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Chapter 9 
 
Fluxes of dissolved Aluminium and 
Manganese to the surface and deep 
Weddell Sea 
 
Abstract:  
A total of 188 samples of the Weddell Sea were analysed aboard R.V. Polarstern for both Al and 
Mn during expedition ANT XXIV/3 from 10 February until 16 April 2008 from Cape Town 
(South Africa) to Punta Arenas (Chile). Concentrations of Al were slightly elevated (0.23-0.35 
nM) in the upper surface layer compared to the subsurface minimum (0.07-0.21 nM) observed at 
an average depth of 80 m. Atmospheric deposition appears to be the main source of Al to the 
central Weddell Basin and the residence time of dissolved Al in the upper mixed layer is 
estimated to be in the order of 15 weeks. The continental margins affect the western Weddell Sea 
over the continental shelf and slope and a flux of about 16% of the total input of Al can be 
estimated. Highest concentrations of Al in the Weddell Sea Bottom Water (WSBW) are related to 
the formation of deep water and the associated flux in the range of 3-10 µmol Al m-2∙yr-1. The 
concentrations of Mn were depleted in the surface layer, most likely due to biological uptake as 
indicated by the correlation between Mn and the major nutrients and fluorescence. The 
significant negative relation between the Mn/P ratio and the concentration of iron suggests co-
limitation between iron and Mn. The flux of Mn from the continental margin is about 1.5 times 
greater than the atmospheric input. The flux of both Al and Mn from the continental margin 
indicates melting of continental ice or direct run off from land. The slightly elevated 
concentrations of Mn in the WSBW are due to a relatively small flux of 0.6 µmol Mn m-2∙yr-1 
associated with the WSBW formation.  
 
This chapter is to be submitted to a journal as: Middag, R., Van Slooten, C., De Baar, H.J.W., 
Laan, P.. Fluxes of dissolved Aluminium and Manganese to the surface and deep Weddell Sea.  
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9.1. Introduction 
The Weddell Sea is one of the most remote and inaccessible ocean regions in the world due to its 
ice cover and harsh climate. Therefore, the distribution of trace metals like Aluminium (Al) and 
Manganese (Mn) in the Weddell Sea have thus far not been studied extensively. Here the data of 
11 stations are reported with high vertical resolution along a transect in the Weddell Sea that 
allows a more detailed assessment of the distributions of Al and Mn.  
The oceanic distribution of dissolved trace metals is determined by the sources, sinks and internal 
cycling of these elements. Dissolved Al occurs in a wide range of concentrations (<0.1-174 nM) 
in the world oceans (e.g. Orians and Bruland, 1986; Hydes et al., 1988; Measures et al., 2005; 
Middag et al. 2009; Chapter 3) with a marked fractionation between the Atlantic and the Pacific 
Oceans (Orians and Bruland, 1985). In the surface Al has a relatively short residence time of only 
4 weeks to 4 years (Orians and Bruland, 1986) due to removal from the water column. This 
removal can be passive, inorganic sorption onto particle surfaces (e.g. Hydes 1979; Moore and 
Millward, 1984; Orians and Bruland 1985, 1986) or active uptake by diatoms (Stoffyn, 1979; 
Gehlen et al., 2002; Middag et al., 2009; Chapter 3). The main source of Al to the surface of the 
open ocean is atmospheric deposition and the concentration of Al in the surface layer can be 
related to the atmospheric input (Gehlen et al., 2003; Kramer et al., 2004; Han et al., 2008). The 
sediments of the continental margins act as a sink of Al when undisturbed, but sediments can also 
be a source when the sediments get resuspended (Mackin and Aller 1984; Moran and Moore, 
1991). In the deep ocean the residence time of the particle reactive Al is much longer, in the order 
of 50-200 years (Orians and Bruland, 1985, 1986), due to less scavenging. Additional input into 
the deep ocean has been suggested via diffusion from the sediments (Hydes, 1977), pressure 
dependent solubility of Al-containing particles (Moore and Millward, 1984) and shelf water input 
via deep slope convection (Measures and Edmond, 1992; Middag et al., 2009; Chapter 3). 

Dissolved Mn occurs in a much smaller range in the open ocean, in the range of 0.1-25 nM in 
the surface ocean (Shiller, 1997) and generally low and quite uniform concentrations in the deep 
ocean (Landing and Bruland, 1980, 1987; Statham et al., 1998). The typically elevated 
concentrations of Mn in the surface layer in most ocean regions are mainly the result of photo 
reduction of Mn oxides (Sunda et al., 1983; Sunda and Huntsman 1988, 1994), but can also be 
due to atmospheric input (Landing and Bruland, 1980; Baker et al., 2006). Potential input sources 
of Mn to the Weddell Sea are, besides the atmospheric input, reductive dissolution from (anoxic 
or suboxic) sediments (e.g. Froelich et al., 1979 Johnson et al., 1992, Heggie et al., 1987; 
Pakhomova et al., 2007) or melting of continental ice with entrained particles. However, in the 
Southern Ocean the surface concentrations of dissolved Mn are known to be very low (Martin et 
al., 1990; Westerlund and Öhman, 1991), most likely due to very limited input in combination 
with active removal by the Antarctic algal community (Sedwick et al., 1997; Chapter 7 and 8).  

