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Abstract

Manganese (Mn) is an essential element for photosynthetic life, yet concentrations in Southern Ocean open waters are very

low, resulting from biological uptake along with limited external inputs. At southern latitudes, waters overlying the Antarctic

shelf are expected to have much higher Mn concentrations due to their proximity to external sources such as sediment and sea

ice. In this study, we investigated the potential export of Mn-rich Antarctic shelf waters toward depleted open Southern Ocean

waters. Our results showed that while high Mn concentrations were observed over the shelf, strong biological uptake decreased

dissolved Mn concentrations in surface waters north of the Southern Antarctic Circumpolar Current Front (< 0.1 nM), limiting

export of shelf Mn to the open Southern Ocean. Conversely, in bottom waters, mixing between Mn-rich Antarctic Bottom

Waters and Mn-depleted Low Circumpolar Deep Waters combined with scavenging processes led to a decrease in dissolved Mn

concentrations with distance from the coast. Subsurface dissolved Mn maxima represented a potential reservoir for surface

waters (0.3 – 0.6 nM). However, these high subsurface values decreased with distance from the coast, suggesting these features

may result from external sources near the shelf in addition to particle remineralization. Overall, these results imply that the

lower-than-expected lateral export of trace metal-enriched waters contributes to the extremely low (< 0.1 nM) and potentially

co-limiting Mn concentrations previously reported further north in this Southern Ocean region.
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Key Points: 18 

• High dissolved manganese concentrations observed over the East Antarctic shelf, 19 

decreasing with distance from the coast 20 

• Biological uptake decreases Mn export in surface waters 21 

• Dilution of Mn-rich Antarctic Bottom Waters with Mn-depleted Low Circumpolar Deep 22 

Waters and scavenging processes decrease Mn export in bottom waters 23 

Abstract 24 

Manganese (Mn) is an essential element for photosynthetic life, yet concentrations in Southern 25 

Ocean open waters are very low, resulting from biological uptake along with limited external 26 

inputs. At southern latitudes, waters overlying the Antarctic shelf are expected to have much 27 

higher Mn concentrations due to their proximity to external sources such as sediment and sea ice. 28 

In this study, we investigated the potential export of Mn-rich Antarctic shelf waters toward 29 

depleted open Southern Ocean waters. Our results showed that while high Mn concentrations 30 

were observed over the shelf, strong biological uptake decreased dissolved Mn concentrations in 31 

surface waters north of the Southern Antarctic Circumpolar Current Front (< 0.1 nM), limiting 32 

export of shelf Mn to the open Southern Ocean. Conversely, in bottom waters, mixing between 33 

Mn-rich Antarctic Bottom Waters and Mn-depleted Low Circumpolar Deep Waters combined 34 

with scavenging processes led to a decrease in dissolved Mn concentrations with distance from 35 

the coast. Subsurface dissolved Mn maxima represented a potential reservoir for surface waters 36 

(0.3 – 0.6 nM). However, these high subsurface values decreased with distance from the coast, 37 

suggesting these features may result from external sources near the shelf in addition to particle 38 

remineralization. Overall, these results imply that the lower-than-expected lateral export of trace 39 
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metal-enriched waters contributes to the extremely low (< 0.1 nM) and potentially co-limiting 40 

Mn concentrations previously reported further north in this Southern Ocean region.  41 

1. Introduction 42 

Manganese (Mn) is a key bioactive trace metal essential for the growth of phytoplankton 43 

in the ocean (Armstrong 2008; Middag et al. 2011). It is required for the oxygen evolving 44 

complex that produces electrons for photosynthesis (Armstrong 2008), and is also involved in the 45 

defence against reactive oxygen species (Peers and Price 2004). Despite being the 12th most 46 

abundant element in the Earth’s crust (Wedepohl, 1995), Mn is found at very low concentrations 47 

in seawater, typically in the nanomolar range (Klinkhammer and Bender, 1980; Westerlund and 48 

Öhman 1991; Middag et al. 2013; Browning et al. 2014). These low concentrations can lead to 49 

Mn (co-)limitation of phytoplankton growth, especially in High-Nutrient Low-Chlorophyll 50 

(HNLC) regions such as the Southern Ocean where phytoplankton growth is already iron (Fe) 51 

limited (Wu et al. 2019; Browning et al. 2021). This limitation directly impacts the carbon cycle 52 

through modification of the strength of the ocean’s biological carbon pump (Boyd et al. 2000). 53 

Knowing the distribution, sources, sinks and cycling of bioactive trace metals such as Mn 54 

remains essential to predict future changes in the marine carbon cycle using biogeochemical 55 

models.  56 

In seawater, the Mn distribution is controlled by its complex redox cycle and external 57 

sources/sinks. Manganese is often studied by separating its dissolved (dMn) and particulate 58 

(pMn) phases, typically via 0.2 µm filtration (Cutter et al. 2017). The dissolved phase is expected 59 

to be composed of the most reduced Mn species (Mn(II)) while pMn is primarily composed of 60 

Mn oxides (Sunda and Huntsman 1988; Twining et al. 2015) but can also include Mn within 61 

phytoplankton or minerals (Sunda and Huntsman 1994). Multiple external sources have been 62 

identified to supply dissolved and particulate Mn to seawater such as sediment resuspension 63 

(Middag et al. 2011; Cheize et al. 2019), hydrothermal vents (Resing et al. 2015; Holmes et al., 64 

2017), atmospheric deposition (Xu and Gao 2014), riverine outflow (Aguilar-Islas and Bruland 65 

