-test was applied to the two regressions to determine a significant difference between zones, NPF and SPF, with a 2-325 

fold, significant difference (t-statistic = 2.24; p-value < 0.05) apparent between the slopes. A combination of variables can 326 

influence remineralisation and the mesopelagic Baxs signal, even more so when considering longer timescales. These variables 327 

include phytoplankton community structure, nutrient availability and physical dynamics (Bopp et al., 2013; Buesseler and 328 

Boyd, 2009; Cardinal et al., 2005; Jacquet et al., 2008b; Pyle et al., 2018). The Fe-limited SAZ (Ryan-Keogh et al., 2018) and 329 

AZ (Viljoen et al., 2018) have generally mixed and seasonally changing assemblages of pico-, nano- and micro-phytoplankton 330 

(Eriksen et al., 2018; Gall et al., 2001). Diatoms tend to dominate in silicate-rich waters, SPF (Petrou et al., 2016; Rembauville 331 

et al., 2017; Wright et al., 2010), whilst seasonally silicate-limited waters, NPF, favour smaller phytoplankton groups (Freeman 332 

et al., 2018; Nissen et al., 2018; Trull et al., 2018). This results in higher surface export efficiency in polar HNLC regions 333 

(SPF) due to the presence of these diatoms, when compared to other areas of comparatively higher biomass (Fan et al., 2020; 334 

Jacquet et al., 2008b; Planchon et al., 2013). Phytoplankton communities in the STZ are reported to be dominated by 335 

prokaryotic picoplankton including cyanobacteria and prochlorophytes (Mendes et al., 2015), utilising regenerated nutrients 336 

in the surface mixed layer tending towards diminished surface export efficiency with high concentrations of non-sinking POC 337 

(Fan et al., 2020; Planchon et al. 2013).  338 

In previous studies, supply and loss via physical transport has been deemed negligible relative to decay and loss via production, 339 

due to minimal advection and diffusion gradients observed on the timescale of days to weeks, thereby assuming these processes 340 

have minimal impact on the mesopelagic signal (Dehairs et al., 1997; Planchon et al., 2013; Rutgers van der Loeff et al., 2011). 341 

It has, however, been observed that features such as mesoscale eddies can have an effect on Baxs distribution by influencing 342 

particle patterns on a broad spatial scale, homogenizing mesopelagic remineralisation signals by causing relatively flat profiles 343 

or shallower remineralisation peaks (Buesseler et al., 2005; Jacquet et al., 2008b). These observations indicate that the 344 

mesopelagic Baxs signal could be influenced by physical processes deeming it necessary to consider these factors when looking 345 

at longer timescales (Rutgers van der Loeff et al., 2011, Planchon et al., 2013). The region of our winter study is known for 346 

being a mesoscale eddy hotspot due to the South-West Indian Ridge (Ansorge et al., 2013); therefore, eddies could have 347 

influenced the mesopelagic Baxs signal we observed along the transect of this study as well as in other studies throughout the 348 

SO. However, the strong significant correlations we observe south of the STF seem to indicate that physical transport 349 

variability is not a dominant process affecting the mesopelagic Baxs signal. The STZ is on the contrary characteristic of 350 

extremely dynamic submesoscale activity due to the Agulhas return current, which may be a crucial factor masking a 351 

significant relationship from being observed. 352 

4.4 Mesopelagic POC remineralisation 353 

Estimated POC remineralisation fluxes along our transect were on the upper end of the range of fluxes from previous studies, 354 

but within the same order of magnitude for the SO as estimated from spring to autumn (Cardinal et al., 2005; Jacquet et al., 355 
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2011, 2015; Planchon et al., 2013). Heterogeneity has been observed in mesopelagic remineralisation fluxes across regions of 356 

variable conditions and due to seasonal advancement of the bloom (Jacquet et al., 2011, 2015; Planchon et al., 2013). Estimated 357 

mesopelagic POC remineralisation has been reported to account for a significant fraction of exported carbon in the PFZ and 358 

southwards, from 31 to 97 %, from spring to summer, whereas it only accounts for ~ 50% in the SAZ and SAF, during summer 359 

(Cardinal et al., 2005). As the bloom season progresses, more efficient remineralisation rates have been reported in multiple 360 

studies (Cardinal et al., 2005; Jacquet et al., 2011; Planchon et al., 2013). However, during late summer as the bloom declines, 361 

observations indicate an inefficient BCP due to enhanced surface nutrient recycling, leading to a decrease in surface POC 362 

export (Planchon et al., 2013). Seasonal variation is reported to be more pronounced northwards within the SO with the least 363 

variation observed in the southern ACC (Dehairs et al., 1997; Planchon et al., 2013).  364 