For various biological processes in cells Mn is needed, most notably in the Photosystem II (PS 
II) for the splitting of water by photoautotrophs to supply electrons to the reaction centre of PS II 
(e.g Sunda et al., 1983 and references therein; Raven, 1990). It has been shown that Mn is also 
essential in the superoxide dismutase (SOD) enzymes of marine diatoms (Peers and Price, 2004; 
Wolfe-Simon et al., 2006), especially under iron deficient circumstances. Under iron deficient 
conditions the efficiency of PS II decreases (Greene et al., 1992; McKay et al., 1997) but also 
more Reactive Oxygen Species (ROS) are formed, such as superoxide and hydroxyl radicals. The 
ROS indeed are highly reactive and therefore destructive for the cell, especially because the ROS 
cannot diffuse across cell membranes and must be destroyed by SOD at the site of production. 
The depletion of Mn in constant proportion to depletion of phosphate that has been observed in 
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the surface waters of the Southern Ocean (see Chapter 7 and 8), confirms Mn is indeed an 
essential element that, together with the effects of iron and light limitation, can control primary 
production in the High Nutrient Low Chlorophyll regions of the Southern Ocean. To trace 
biological Mn uptake and subsequent export, a traditional tracer of particle export such as the 
disequilibrium between thorium-234 and uranium-238 (234Th/238U) can be used (see Chapter 7). 

9.2. Results 
Samples were taken aboard R.V. Polarstern during expedition ANT XXIV/3 from 10 February 
until 16 April 2008 from Cape Town (South Africa) to Punta Arenas (Chile). Along a transect 
crossing the Weddell Sea from the main Antarctic continent towards the Antarctic Peninsula, 9 
full depth and 2 upper water column stations were sampled for trace metals and nutrients (Figure 
1). In between the 11 stations for trace metals another 27 stations were sampled with the regular 
CTD/Rosette for nutrients and other variables. The 11 deployments of the Titan all-titanium CTD 
sampling system resulted in a total of 188 samples that were analysed for both Al and Mn. Of the 
188 samples analysed for Al, 21 samples (11.2%) were suspected outliers and therefore not 
further used in the data analyses and figures presented. Of the 188 samples analysed for Mn, 13 
samples (7%) were suspected outliers (see Chapter 2.5.) and therefore not further used in the data 
analyses and figures presented. 

9.2.1. Hydrography 
The Weddell Sea is an important region for the formation of dense Antarctic Bottom Water 
(Fahrbach et al., 2004) and thereby plays a vital role in the global thermohaline circulation. In the 
Weddell Sea basin the subpolar, cyclonic, Weddell Gyre is found that circulates in the deep 
Weddell Basin (Figure 1). The water in the Weddell Sea can be classified in four main water 

 
Figure 1 Trace metal sampling stations across the Weddell Sea (from east to west) during expedition 
ANT XXIV/3 aboard R.V. Polarstern. Stations were occupied from 15 March to 29 March 2008. The 
Weddell Gyre is schematically indicated by the black dashed arrow. 

Central
Weddell Basin
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masses based on their potential temperature (θ) and salinity as described by, among others, 
Fahrbach et al. (2004) and Klatt et al. (2005) and briefly summarised here (Figure 2). The 
relatively fresh (salinity<34.6) Antarctic Surface Water (AASW) constitutes the upper water 
layer. The Winter Water (WW) is the even colder water layer that shows as a temperature 
minimum at the deep end of the AASW. The WW is a remnant from the last winter before the 
overlying water was warmed by the summer. The water in the Weddell Sea is largely replenished 
by water from the Antarctic Circumpolar Current, mainly Lower Circumpolar Deep Water. This 
Lower Circumpolar Deep Water is referred to as Warm Deep Water (θ>0.0°C, salinity >34.6; 
~200-1500m depth) after it separates from the Antarctic Circumpolar Current and enters the 
Weddell Gyre at intermediate depths. Underlying the WDW is the Weddell Sea Deep Water 
(WSDW) which is more saline and has a lower potential temperature (-0.7°C < θ <0.0°C; ~1500-
4000 m depth). The WSDW is believed to be formed by mixing between WDW and the 
underlying Weddell Sea Bottom Water (WSBW), but there is also evidence that WSDW is 
formed directly from surface waters and modified WDW (Klatt et al., 2005 and references 
therein). Close to the Antarctic continent over the shelves, the AASW gains density during sea 
ice formation by cooling and brine rejection and sinks along the continental slope to form the 
coldest (θ < -0.7°C) WSBW lying at the bottom.  