2006), glacial discharge (Bhatia et al. 2021) and sea ice melting (Grotti et al. 2005). In addition, 66 

redox mobilization from sediments, associated with diagenetic processes and bacterial 67 

degradation of organic matter, has been described as a strong source of dMn (Sundby et al. 68 

1986). Yet, these complex processes near the sediment/water interface are tightly linked to 69 

oxygen concentrations and can either increase or remove dMn through Mn oxides dissolution or 70 

dMn precipitation, respectively (Sundby et al. 1986). Overall, sediments are usually identified as 71 

Mn sources, associated with Mn-enriched subsurface plumes often observed along coastlines 72 

(Oldham et al. 2017; Morton et al. 2019).  73 

In the Southern Ocean, dMn concentrations are controlled by biological uptake in the 74 

surface layer, remineralization below the photic zone, scavenging at greater depths and external 75 

inputs near the seafloor (Middag et al. 2011; 2013). The pMn fraction has rarely been studied in 76 

open waters of the Southern Ocean (Bowie et al. 2009; 2010; van der Merwe et al. 2019; Latour 77 

et al. 2021) and the distribution between labile and refractory pools even less so. From studies to 78 

date, the total particulate fraction is characterised by very low surface concentrations, increasing 79 

with depth with a marked increase near the seafloor. A small excess of labile pMn relative to 80 

refractory fractions was noted in samples collected from the Australian sector of the Southern 81 

Ocean (51-63%; Latour et al. 2021). The labile particulate fraction is expected to be more 82 

bioavailable for phytoplankton uptake, while the refractory fraction is thought to be inaccessible 83 

(Berger et al. 2008). Overall, low Southern Ocean trace metal concentrations have been 84 
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attributed to the oceanic isolation of the Antarctic continent by the Antarctic Circumpolar 85 

Current (ACC) and to low atmospheric inputs due to the vast distance from ice-free land masses 86 

(Wagener et al. 2008).  87 

At higher latitudes, Antarctica represents a source of lithogenic material, yet studies 88 

documenting the lateral export of trace metals in lithogenic material remain scarce (Measures et 89 

al. 2013). In particular, very few studies have described the dissolved and particulate trace metal 90 

concentrations in seawater off the Adélie and George V Lands, in East Antarctica, with most 91 

studies focusing on sea ice concentrations (Lannuzel et al. 2011; 2014; Duprat et al. 2020). Smith 92 

et al. (2021) presented the first seawater concentrations of dMn in the Mertz Glacier region with 93 

relatively high dMn concentrations observed over the shelf (> 0.4 nM), attributed to sediment 94 

inputs. Dissolved and particulate Mn concentrations have also been reported in the Ross Sea, 95 

ranging from 0.34 to 0.78 nM and 0.01 to 0.51 nM, respectively (Fitzwater et al. 2000; Corami et 96 

al. 2005). However, spatial variability between coastal Antarctic regions are expected (Angino 97 

1966), necessitating further studies.  98 

The continental shelf adjacent to Adélie and George V land is characterised by several 99 

banks and depressions influencing regional oceanic circulation (Rintoul 1998; Beaman et al. 100 

2011). This area also includes the Mertz polynya, which is a region of high sea ice production 101 

and bottom water formation (Rintoul 1998), as well as high primary productivity (Liniger et al. 102 

2020). As Antarctic coastal areas represent important ecological hot spots and efficient carbon 103 

sinks (Arrigo et al. 2015), identifying trace metal distributions in these regions is vital for 104 

understanding the bottom-up control of biological carbon assimilation. In addition, high 105 

concentrations of Mn and other trace metals derived from lithogenic sources on the Antarctic 106 

shelf may be exported to the open Southern Ocean by northward transport of surface waters or 107 

the formation and export of bottom waters. In this study, we present dissolved and particulate 108 

Mn concentrations along three latitudinal transects in the Adélie and George V Lands region 109 

(with a zonal section along ~62°S joining them), in addition to three stations located on the 110 

periphery of the Adélie Bank. These results are interpreted using ratios with the lithogenic tracer 111 

titanium (Ti) and macronutrients as indicators of biological activity. Specifically, we investigated 112 

the northward transport of heavily Mn-enriched waters from the East Antarctic coast toward 113 

open waters of the Southern Ocean. Distributions of Fe and other bioessential trace metals will 114 

be presented in a later companion paper. 115 

2. Materials and Methods 116 

2.1 Sampling area 117 

Multiple stations were sampled off the East Antarctic coast during the GEOTRACES GS01 118 

voyage (IN2018-V01) in austral summer 2018 onboard RV Investigator, between 62°S-66.4°S 119 

and 132°E-150°E (Figure 1). Samples were collected along three latitudinal transects, located at 120 

132°E, 140°E and 150°E, hereafter referred to as 132, 140 and 150, respectively. The Mn 121 

distribution along 140, which is the southern end of the GEOTRACES-SR3 transect, has 122 

previously been reported by Latour et al. (2021). The three transects were joined by the zonal S4 123 

section (~62-64°S). Additionally, three stations were sampled on the edge of the Adélie Bank. 124 



manuscript submitted to Global Biogeochemical Cycles 

 

 125 

Figure 1: Map of the study area showing the bathymetry background colour overlaid with trace metal rosette station 126 

locations (black dots) (A). Triangles show stations where in-situ pumps were deployed. The large arrows indicate 127 

bottom water flow in this region for Ross Sea Bottom Water (RSBW, in red) and Adélie Land Bottom Water 128 

(ALBW, dashed black) from Foppert et al. (2021). On the right panel (B), the colour shows the change in sea ice 129 

persistence between November and December 2017, prior to our occupation (Spreen et al., 2008). Values ≥ 0 130 

indicate no change in the proportion of sea ice occurred between November and December while a value of -1 131 

indicate that where sea ice was present for all of November, it was absent for all of December. Overlaid small black 132 

arrows represent the average sea ice velocity for November and December (Kimura et al., 2004). The South 133 