When determining the % POC remineralised against the integrated remote sensing PP, there was no significant difference 365 

between the zones. This indicates that even though there is a significant difference in the response of the mesopelagic Baxs 366 

stock to integrated remote sensing PP between the NPF and SPF regions, as a result of the varying impact of the environmental 367 

drivers, this significant difference is not observed in the % POC remineralised. This highlights the difference in surface export 368 

efficiency between the two zones forced by different environmental factors, positively or negatively to varying degrees. High 369 

productivity, low export (HPLE) regimes are characteristic of large areas of the subpolar SO, these regimes can largely be 370 

explained by surface POC accumulation caused by non-sinking particles, tending towards less efficient export of smaller cells, 371 

whereas the polar SO has not been identified as a HPLE regime (Fan et al., 2020). It cannot, however, be discounted that C:O2 372 

ratio deviations from the Redfield ratio could introduce errors in the estimation of POC remineralisation fluxes, highlighting 373 

the need to better constrain the factors and processes governing surface export and mesopelagic remineralisation.  374 

The low mean % POC remineralised values (SPF; 19 ± 15 %, n = 39 and NPF; 25 ± 58 %, n = 31; mean ± SD) observed for 375 

studies in the compilation dataset (Table S1), are comparable to surface export efficiency observations in this region. It has 376 

indeed been reported that more than 90 % of the POC pool is retained in the surface ocean (Baker et al., 2017; Riley et al., 377 

2012), causing surface accumulation which is hypothesized to have a large impact on carbon export efficiency in the SO on 378 

regional and seasonal timescales (Fan et al., 2020). Linking cumulative PP to Baxs, coupled with the added influence of physical 379 

dynamics affecting surface export efficiencies, along longer timescales, could give better estimates of true export and 380 

remineralisation signals within the SO on an annual and basin scale. 381 

5  Conclusions 382 

The expected decline of the mesopelagic Baxs signal to background values during winter was not observed in this study, 383 

supporting our hypothesis that this remineralisation proxy has a longer timescale than previously reported. The absolute decline 384 

might never be achieved due to the cumulative behaviour of Baxs and ongoing remineralisation and barite precipitation. Early 385 

winter Baxs distributions were similar in magnitude and exhibited the same relationship with σθ and dissolved O2 gradients as 386 

observed in summer, indicating that processes controlling this signal in summer are still driving the signal in early winter. A 387 
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similar latitudinal trend was also still apparent during early winter as observed in summer, with higher values NPF, where PP 388 

is higher and bloom seasons are longer (Thomalla et al., 2011), indicative of the cumulative behaviour this proxy exhibits as 389 

the season advances. The difference in background values of saturated versus unsaturated deep waters was also not apparent 390 

in our data where we detected no significant difference between values NPF and SPF. It is, however, possible that the most 391 

accurate background signal can be expected at the end of winter, prior to bloom initiation, during August, once remineralisation 392 

processes have been exhausted.  393 

Significant positive correlations between integrated remote sensing PP and mesopelagic Baxs stock suggest an annual timescale 394 

and/or that continuous remineralisation within the mesopelagic zone, well after bloom termination, is sustained at least during 395 

the first month of winter. A significant difference in the mesopelagic Baxs response to PP between zones, NPF and SPF, is 396 

indicative of the contrast in export efficiencies. HPLE regimes are characteristic NPF where surface POC accumulation has a 397 

significant impact on the efficiency of surface export, however, this is not the case SPF (Fan et al., 2020; Figure 4). No 398 

significant difference in % POC remineralised between the zones is also evidence of the difference in surface export 399 

efficiencies between the two regimes, as it is not controlled by the magnitude of PP. Remineralisation SPF where the 400 

phytoplankton community structure is generally dominated by diatoms, bulk surface export and mesopelagic remineralisation 401 

matches the magnitude observed NPF, despite much lower PP and a shorter bloom season (Figure 4). Strong correlations 402 

observed between integrated remote sensing PP and mesopelagic Baxs stock indicate that physical processes do not seem to 403 

dominate the mesopelagic signal on an annual scale, within the SO. The longer timescale of Baxs and the cumulative behaviour 404 

of this proxy in the mesopelagic zone make it possible to use Baxs on an annual scale for the estimation of POC remineralisation 405 

fluxes throughout the SO and to better understand how variable environmental factors influence these processes on a basin 406 

scale.  407 
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 408 
Figure 4: Schematic diagram highlighting the contrast between the two zones, SPF and NPF. SPF is diatom dominated, high 409 
concentrations of macronutrients, low surface layer recycling and more efficient surface export despite low PP. NPF is flagellate 410 
dominated, tending towards Si limitation, increased surface recycling and less efficient surface export, resulting in comparable 411 
mesopelagic remineralisation despite higher PP in the NPF zone, indicative of a high productivity, low export regime whereas SPF 412 
is not. 413 
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