 
Figure 2 water masses and fronts along the entire transect (see figure 1). Salinity is represented in colour 
scale and isolines represent the potential temperature (°C). Upper panel shows the upper 1000 m, the 
lower panel the remainder of the water column. Abbreviations in alphabetical order: AASW: Antarctic 
Surface Water (salinity<34.6); WDW: Warm Deep Water (θ>0°C, salinity>34.6); WSBW: Weddell Sea 
Bottom Water (θ<0.7°C); WSDW: Weddell Sea Deep Water (-0.7°C < θ <0.0°C); WW: Winter Water (θ 
minimum). 

WW
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WDW

WDW
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9.2.2. Dissolved Aluminium 
The concentrations of Al were generally low 
(<0.5 nM) in the AASW (Figure 3). With 
increasing depth the concentrations of Al 
decreased to a subsurface minimum around the 
temperature minimum of the WW (Figure 4). 
Deeper than the subsurface minimum the 
concentrations of Al increased in the WDW 
and remained relatively constant in the upper 
parts of the WSDW (0.35-0.45 nM). From 
about 2500-3000 m onwards the 
concentrations of Al started to increase to the 
highest values of up to 1.5 nM in the WSBW 
(Figure 3 and 4). Lowest concentrations of Al 
in the AASW were observed at the five 
stations in the central Weddell Basin with 

 
Figure 3 Concentrations of dissolved Al (nM) over the entire water column at all 11 stations across the 
Weddell Sea. Upper panel shows the upper 1000 m, the lower panel the deeper 1000-5000 m part of the 
water column. Of the 188 samples analysed for Al, 21 samples (11.2%) were suspected outliers and 
therefore not further used in the figures. Abbreviations in alphabetical order: AASW: Antarctic Surface 
Water; WDW: Warm Deep Water; WSBW: Weddell Sea Bottom Water; WSDW: Weddell Sea Deep Water. 
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Figure 4 Vertical profiles of dissolved Al (nM) 
and potential temperature (°C) versus depth at 
27° 11’W; 66° 36’S (station 193) in the deep 
Weddell Basin. Error bars represent standard 
deviation of triplicate analysis. 
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Figure 5 Concentrations of dissolved Al (nM) 
versus salinity in the upper mixed layer. Linear 
regression is shown in the graph, R2=0.40; n=25 
and P<0.001. 

0.28 nM (S.D.=0.04nM; n=7) and 0.12 nM 
(S.D.=0.04nM; n=5) in the upper 25 m and at 
the subsurface minimum, respectively. Higher 
concentrations were observed in the AASW at 
the three full depth stations on the western side 
of the Weddell Basin over the continental slope 
(towards the Antarctic Peninsula). 
Concentrations in the upper 25 m and at the 
subsurface minimum were 0.34 nM (S.D.=0.14 
nM; n=6) and 0.19 nM (S.D.=0.03 nM; n=3), 
respectively. The higher concentrations in the 
upper 25 m compared to the subsurface 
minimum (at an average depth of 80m) indicate 
a surface source. The concentrations of Al in the 
upper mixed layer showed a negative correlation 
with the salinity (Figure 5). This indicates the 
concentrations of Al are related to freshwater input, most likely from melting sea ice.  

 

Figure 6 Concentrations of dissolved Mn (nM) over the entire water column at all 11 stations across the 
Weddell Sea. Upper panel shows the upper 1000 m, the lower panel the deeper 1000-5000 m part of the 
water column. Note the different colour scale between the upper and lower panel. Of the 188 samples 
analysed for Mn, 14 samples (7.5%) were suspected outliers and therefore not further used in the figures. 
Abbreviations in alphabetical order: AASW: Antarctic Surface Water; WDW: Warm Deep Water; WSBW: 
Weddell Sea Bottom Water; WSDW: Weddell Sea Deep Water. 
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Highest concentrations of Al were observed in the WSBW (1.1-1.6 nM), but concentrations were 
also elevated near the sediments over the continental shelf and continental slope (Figure 3). 
Concentrations were near 0.5 nM Al close to the sediments (~400m) over the shelf. Along the 
continental slope concentrations of Al near the slope sediments increase from 0.81 nM at 2450 m 
depth to 0.94 nM at a depth of 4000 m. Only in the deep basin the high concentrations of Al 
above 1 nM were observed in the WSBW. The low concentrations of Al in the AASW and the 
increasing concentrations with increasing depth over the slope show that the concentrations of Al 
increase during the descent of waters from the shelf to their destiny the WSBW.  
  