Antarctic Circumpolar Front and the Antarctic Slope Front are indicated by dashed and solid grey lines on each 134 

panel. The location of the Adélie Bank (AB), Adélie Depression (AD), Mertz Bank (MB) and Mertz Polynya (MP) 135 

are indicated on both panels. 136 

The hydrology of the region was studied through multiple deployments of a 36-bottle 137 

Conductivity-Temperature-Depth (CTD) rosette, also measuring oxygen, fluorescence, 138 

photosynthetic active radiation (PAR) and transmittance (Sea-Bird Electronics sensors: SBE4C, 139 

SBE3T, SBE9plus, SBE43, FLBBNTU, QCP – 2300 HP and Wetlabs CSTAR 25cm). 140 

Temperature and salinity measurements were used to identify water masses. The combination of 141 

fluorescence, PAR and transmittance was used to locate higher biomass and identify non-142 

photochemical quenching (NPQ; Horton et al. 1996). This phenomenon occurs when 143 

phytoplankton are exposed to high light intensities and divert energy through heat rather than 144 

fluorescence. In this case, fluorescence sensors can display a ‘false deep chlorophyll maximum’. 145 

By combining fluorescence, PAR and transmittance, these ‘false deep chlorophyll maxima’ can 146 

be easily identified with transmittance, confirming the presence of particles (likely 147 

phytoplankton) in the top layer.  148 

Stations in Figure 1 were sampled for dissolved trace metal concentrations using a trace metal 149 

rosette (TMR). Five stations were studied for particulate trace metal concentrations through 150 

deployments of in-situ pumps (ISPs) (triangles in Figure 1) (McLane Research Laboratories, 151 

WTS_LV). A chemical leach following the method of Berger et al. (2008) of ISP samples in the 152 

laboratory yielded both labile and refractory particulate fractions. Discrete (4L) samples for total 153 

particulate trace metal concentrations were also collected from the TMR to compliment the ISP 154 

sampling and expand the spatial resolution of particulate trace metal data. Samples for dissolved 155 



manuscript submitted to Global Biogeochemical Cycles 

 

macronutrient concentrations were collected at each CTD cast, and analysed onboard using 156 

segmented flow analyses (Rees et al. 2018). 157 

2.2 Trace metal sample processing and analysis 158 

The processing of both dissolved and particulate trace metal samples followed GEOTRACES 159 

recommendations (Cutter et al. 2017). A detailed method for equipment preparation, sample 160 

handling, sample storage and analysis associated with this voyage has been described previously 161 

(Latour et al. 2021). Briefly, all sample processing was performed inside an ISO Class 5 162 

containerized laboratory onboard the ship. Samples for dissolved trace metal concentrations were 163 

filtered through a 0.2 µm trace-metal clean filter cartridge (AcroPakTM 200, Pall). Filtered 164 

samples were then acidified using distilled (Savillex DST-1000 acid purification system) 165 

hydrochloric acid to a final pH of 1.8 and stored at room temperature until analysis. Dissolved 166 

trace metal concentrations in each sample were analysed after preconcentration and matrix 167 

removal using an automated offline seaFAST system (SC-4 DX seaFAST S2 / pico, ESI, USA) 168 

following Wuttig et al. (2019). Trace metal concentrations were determined using a Thermo 169 

Fisher ELEMENT 2 Sector Field Inductively Coupled Plasma Mass Spectrometry (SF-ICP-MS) 170 

(Central Science Laboratory, University of Tasmania). Medium spectral resolution mode was 171 

selected for the analysis of Mn and Ti. However, we expect the recovery to be lower for Ti (70-172 

80%; Wuttig et al. 2019). Rhodium (Rh) was added as an internal standard during seaFAST 173 

processing.  174 

The 4L discrete total particulate trace metal samples were filtered directly onboard using a 175 

custom-made filtration apparatus. Briefly, seawater was filtered through paired 25 mm acid-176 

cleaned 0.8 µm SUPOR® (PES) filters with an effective size cut-off of 0.4 µm (Bishop et al.  177 

2012) matching the ISPs. The filters were then digested using a mixture of strong acids 178 

(hydrochloric, nitric and hydrofluoric acid) following Bowie et al. (2010). Filters from the ISPs 179 

were subjected to a weak chemical leach, designed to extract labile trace metals from the 180 

refractory material (Berger et al. 2008). A total digestion was used to quantify the remaining 181 

refractory fraction, using the same strong acids mentioned above. Dried and resuspended digest 182 

solutions were then quantified for trace metal concentrations using SF-ICP-MS in a 10% nitric 183 

acid matrix, with indium (In) as an internal standard. Medium spectral resolution mode was 184 

selected for the analysis of pMn and particulate phosphorus (pP). Additional details about this 185 

method are described in van der Merwe et al. (2019) and Latour et al. (2021).  186 

2.3 Hydrology 187 

On the shelf, temperature and salinity were used to calculate neutral density and potential 188 

density, and all four parameters were used to identify different water masses (Orsi and 189 

Wiederwohl 2009; Silvano et al. 2017). Water masses of stations located over or north of the 190 

shelf break were characterised using neutral density and salinity (Pardo et al. 2017 and 191 

references therein). Both water mass characterisations can be found in Table S1. Two fronts were 192 

identified: the South Antarctic Circumpolar Front (SACCF), by the southernmost extension of 193 

oxygen minimum (Pardo et al. 2017); and the Antarctic Slope Front (ASF), as the northernmost 194 

extension of cold shelf waters (potential temperature < -1.6°C) (Rintoul 1998; Figure S1).  195 