 

Figure 8 Concentrations of dissolved Mn (nM) versus concentrations of PO4 (µM), NOX (µM), Si (µM) 
and fluorescence above the Mn subsurface maximum in the Weddell Basin. Of the 25 samples analysed for 
Mn, 1 sample (4%) was a suspected outlier and therefore not further used in the figures. Linear 
regressions are shown in the graphs; for PO4 (µM) R2=0.88; n=24 and P<0.001; for NOX (µM) R2=0.78; 
n=24 and P<0.001; for Si (µM) R2=0.30; n=24 and P=0.005; for fluorescence R2=0.68; n=24 and 
P<0.001. 
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9.2.3. Dissolved Manganese 
Concentrations of Mn were low (<0.2 nM) in the AASW of the central Weddell Basin, but 
strongly elevated over the continental shelf and slope (Figure 6). In the central Weddell Basin the 
concentrations of Mn in surface waters were depleted to concentrations below 0.2 nM, followed 
by a subsurface maximum around 100 m depth. This is similar to observations along the zero 
meridian (see Chapter 7). Deeper than the subsurface maximum, the concentrations of Mn 
decreased to a mid-depth minimum of 0.09 nM (S.D.=0.01 nM, n=7) at 1750-2000 m depth in the 
upper parts of the WSDW. Below this mid-depth minimum, concentrations slightly increased 
with increasing depth to concentrations of 0.12-0.18 nM in the WSBW.  

Like in the Weddell Gyre along the zero meridian, the depleted concentrations of Mn 
corresponded with depleted 234Th/238U ratio values in the AASW of the central Weddell Basin 
(not shown). These values (234Th/238U) < 1 are evidence for loss by scavenging and export into 
deeper layers, for both Th and Mn (see Chapter 7). Over the continental slope the concentration 
of Mn were higher (around 0.25 nM) than in the central Weddell Basin, but still showed relative 
surface depletions compared to the subsurface maximum. When the concentrations of Mn 
shallower than the subsurface maximum are plotted versus the nutrients, clear positive 
correlations are observed with PO4 
and NOx, a negative correlation with 
fluorescence and a moderate positive 
correlation with Si (Figure 7), all 
correlations indicating biological 
uptake. The rationale behind using 
only the Mn data shallower than the 
subsurface maximum is that at similar 
depth the 234Th/238U ratio was near or 
above 1, indicating no export or, in 
keeping with the local dissolved Mn 
maximum, net remineralisation at this 
depth. The Mn and nutrient 
concentrations at this depth were 
therefore most likely not 
representative of the biological 
uptake, but of remineralisation 
instead. 

Highest concentrations of Mn were 
observed over the continental shelf 
near the Antarctic Peninsula (Figure 
6). The maximum concentrations of 
Mn (1.3-1.5 nM) were observed 
between 100 and 150 m depth, just 
below the pycnocline. Close to the 
sediments (~450 m depth) the 
concentrations of Mn were around 
0.65 nM. It appears that the 
concentrations of Mn are elevated 
near the shelf sediments with respect 
to similar depths in the central basin, 

 
Figure 8 The Mn/PO4 ratio plotted versus the ambient Fe 
concentrations. Data from Atlantic Sector (filled circles) is 
Mn/PO4 ratio derived from the slope of the Mn-PO4 relation 
for the Weddell Sea (highest ratio, lowest Fe), Weddell Gyre 
along the Prime Meridian (intermediate ratio and Fe) and 
the ACC along the Prime Meridian (lowest ratio, highest 
Fe). Data from the Pacific Sector (13) is in the upper Wind 
Mixed Layer (40-45m during SOFeX-South) without Fe 
fertilisation (filled triangle; highest ratio, lowest Fe) and 
with Fe addition (open triangle; lowest Mn/PO4 ratio at 
highest Fe). The Pacific Mn/P values are in phytoplankton 
cells (Twining et al., 2004). Alternatively, when focusing 
merely on the natural situation by excluding the data point 
after Fe fertilisation in the Pacific Sector (open triangle), 
the resulting alternative correlation is: (Mn/PO4) = 0.246 * 
Fe + 0.427 with R2=0.94 and P=0.030 for n=4 datapoints. 
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but the highest concentrations are not related to the local sediments at the station over the shelf. 
From the shelf into the deep basin the concentrations of Mn near the sediments decreased over 
the continental slope to 0.37 nM at 2450 m and 0.17 nM at 4000 m and range between 0.12-0.18 
in the WSBW in the deep Basin. Like the concentrations of Al, the WSBW concentrations of Mn 
are relatively elevated compared to the concentrations in the overlying WSDW. However, 
contrary to the distribution of Al (see text section 9.2.2), the concentrations of Mn decreased 
along the continental slope with increasing depth.  

9.3. Discussion 
9.3.1 Previously reported Aluminium in the Weddell Sea 
The concentrations of Al observed in the AASW are much lower than the surface concentrations 
previously reported by Sañudo-Wilhelmy et al. (2002) over the continental slope in the western 
Weddell Sea. They report an average concentration of Al of 3.17 (S.D.= 1.33 nM; n=14) for 
surface waters of the Weddell Sea with a lowest observed concentration of 1.21 nM. This is an 
order of magnitude greater than the current concentrations of 0.33 nM (S.D.=0.03 nM; n=9) in 
the same region (over the slope) with a maximum observed concentration of 0.4 nM. This 
indicates either large temporal variability in the surface concentrations of Al, or the sampling 
from a raft or the analyses after Hydes and Liss (1976) by Sañudo-Wilhelmy et al. (2002) 
resulted in an overestimation of the actual concentrations of Al in the Weddell Sea. This possible 
over estimation stresses the importance of the use of ultra clean sampling techniques such as the 
Titan all-titanium CTD sampling system and the use of standard reference water such as the 
GEOTRACES or SAFe reference samples as was done in this study 
(www.geotraces.org/Intercalibration). The use of reference samples would not reveal any 
problems in sampling, but does validate the analyses performed.  

The present concentrations of Al in the central Weddell Sea appear also to be lower than the 
range of 1-5 nM over the water column reported by Moran et al. (1992). The discrepancy with the 
present data is most likely related to the method after Hydes and Liss (1976) used for the analyses 
by Moran et al. (1992). This method is a predecessor of the method currently used for this study. 
Moran et al. (1992) reported a precision of ±0.5 nM and a detection limit of 1-1.5 nM, as 
compared to a precision of 3.2% and a detection limit of 0.07 nM for the improved method used 
in this study (see Chapter 2). The precision and detection limit of Moran et al. (1992) is in the 
same range of the currently reported concentrations of Al (0.1-1.5 nM), precluding comparison 
between the current dataset and the dataset reported by Moran et al. (1992) (see Chapter 6).  

9.3.2 Fluxes of Aluminium 
The atmospheric input of Al to the Weddell Sea is affected by the sea ice that accumulates the Al 
deposited which next is released again upon melting of the sea ice. Indeed, the concentrations of 
Al in the upper mixed layer correlated negatively with salinity, indicating melting sea ice is a 
source of Al. Also melting icebergs derived from the continents are potentially a source of Al, but 
at the time of sampling the transect was mainly covered with sea ice except near the Antarctic 
Peninsula. Icebergs can be calculated to be an insignificant source of Al which is only in the 
order of 2% of the atmospheric input for the Southern Ocean in general. The atmospheric dust 
input to the Southern Ocean derived from the global dust entrainment and deposition model is 
0.29 g∙m -2∙a-1 (Han et al., 2008). Assuming that continental dust consists for 7.96% of Al 
(Wedepohl, 1995) and that 5% of this Al dissolves (Han et al., 2008), the flux of Al to the 
Southern Ocean is 43 µmol Al m-2∙yr-1. Moran et al. (1992) calculated a flux of Al from 
continental ice to the surface waters of the Southern Ocean of 0.6 µmol Al m-2∙yr-1, assuming 
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0.09 nmol Al per gram glacial ice (based on Vostok and Dome C ice cores), 5% solubility and 
melting of 2∙1018 g of glacial ice into 1.5∙1013 m2 area. However, locally the influence of melting 
continental ice can potentially be of significance. Moreover, this estimate of Al input via 
continental ice does not include sediments incorporated in the ice due to erosion.  

For the AASW of the central Weddell Basin, the low averaged concentration of Al in the 
upper mixed layer (~50 m) of 0.25 nM (average from 5 stations; S.D.=0.02nM; n=5), can be 
assumed to be the result of atmospheric input (43 µmol Al m-2∙yr-1), as the influence from the 
continental ice melt is (on average) most likely insignificant in this large area of the Weddell Sea. 
This is confirmed by the low and relatively uniform concentrations of Al in the upper AASW. 
When atmospheric input (either direct or indirect through melting sea ice) is assumed to be the 
only input source of Al to the upper mixed layer (50 m on average) of the AASW, the residence 
time can be calculated using equation 1 (De Baar and De Jong, 2001): 

 Residence time (t) = inventory / (input∙y-1)    eq. (1) 

where the inventory = the (average) concentration * the volume of the water mass. 
The resulting residence time for the AASW is in the order of 15 weeks. For the western Weddell 
Sea, over the continental shelf and slope, with a concentration of Al in the upper mixed layer of 
the AASW of 0.29 nM (average from 3 stations; S.D.=0.02 nM; n=3), the residence time would 
be in the order of 18 weeks. Both residence times are on the lower side of the range of 4 weeks to 
4 years reported for the Pacific Ocean (Orians and Bruland, 1986). When assuming the residence 
time is actually the same near the Peninsula as in the central Weddell Basin, this implies that the 
difference in concentration in the AASW (near Peninsula vs central Basin) is caused by influence 
of the Peninsula via melting ice bergs or direct land run off. With eq. (1), the average 
concentration of 0.29 nM and the calculated residence time of 15 weeks, one can also calculate 
the total input to the AASW over the continental shelf and slope. This allows calculating an 
overall flux from the Peninsula (Total input – atmospheric input) of ~8.3 µmol Al m-2∙yr-1 to the 
upper mixed layer of the AASW over the continental shelf and slope. The input of Al from the 
Peninsula would then be about 16% of the total input. This shows the input from the Peninsula 
(via melting ice bergs, direct land run off or sediment re-suspension) is of local significance. 
Moreover, it should be noted the calculated flux from the Peninsula is a conservative estimate as 
generally the residence time of the particle reactive Al should be shorter in the more turbid waters 
near the Peninsula. A shorter residence time near the Peninsula implies a greater flux from the 
Peninsula is needed to maintain the surface concentrations of Al observed.  