As part of the discussion, we calculated the proportion of Antarctic Bottom Water (AABW) and 196 

Lower Circumpolar Deep Water (LCDW) for samples within ‘bottom waters’. As these two 197 
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water masses mix along a straight line in the temperature-salinity diagram (see Figure 2 below), 198 

proportions were calculated using potential temperatures in the following equation: 199 

Proportion of LCDW =  
θx− 𝛉𝐀𝐀𝐁𝐖

θx− 𝛉𝐋𝐂𝐃𝐖+(θx− 𝛉𝐀𝐀𝐁𝐖)
   (Equation 1) 200 

Where θx is the potential temperature of the depth point of interest and θAABW/θLCDW the potential 201 

temperature endmembers of the two mixing water masses.  202 

3. Results and Discussion 203 

3.1 Hydrology 204 

The potential temperature – salinity relationship reveals four water masses (Figure 2). Antarctic 205 

Surface Water (AASW), formed through warming of the surface layer during the austral summer 206 

was observed in shallow waters. Winter Water (WW), which is a cold remnant of the surface 207 

mixed layer created during the previous winter season, was observed between AASW and 208 

approximately 200 m (Silvano et al. 2017). Below the WW, Circumpolar Deep Water (CDW) 209 

occupies most of the water column below 200 m depth. The CDW is made up of two water 210 

masses with distinct water properties and origins: LCDW coincides with a deep salinity 211 

maximum and has its origins in the North Atlantic, while Upper CDW coincides with an oxygen 212 

minimum that reflects a long transit through the deep Indian and Pacific Oceans (Lynn and Reid 213 

1968). CDW penetrates onto the shelf in some locations, where it is known as modified CDW 214 

(mCDW) because its properties are modified by mixing as it moves from the open ocean to the 215 

shelf (Orsi and Wiederwohl 2009). Finally, close to the seafloor, AABW was identified.  216 

 217 

Figure 2: Potential temperature-salinity plot for a) the full dataset and b) the same dataset focusing on bottom 218 

waters, with salinities ranging from 34.5 to 34.75. Overlaid coloured dots represent dissolved Mn (dMn) 219 

concentrations. Water masses: AASW, Antarctic Surface Water; WW, Winter Water; LCDW, Lower Circumpolar 220 

Deep Water; DSW/AABW for Dense Shelf Water/Antarctic Bottom Water; mCDW, modified Circumpolar Deep 221 

Water; ALBW, Adélie Land Bottom Waters and RSBW, Ross Sea Bottom Waters.  222 
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AABW forms when Dense Shelf Water (DSW) - a cold and salty water mass formed on the 223 

continental shelf by cooling and brine rejection in winter - is exported from the shelf and mixes 224 

with CDW as it sinks to the seafloor (Gordon and Tchernia 1972). Two varieties of AABW were 225 

sampled on the voyage: relatively salty Ross Sea Bottom Water (RSBW) flowing west across 226 

150, and a mixture of RSBW and fresher Adélie Land Bottom Water (ALBW) observed at 140 227 

and 132 (Rintoul, 1998) (Figure 2B). The DSW that supplies ALBW is formed in the Mertz 228 

Polynya near 144°E on the Adélie Land coast. DSW with relatively high salinity (S > 34.5) was 229 

observed in some areas on the shelf near the Mertz Polynya. However, heavy sea ice prevented 230 

access to the Adélie Depression (between 142.5°E and 145°E), where the DSW contributing to 231 

ALBW formation is found (Rintoul 1998). Therefore, we cannot describe the initial 232 

(endmember) conditions of the DSW that supplies ALBW. Interleaving observed in Figure 2B 233 

indicates mixing between relatively cold, fresh and oxygen-rich waters from the Antarctic 234 

continental shelf and slope with relatively warm, salty and oxygen-poor waters offshore.  235 

The SACCF (Orsi et al.1995) and ASF (Whitworth et al. 1985) crossed transects 132, 140 and 236 

150. The latitude of the fronts and their separation varied between transects with the two fronts 237 

separated by a minimum of 39 km along 150 and by a maximum of 103 km along 140 (Figure 1). 238 

Southern Ocean fronts, including the SACCF and ASF, often coincide with strong lateral 239 

gradients in physical and biogeochemical properties (Orsi et al., 1995) and therefore we 240 

anticipate that their presence may influence the distribution of Mn in this region. In particular, 241 

the ASF coincides with a jump between cold, fresh waters typical of the Antarctic continental 242 

shelf/slope, and warmer, saltier offshore waters. Potential density anomalies showed that the 140 243 

section was characterised by a strong density gradient near the ASF, highlighted by the 244 

depression in the isopycnals (Figure S1). Strong mixing is expected at the base of this feature 245 

(Jacobs 1991), and may influence water movement along this transect. Generally, higher velocity 246 

westward currents are expected over the slope, compared to shelf currents (Jacobs 1991). 247 

Previous studies have examined the circulation of shelf water masses in this region. A combined 248 

modelling and in-situ study showed summer circulation to be dominated by a shelf wide 249 

northwestward coastal current, composed of AASW and mCDW, with limited evidence of DSW 250 