In the WSBW the concentrations of Al were elevated at an average value of 1.37 nM 
(S.D.=0.18 nM n=7). The concentrations of Al in the upper parts of the WSDW (around 2000 m) 
were in the range of 0.35-0.45 nM (see text section 9.2.2.) with an average of 0.39 nM 
(S.D.=0.06 nM; n= 12). The elevated concentrations of Al in the WSBW are most likely related 
to the deep water formation during sea ice formation by cooling and brine rejection and the 
sinking of the forming WSBW along the continental slope to the deep Weddell Basin (see text 
section 9.2.1.) As a matter of fact, the temperature of the surface waters over the continental shelf 
were with a potential temperature of ~-1.83 ° C very close to the freezing point of sea water (~-
1.88 ° C at the observed salinity of 34.1) . Elevated concentrations of Al related to deep water 
formation have also been observed in the Arctic Ocean (Middag et al., 2009; Chapter 3), 
Greenland and Norwegian Sea (Measures and Edmond, 1992) and in the Weddell Basin along the 
zero meridian (see Chapter 6). When assuming the concentration of Al would have remained 0.39 
nM in the deep Weddell Basin in the absence of the deep water formation, the deep water 
formation flux of Al can be estimated. The residence time of Al is in the order of 50-150 years in 
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the deep Pacific Ocean (Orians and Bruland, 1986). Taking this range for the residence time of 
Al for the deep Weddell Basin and an average thickness of the layer of WSBW of 500 m, the flux 
of Al to the WSBW would be in the range of 3-10 µmol Al m-2∙yr-1. This flux is similar per m2 
compared to the flux from the Peninsula to the upper mixed layer of the AASW. However the 
deep water formation flux is affecting an estimated 500 m of vertical water column whereas the 
surface flux is only affecting the upper mixed layer (about 50 m). The concentrations of Al near 
the slope sediments increased with increasing depth (see text section 9.2.2.). The recent contact 
with the atmosphere, ice and continental shelf sediments is a general source of trace metals and 
trace metal rich particles to the seawater. This in combination with scavenging and biological 
uptake leads to the formation of trace metal rich particles in these the surface waters near the 
Peninsula. During sinking of the WSBW along the slope more particles can get re-suspended 
from the sediment. These particles can partly dissolve due to the pressure dependent solubility 
(Moore and Millward 1984) and decreasing scavenging intensity with deep slope convection 
(Middag et al., 2009; Chapter 6). 

9.3.3 Previously reported Manganese in the Weddell Sea 
Westerlund and Öhman (1991) have reported an extensive dataset for dissolved Mn in the 
Weddell Sea with a shallowest sampling depth of 50 m. The shape of the vertical profiles 
reported was similar to the present observations, although the subsurface maximum and mid-
depth minimum are not always obvious in the profiles of Westerlund and Öhman (1991) due to 
the lower sampling resolution with depth. Their reported concentrations of Mn for 50 m in the 
deep Weddell Basin were around 0.3 nM. This is considerably higher than the current 
concentration at 50 m depth of 0.2 nM Mn (S.D.= 0.04 nM; n=8) on average. Also the 
concentration of Mn at the mid-depth minimum around 2000 m depth was with ~0.2 nM higher 
than the present concentration of 0.09 nM (see text section 9.2.3.). Unfortunately, Westerlund and 
Öhman (1991) do not report a precision and detection limit for their Mn dataset. The offset 
between the past data of Westerlund and Öhman (1991) and the current dataset, again stresses the 
importance of the use of clean sampling techniques and standard reference water such as the 
GEOTRACES or SAFe reference samples.  