(Snow et al. 2016). A weak southeastward flow of mCDW and AASW was found to reach the 251 

shelf, east of the Adélie sill (Snow et al. 2016). This on-shelf flow of mCDW was observed at 252 

our western shelf sites, with station 39 (located at 143.64°E) composed of warmer waters at 253 

intermediate depths (Figure 2B). A slight signal of mCDW was observed at station 37. However, 254 

no such signal was observed at station 38, highlighting the spatial variability of mCDW in this 255 

region. These oceanographic differences between transects described above, namely front 256 

locations and spatial variability of water masses, may influence the distribution of Mn and other 257 

trace metals.  258 

3.2 Manganese cycle of the Adélie and George V Lands 259 

Dissolved Mn concentrations followed a common shape which agrees well with previous 260 

observations made in the Atlantic and Australian sectors of the Southern Ocean (further north) 261 

and in the Weddell Sea (Middag et al. 2011; Middag et al. 2013; Latour et al. 2021) (Figure 3). 262 
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 263 

 264 

Figure 3: Depth profiles of dissolved Mn (dMn) along each transect for the first 500 m (A) and for the full depth 265 

(B). The x-axis scale of panel B was collapsed to allow the features of the depth profiles to be seen in more details. 266 

The colours represent the position of each station relative to both fronts, the slope and the shelf. The three stations 267 

near the Adélie Bank have been identified as ‘AB’. These stations are not included in panel B due to their high 268 

concentrations (>0.7 nM). The symbols represent the four transects: 132, 140 and 150 (three main transects) and S4 269 

which zonally joins all the transects.  270 

Surface dMn concentrations were generally low, ranging on average from 0.15 nM north of the 271 

SACCF to 0.30-0.33 nM over the shelf and the slope. Along all sections, lower dMn 272 

concentrations were observed north of the SACCF with the lowest value recorded being 0.014 273 

nM at station 47 at 14 m. To the best of our knowledge, the previous lowest open ocean dMn 274 

value recorded was 0.034 nM measured in the Drake Passage (Browning et al. 2014). Below the 275 

low surface dMn concentrations of open waters, most stations were characterized by subsurface 276 

maxima around 200 m, with peak concentrations ranging on average from 0.30 nM north of the 277 

SACCF to 0.61 nM over the shelf. These high subsurface maxima have previously been 278 

attributed to particle remineralization (Middag et al. 2011). However, little is known about these 279 

features. Below the dMn peak, decreasing concentrations were observed with depth, especially 280 

north of the SACCF (< 0.2 nM, Figure 3). Uniform low dMn distribution below subsurface 281 

maxima is commonly attributed to scavenging processes which lead to a short residence time of 282 

dMn in the deep ocean (Bruland and Lohan 2003). Near the seafloor, elevated dMn 283 

concentrations were observed at all stations (Figure 3) and may be related to either external 284 

sources or high initial Mn content in AABW (see discussion below).  285 
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Overall, increasing dMn concentrations observed toward the shelf, up to 1.5 nM, suggest the 286 

presence of strong external sources. Sediment resuspension (Lannuzel et al. 2011; 2014; Smith et 287 

al. 2021) or melting sea ice (Grotti et al. 2005) likely increase dMn shelf concentrations. 288 

However, Lannuzel et al. (2011) observed up to an order of magnitude lower dMn and pMn 289 

concentrations within sea ice relative to Fe and suggested low inputs of dMn would occur 290 

through sea ice melting in this region. Another potential source may be the supply of highly 291 

reactive sub-glacially eroded material to the shelf (e.g., Hawking et al., 2020; Bhatia et al. 2021) 292 

from the nearby Mertz and Ninnis glaciers. High ratios of refractory particulate Mn:P observed 293 

on the shelf (Table 1) support the hypothesis of recent weathering of lithogenic Mn sources (van 294 

der Merwe et al. 2019). We hypothesize that this East Antarctic region, characterized by high on-295 

shelf Mn concentrations, may act as a source of Mn and potentially fertilise depleted open ocean 296 

waters, as previously seen in the Drake Passage (Measures et al. 2013). To study the potential 297 

export of Mn-enriched waters from this region, we assumed that if dMn is transported within a 298 

specific water mass, it may follow a dilution mixing line. By using salinity as a conservative 299 

tracer, we looked at the evolution of dMn, salinity and the ratio between dMn and salinity with 300 

distance from the coast to verify this (Figure 4).  301 

 302 

Figure 4: Scatter plot showing the evolution of salinity (A), dMn (B) and the ratio between dMn:salinity (C) with 303 

distance from the coast (in km). Logarithmic regression lines are added with the corresponding R2 and p value. 304 

Colours represent the water masses: AASW, Antarctic Surface Water (blue); WW, Winter Water (red); CDW, 305 

Circumpolar Deep Water (yellow); and DSW/AABW for Dense Shelf Water/Antarctic Bottom Water (green).  306 

We observed a decrease in dMn concentrations with distance from the coast for all water masses 307 

except WW while salinity remained relatively constant in comparison (Figure 4A, B). The 308 

largest variations in salinity were observed in AASW and may be related to sea ice melting 309 
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(Duprat et al. 2020). The ratio of dMn per unit of salinity followed the trend of dMn (Figure 4C), 310 

indicating that processes other than dilution specifically impact dMn distribution by decreasing 311 

its concentration with distance from the coast. This may include biological uptake as well as 312 

scavenging (see discussion below). Considering our aim to study the export of dMn from this 313 

East Antarctic region, we focused our investigation on water masses subjected to northward 314 

travel; the AASW and DSW/AABW (Snow et al. 2016; Foppert et al. 2021; see section 3.1). 315 

Accordingly, subsequent discussion is divided into two sections focusing on processes limiting 316 

Mn export (‘Biological uptake in surface waters’ and ‘Removal of dMn in bottom waters’) 317 

before attempting to quantify Mn lateral export (‘Export of Mn-enriched waters’).  318 

Biological uptake in surface waters 319 

Southern Ocean dMn distribution is commonly characterized by low surface concentrations 320 

attributed to biological uptake and few external sources (Klinkhammer and Bender 1980; 321 