9.3.4. Biological uptake of Manganese 
The concentrations of Mn in the Weddell Sea are very similar to the observations in the Weddell 
Basin along the zero meridian (see Chapter 7). Along the zero meridian also a subsurface 
maximum, mid-depth minimum, elevated WSBW concentrations and biological uptake indicated 
by the correlation of Mn with nutrients and fluorescence were observed (see text section 9.2.3). 
The slope of the Mn-PO4 relation was similar to the one observed in the ACC and in the Weddell 
Gyre along the zero meridian and match the extended Redfield ratio concept value of ~0.4∙10-3 
mol∙mol-1 by Bruland et al. (1991) (see Chapter 7). However, there appears to be a trend of 
increasing slope of the Mn-PO4 relation from north to south from the ACC to the Weddell Gyre 
along the zero meridian to the Weddell Sea. It was suggested that the slope of the Mn-PO4 
relation could be related to the ambient iron availability as the need for Mn by diatoms (the 
dominant phytoplankton class) increases under decreasing iron concentrations (see Chapter 7). 
Moreover, a decrease was observed in the cellular Mn/P ratio for diatoms from 0.42∙10-3 
mol∙mol-1 to 0.22∙10-3 mol∙mol-1 after an in situ iron fertilisation experiment in the Pacific sector 
of the Southern Ocean (Twining et al., 2004). Plotting the slopes of the Mn-PO4 relations 
observed in the Atlantic sector and the Mn/P ratio for diatoms observed in the Pacific sector of 
the Southern Ocean versus the iron concentrations does indeed result in a significant correlation 
(P=0.001; Figure 8). This increase of the Mn/PO4 ratio with decreasing concentrations of iron 
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demonstrates the higher Mn requirement of the phytoplankton community (diatoms dominant, 
see Chapter 7) under low iron conditions. The extremely low surface concentrations of Mn in the 
surface layer reported here and along the zero meridian, for the Atlantic section of the Southern 
Ocean, in combination with the low concentrations of iron, would thus be stressful for diatoms. 
Supplying the diatoms with only additional iron at this stage would alleviate only part of this co-
limitation as Mn is still needed in photosynthesis, even if there is ample iron. 

9.3.2 Fluxes of Manganese 
Like for Al, also for Mn the atmospheric input is the most likely external source for the remote 
Weddell Sea. No correlation was observed between the concentrations of Mn and salinity in the 
upper mixed layer. Most likely the underlying correlation due to the atmospheric input via 
melting sea ice is obscured due to the biological uptake of Mn as shown by the correlation 
between Mn and the nutrients and fluorescence (Figure 7). Using the dust deposition of 0.29 g∙m-

2∙a-1 (Han et al., 2008) and assuming that continental dust consists for 0.072% of Mn (Wedepohl, 
1995) and that 56% of this Mn dissolves (Baker et al., 2006), the flux of Mn to the Southern 
Ocean is 2.1 µmol Mn m-2∙yr-1. If, as was done for Al, atmospheric input is assumed to be the 
only input source for Mn in the AASW of the central Weddell Basin the same calculations as 
performed for Al can be done. The averaged concentration of Mn in the upper mixed layer of the 
central Weddell Basin is 0.17 nM (average from 5 stations; S.D.=0.04 nM; n=5), resulting in a 
residence time of ~4 years. In the western Weddell Sea, over the continental slope and shelf, the 
averaged concentration of Mn is 0.44 nM (average from 3 stations; S.D.=0.28 nM; n=3) with a 
rather large standard deviation due to the relatively high concentrations over the shelf. Using the 
averaged concentrations to calculate the residence time gives an estimate of about 10 years. 
These residence times are in agreement with the assessment of Shiller (1997) who suggested a 
residence time close to the low end of the range of 5-20 years. However, even 4 years seems 
relatively long for an element that is being depleted by biological uptake, in comparison with the 
residence time for iron in the surface ocean that is estimated to be in the order of 1 to 5 months 
(De Baar and De Jong, 2001; Bergquist and Boyle, 2006). This indicates the influence of melting 
continental ice and the continental margins is perhaps not negligible for the AASW of the central 
Weddell Basin. When assuming the residence time is the same near the Peninsula as in the central 
Weddell Basin this hypothesis can be tested. The difference in concentration of Mn of 0.26 nM 
would imply a flux from the Peninsula of ~3.3 µmol Mn m-2∙yr-1 to the upper mixed layer of the 
AASW over the continental shelf and slope. This flux is 1.5 times greater than the dust flux, 
indicating the influence of the continent and its margins is of importance for the distribution of 
Mn. The highest concentration of Mn at stations over the shelf was observed just below the 
pycnocline and not near the bottom, indicating the local sediments are not the main source (see 
text section 9.2.3.). The source of Mn could be a surface source, such as direct land run off or 
melting of continental ice. Alternatively, reducing sediments at the depth of the observed 
maximum could be the source of the Mn maximum by a flux of Mn from the sediments followed 
by lateral advection over the shelf. However, the effect of the flux from the Peninsula and/or its 
margins into the AASW of the central Weddell Basin is nullified by the biological uptake of Mn. 
The residence time calculated by assuming merely atmospheric dust input as the only source of 
Mn to the AASW of the central Weddell Basin is therefore too long. When also taking into 
account the influence of the Peninsula and its margins, the true residence time is shorter.  