Middag et al. 2011). In this study, we observed low surface dMn concentrations at all stations 322 

but the lowest values (< 0.1 nM) were recorded north of the SACCF (Figure 3A). By combining 323 

chlorophyll fluorescence (Fo), PAR and transmittance; NPQ can be identified in surface waters 324 

on days of high light intensity (stations 44, 46 and 47) yet transmittance highlights a well-mixed 325 

layer down to 40 m (Figure 5). Therefore, Fo and transmittance at 40 m (below the depth where 326 

NPQ reduces Fo) can be used as proxies for phytoplankton biomass. While Fo was inversely 327 

correlated with dMn north of the SACCF (R2 = 0.20; p = 0.15), transmittance versus dMn reveals 328 

a significant positive correlation (R2 = 0.49; p = 0.03), most likely caused by biological uptake of 329 

dMn.  330 

 331 

Figure 5: Depth profiles of fluorescence (Fo) (a), Photosynthetic Active Radiation (PAR in µmol photons m-2 sec-1) 332 

(b) and transmittance (%) (c) between 0-200 m, north of the SACCF where the lower surface dMn concentrations 333 

were observed. 334 
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In addition, ratios between Mn, PO4
3-/P and Ti supported the hypothesis of increasing biological 335 

uptake with distance from the coast (Table 1). Lower dissolved Mn:PO4
3- and Mn:Ti ratios were 336 

observed in the northern region of the study while conversely, increasing total particulate Mn:Ti 337 

ratios were observed with distance from the coast. This particulate Mn enrichment relative to Ti 338 

combined with the decrease in dMn ratios suggests a transfer of Mn from the dissolved toward 339 

the particulate fraction, which may indicate: i) biological uptake; ii) formation of Mn oxides; iii) 340 

scavenging of dMn onto particles; or iv) a combination of these. In addition, the decrease in total 341 

particulate Mn:P ratio with distance from the coast combined with the increase in labile pMn 342 

(Table 1) supported the hypothesis of increasing biological influence over the Mn cycle with 343 

distance from the coast. Diatoms and Phaeocystis sp. have been observed to increase their Mn 344 

requirement under Fe stress (Peers and Price 2004) or to accumulate Mn in their mucilage in the 345 

case of Phaeocystis (Davidson and Marchant, 1987). Therefore, surface dMn may have been 346 

depleted and transferred into the particulate phase after a bloom of such species. Profiles of 347 

silicic acid concentrations with depth showed depleted surface levels at stations 47 and 51, 348 

supporting the hypothesis of dMn drawdown resulting from diatom growth (Figure S2). Nitrate 349 

(NO3
-) to PO4

3- (NO3
-:PO4

3-) ratios, which may indicate the dominance of one phytoplankton 350 

group over the other (e.g. diatoms vs Phaeocystis), remain intermediate north of the SACCF 351 

(ranging from 15.2 to 16.4) and therefore could not be used as an additional proxy of 352 

phytoplankton community composition (Arrigo et al. 2015).  353 

Table 1: Dissolved and particulate Mn concentrations along with various ratios in the dissolved, total and labile 354 

particulate fractions between Mn, PO4
3-/P and Ti, measured in surface waters (above the dMn subsurface maxima as 355 

described in Middag et al. 2011). All ratios are presented in mol mol-1 except for the dMn:dPO4
3- ratios which are in 356 

mmol mol-1. 357 

Fraction Parameter Shelf Slope Between fronts North SACCF 

Dissolved dMn (nM) 0.31 ± 0.17 0.33 ± 0.11 0.29 ± 0.11 0.15 ± 0.10 

dMn:dPO4
3- 0.149 ± 0.07 0.174 ± 0.04 0.14 ± 0.04 0.074 ± 0.04 

dMn:dTi 0.045 ± 0.03 0.039 ± 0.01 0.041 ± 0.02 0.022 ± 0.01 

Total particulate pMn (nM) 0.023 ± 0.01 - 0.03 ± 0.01 0.04 ± 0.02 

pMn:pP 1.91 ± 2.21 - 1.37 ± 1.5 0.47 ± 0.20 

pMn:pTi 0.177 ± 0.06 - 1.03 ± 0.99 2.85 ± 1.73 

Labile:tot. particulate LpMn:totpMn 42.7 ± 5 50.4 ± 7 42.4 ± 15 57.9 ± 10 

Sea ice coverage is expected to influence the start of the bloom season. When the ice melts, 358 

increased light and nutrient availability will favour phytoplankton growth (Deppeler and 359 

Davidson 2017). Surface dMn concentrations may first increase due to sea ice melt (Lannuzel et 360 

al. 2014), but uptake by phytoplankton should then lead to decreasing dMn and other trace metal 361 

concentrations throughout the bloom season (Kanna et al. 2020). Here, sea ice had melted north 362 

of the SACCF prior to our occupation along all three longitudinal transects, as shown by the sea 363 

ice persistence (Figure 1B). These results imply phytoplankton uptake started earlier north of the 364 

SACCF along each transect and agree with the observed lower dMn concentrations (Figure 3A). 365 
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Nonetheless, sea ice movement represents a potential source of Mn and other trace metals as it 366 

may transport nutrients north of the SACCF and locally stimulate phytoplankton growth (Kanna 367 

et al. 2020). These local inputs are expected to vary seasonally with higher local 368 

enrichment/fertilization in the early season (austral spring/summer). Sea ice advection for the 369 

period of this study indicated sea ice was carried eastward by the ACC (Figure 1B). Hence, sea 370 

ice coming from the west of this region could potentially increase local trace metal 371 

concentrations.  372 

Removal of dissolved manganese in bottom waters 373 

The sharpest decrease in dMn with distance from the coast was observed in bottom waters 374 

(Figure 4C). This suggested one or several process(es) decrease dMn concentrations in AABW, 375 

which was surprising considering dMn concentrations are often hypothesized to increase near the 376 

seafloor due to inputs from sediment resuspension or redox mobilization (Middag et al. 2011; 377 

Cheize et al. 2019; Morton et al. 2019). Since biological uptake is unlikely at these depths, we 378 

derive two hypotheses from this observation: i) one or several process(es) remove(s) dMn in 379 

bottom waters and ii) the elevated dMn concentrations observed near the seafloor (Figure 3) 380 

originate from the shelf and are carried downstream with the flow of AABW (and not from 381 

constant sediment inputs, otherwise AABW dMn:salinity ratio would increase with distance 382 

from the coast). Considering the removal hypothesis, dMn decrease may result from two 383 

processes: 1) scavenging of dMn onto particles and/or 2) dilution of dMn-rich AABW with 384 

overlying Mn-depleted LCDW. To separate these processes, the fraction of LCDW within 385 

AABW was calculated at each location where we have dMn data. We used the temperature 386 

endmembers within the cores of AABW and LCDW (identified in Figure 2A) as inputs for the 387 

equation (Figure 6). Salinity presented the same trend but with a lesser dynamic range (data not 388 

shown here).  389 

 390 
Figure 6: Dissolved manganese (dMn) concentrations measured in Antarctic Bottom Water (AABW) against the 391 

fraction of Low Circumpolar Deep Water (LCDW) in AABW. Linear regression with 95% confidence interval, R2 392 
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and p value are displayed. The theoretical dilution line (TDL) is shown for a theoretical mixture of AABW and 393 

LCDW with dMn endmembers set as the mean of all off-shelf dMn observations within each water mass. The TDL 394 

assumes no losses or enrichments during mixing.  395 

Results indicated that as the contribution of LCDW increased in AABW samples, the associated 396 

dMn concentrations decreased (Figure 6). This result suggests that dilution of AABW with the 397 

overlying LCDW partly controls the concentrations of dMn in our observations. However, 398 

almost all measurements of dMn concentrations in AABW are lower than the theoretical dilution 399 

line (TDL; Figure 6). This suggests that final dMn concentrations are lower than expected 400 

strictly from the mixing of these water masses (0.30 – 0.45 nM), and indicate an additional 401 

removal process occurs. We hypothesize this additional loss of dMn results from scavenging 402 

processes. 403 

Scavenging implies an adsorption of dMn onto particles, transferring Mn from the dissolved into 404 

the particulate phase (Bruland and Lohan 2003). With distance from the coast, pMn 405 

concentrations within DSW/AABW remained relatively stable with local higher concentrations 406 

on the shelf (Figure S3). This is in agreement with high particle content near the Antarctic shelf, 407 

where sources of Mn are abundant (Sherrell et al. 2018; Smith et al. 2021). The high fraction of 408 

refractory pMn observed on the shelf and gradual reduction in the proportion of refractory 409 

material with distance from the coast (Figure 7) suggest that higher density particles settle out to 410 

sediments preferentially, whereas lower density, labile (often biogenic/detritus) particles remain 411 

suspended in AABW (van der Merwe et al. 2019).  412 

 413 

Figure 7: Ratio between labile particulate manganese to total particulate manganese in % with distance from the 414 

coast (in km). The colours represent the stations position relative to both fronts, the slope and the shelf. 415 

When not associated with refractory material, pMn is often primarily composed of Mn oxides, 416 

which are known as strong scavengers, able to decrease surrounding dMn and other trace metal 417 

concentrations (Goldberg 1954; Tonkin et al. 2004). Near the seafloor, it was previously 418 
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demonstrated that Mn oxides precipitate within sediment under high oxygen concentrations, 419 

leading to decreasing dMn concentrations in the overlaying water (Sundby et al. 1986). This is 420 

likely occurring in this region as AABW is characterized by high oxygen content (>230 µM) 421 

(Rintoul 1998). Formation of Mn oxides can occur under both biotic or abiotic influence (Sunda 422 

and Huntsman 1988). However, abiotic Mn(II) oxidation is known to be much slower compared 423 

to the microbially-mediated Mn(II) oxidation. Consequently, most Mn oxides are usually 424 

considered biogenic (Sunda and Huntsman 1988; Morgan 2005). Rates of Mn(II) oxidation have 425 

not yet been determined in this region, although a recent study observed a lack of Mn oxides in 426 

the Ross Sea, attributed to a unique Mn redox cycle and persistence of Mn(III) ligands 427 

complexes (Oldham et al. 2021). In the present study, conservative or increasing dMn depth-428 

profiles were also observed over the shelf (Figure 3A), suggesting either that i) dMn sources and 429 

inputs compensate for dMn loss by scavenging or that ii) this East Antarctic region may also be 430 

characterized by low scavenging rates on the shelf, associated with low abundance of Mn oxides 431 

(Oldham et al. 2021). In the deep ocean, microbially-mediated Mn(II) oxidation rates have been 432 

observed to vary, especially within hydrothermal plumes with faster reactions compared to 433 

surrounding background waters, resulting from different bacterial communities (Dick et al. 434 