In the WSBW the concentrations of Mn were elevated to an average concentration of 0.15 nM 
(S.D.=0.02; n=7) which, akin to the elevated concentrations of Al (see text above), is most likely 
due to WSBW formation. Assuming the concentrations of Mn would have remained around 0.09 
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nM, as observed at the mid-depth minimum in the the upper parts of the WSDW, allows to 
estimate the deep water formation flux of Mn. The residence time of Mn in deep waters has been 
reported to be in the order of 50 years (Landing and Bruland, 1980). Combining this 50 year 
estimate with an average thickness of the layer of WSBW of 500 m, results in a flux of Mn to the 
WSBW of 0.6 µmol Mn m-2∙yr-1. This flux of Mn to the deep Weddell Basin appears small 
compared to the fluxes to the surface ocean, especially considering the deep water formation flux 
originates from the surface ocean. Along the continental slope the concentrations of Mn near the 
slope sediments decreased with increasing depth with lowest concentration in the WSBW (see 
text section 9.2.3.). This indicates that, contrary to the flux of Al, the flux of Mn associated with 
the deep water formation is attenuated during deep slope convection. Most likely ongoing 
(microbially mediated) oxidation and subsequent precipitation and loss from the water column 
are at the origin of decreasing concentrations of Mn in combination with entrainment and mixing 
of adjacent waters with lower concentrations of Mn like WSDW.  

9.4. Conclusions  
The concentrations of both Al and Mn are lower than previously reported in the Weddell Sea. 
Ultraclean sampling techniques and standard reference water such as the GEOTRACES or SAFe 
reference samples (of which the latter were used to validate the current data) likely explain the 
difference between the current results and previously reported datasets. Concentrations of Al 
were higher in the upper 25 m of the AASW (0.23-0.35 nM) than at the subsurface minimum 
(0.07-0.21 nM) at an average depth of 80 m. The concentrations of Al in the upper mixed layer 
correlated negatively with salinity, indicating an atmospheric source through deposition on the 
sea ice and subsequent melting of this sea ice. Based on an atmospheric flux of 43 µmol Al m-

2∙yr-1 the residence time of dissolved Al is in the order of 15 weeks in the upper mixed layer of 
the Weddell Basin. Using this residence time, a flux from the Peninsula and/or its margins of 
about 16% of the total input of Al can be calculated. This explains the higher concentrations over 
the continental shelf and slope. The highest concentrations of Al (1.1-1.6 nM) were observed in 
the WSBW and most likely caused by a flux of Al (in the order of 3-10 µmol Al m-2∙yr-1) 
associated with the deep water formation processes along the margin of the Antarctic Peninsula 
that form the WSBW.  

The concentrations of Mn were depleted (0.09-0.23 nM) in the upper mixed layer of the 
Weddell Basin above a subsurface maximum. The depleted concentrations of Mn corresponded 
with export shown by the 234Th/238U ratio and correlated with the depletions of the major 
nutrients and inversely with fluorescence (indicator of phytoplankton abundance). The slope of 
the Mn-PO4 relation decreases when the ambient concentration of iron is higher, as was also 
observed by others in the Mn/P ratio of diatoms after iron fertilisation. The significant negative 
correlation between the Mn/P ratio and the concentration of iron suggests a higher Mn 
requirement of phytoplankton (mainly diatoms) under lower iron conditions.  

Based on an atmospheric flux of 2.1 µmol Mn m-2∙yr-1 and a residence time of dissolved Mn of 
4 years in the upper mixed layer of the Weddell Basin, the flux from the Peninsula and/or its 
margins is about 1.5 times greater than the atmospheric flux. This indicates the influence of the 
continent and its margins is of importance for the distribution of Mn in the Weddell Basin, but 
this influence is masked by the biological uptake of Mn. Since both Al and Mn were elevated 
over the shelf and slope, at least part of the flux of these metals has to come from melting of 
continental ice or direct land run off as these can be a source for both metals. For Mn, but not for 
Al, also reducing shelf sediments can be a source, as indicated by lower concentrations of Mn 
going from generally more reducing shelf sediments to less reducing slope sediments.  
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In the intermediate water column the concentrations of Mn were low and decreased slightly with 
increasing depth as is typical in the open ocean. However, in the WSBW the concentrations of 
Mn were elevated, most likely by deep water formation as was also suggested for Al. The flux of 
Mn to the WSBW was relatively small (~0.6 µmol Mn m-2∙yr-1) compared to the fluxes to the 
surface ocean especially considering the deep water formation flux originates from the surface 
ocean over the shelf. The relatively small flux and decreasing concentrations of Mn during deep 
slope convection are most likely caused by ongoing (microbially mediated) oxidation and 
subsequent precipitation and loss from the water column combined with mixing with 
intermediate water with relatively low concentrations of Mn. For the particle reactive Al on the 
other hand, these processes decrease the scavenging intensity and combined with the pressure 
dependent solubility of Al, appear to cause increasing concentrations of Al with deep slope 
convection. 
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