2009). Hence, biotic scavenging rates may vary widely between coastal and offshore regions and 435 

also depend on the composition of microbial communities. Estimating Mn(II) oxidation rates 436 

remains necessary to quantify scavenging processes and evaluate the potential export of dMn 437 

within AABW in this region.  438 

Lateral export of Mn-enriched waters  439 

The primary aim of this study was to identify if this East Antarctic region may act as a source of 440 

dMn for depleted Southern Ocean waters further north. Despite high dMn concentrations 441 

observed over the shelf, our results suggest dMn export from this region is limited, particularly 442 

in surface waters. We suggest biological uptake reduces surface dMn concentrations, while 443 

mixing with overlying depleted-waters and scavenging limit export of dMn within bottom 444 

waters. Overall, we observed that waters transported north of the SACCF were low in dMn (0.1 445 

nM in AASW, 0.2 nM in AABW; Figure 3). These values are in agreement with the study from 446 

Middag et al. (2011), which measured similar surface concentrations in the Weddell Gyre. This 447 

suggests limited export of dMn may occur around Antarctic regions. However, we suggest the 448 

horizontal advection of subsurface Mn-enriched waters (150 - 300 m) may constitute the major 449 

source of dMn for surface waters following strong wind-mixing and/or upwelling induced by 450 

eddies (Patel et al. 2020).  451 

Subsurface dMn maxima are common features of the Southern Ocean (Middag et al. 2011). At 452 

all stations, we observed subsurface dMn maxima located between 73 to 300 m with higher 453 

values recorded near the shelf (Figure S4). This East Antarctic region is characterized by a shelf 454 

depth varying between 200 and 400 m (Beaman et al. 2011) which suggests that processes on the 455 

shelf provide a source of dMn at intermediate depth and could partly explain the presence of 456 

subsurface dMn maxima in Southern Ocean waters (Smith et al. 2021). The identification of 457 

these features further north indicate this Mn-enriched plume may travel great distance at 458 

intermediate depths (Middag et al. 2011; Latour et al. 2021). Similar subsurface features were 459 

observed in the Western Antarctic Peninsula and attributed to sediment inputs (Sherrell et al. 460 

2018). However, previous studies associated these dMn subsurface maxima with 461 

remineralization of particulate organic matter (Middag et al. 2011). It is likely that both 462 

processes - lateral advection of Mn-enriched waters and particle remineralization - help maintain 463 
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these subsurface features at intermediate depths, with the contribution from each source varying 464 

depending on proximity to shelf regions. In the present study, lower oxygen concentrations 465 

measured near these subsurface maxima support the hypothesis that particles are remineralized at 466 

those depths (Figure 8). Concurrent increase of dMn concentrations with decreasing oxygen 467 

levels are well documented, especially in oxygen minimum zones where the reductive 468 

dissolution of Mn oxides lead to the accumulation of Mn(II) (Lewis and Luther 2000). 469 

 470 

Figure 8: Depth profiles of dissolved Mn (dMn in nM, A) and oxygen concentrations (in µM, B) between 0-500 m 471 

for all TMR stations, except the three Adélie Bank stations. The two red lines indicate coincident low oxygen 472 

concentrations with relatively high dMn concentrations.  473 

Estimating a precise budget and flux of dMn from this region remains complex. Overall, our data 474 

suggest dMn export is limited in both surface and bottom waters. However, the advection of high 475 

dMn concentrations (double the amount of surface waters) via subsurface maxima constitute a 476 

potential important source for surface waters following strong-wind-mixing and/or upwelling 477 

(Figure 9). Considering bottom water transport, the main limitation of this study resides in the 478 

fact that we did not follow the path of a specific AABW plume pathway. Instead, the three 479 

latitudinal transects we sampled cut across several AABW plumes (Figure 1A; Foppert et al. 480 

2021). To further confirm the hypothesis of dMn loss within bottom waters, it remains essential 481 

to follow a specific plume, while characterizing particle composition and Mn(II) oxidation rates.  482 

 483 
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484 
Figure 9: 3D plot showing dissolved Mn (dMn) concentrations (in nM) along the three perpendicular sections 485 

measured (132, 140 and 150). While dMn was elevated in bottom waters, we observed a decrease of dMn with 486 

distance from the coast. We suggest subsurface dMn maxima may be an important source of dMn for surface waters.  487 

4. Conclusions 488 

We investigated the potential northward export of Mn-enriched Antarctic shelf waters. High Mn 489 

concentrations were found on the shelf and were likely attributed to sediment and glacial 490 

discharge sources. We found that dMn export in surface waters was limited due to biological 491 

uptake and dMn concentrations strongly decreased north of the SACCF. This sharp decrease in 492 

Mn was linked to the timing of sea ice melting, which occurs earlier in spring north of the 493 

SACCF and stimulates phytoplankton growth and uptake of bioessential trace metals. We 494 

observed a subsurface dMn maximum at all stations north of the shelf break and suggest it may 495 

be linked to the combination of particle remineralization and advection of Mn-enriched Antarctic 496 

shelf waters at those depths. After factoring in dilution of AABW with overlying LCDW, export 497 

of dMn via bottom water formation and advection off the shelf is hypothesized to be limited by 498 

both Mn(II) oxidation and scavenging associated with Mn oxides. This result was surprising due 499 

to the expectation that input from sediments would enrich AABW dMn concentrations as it 500 

travels away from the shelf. Overall, export of Mn-enriched waters toward Southern Ocean open 501 

waters is limited in this region, an observation that is likely to also be the case for other areas 502 

around the Antarctic continent. These results improve our understanding of the Southern Ocean’s 503 

status as an HNLC region and relate to previous studies which measured very low Mn 504 

concentrations in open waters of this region. This lack of Mn export may have implications 505 

regarding phytoplankton growth (co-)limitation by Mn throughout the broader Southern Ocean, 506 
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but also by other important biologically essential trace metals previously expected to be exported 507 

northward alongside Mn, such as Fe.  508 
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