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Chapter 6 
 
Dissolved Aluminium in the Southern 
Ocean 
 
Abstract:  
Dissolved Aluminium (Al) occurs in a wide range of concentrations in the world oceans. The 
concentrations of Al in the Southern Ocean are among the lowest ever observed. An all-titanium 
CTD sampling system makes it possible to study complete deep ocean sections of Al and other 
trace elements with the same high vertical resolution of 24 depths as normal for traditional 
CTD/Rosette sampling. Overall, 470 new data points of Al are reported for 22 full depth stations 
and 24 surface sampling positions along one transect. This transect consisted of 18 stations on the 
zero meridian proper from 51°57' S until 69°24'S, and 4 stations somewhat to the northeast 
towards Cape Town from 42°20'S, 09°E to 50°17'S, 01°27'E. The actual concentrations of Al in 
the Southern Ocean were lower than previously reported. The concentration of Al in the upper 25 
m was relatively elevated with an average concentration of 0.71 nM (n=22; S.D.=0.43 nM), most 
likely due to atmospheric input by a suggested combination of direct atmospheric (wet and dry) 
input and indirect atmospheric input via melting sea ice. Below the surface waters there was a 
distinct Al minimum with an average concentration of 0.33 nM (n=22; S.D.=0.13 nM) at an 
average depth of 120 m. In the deep southernmost Weddell Basin the concentration of Al 
increased with depth to Al ~0.8 nM at 4000 m, and a higher concentration of ~1.5 nM in the 
~4500-5200 m deep Weddell Sea Bottom Water. Over the Bouvet Triple Junction region where 
three deep ocean ridges meet, the concentration of Al increased to ~1.4 nM at about 2000 m 
depth over the ridge crest. In the deep basin north of the Bouvet region the concentration of Al 
increased to higher deep values of 4-6 nM due to influence of North Atlantic Deep Water. In 
general the intermediate and deep distribution of Al results from the mixing of water masses with 
different origins, the formation of deep water and additional input from sedimentary sources at 
sea floor elevations. No significant correlation between Al and Silicate (Si) was observed. This is 
in contrast to some other ocean regions. In the Southern Ocean the supply of Al is extremely low 
and any signal from Al uptake and dissolution with biogenic silica is undetectable against the 
high dissolved Si and low dissolved Al concentrations. Here the Al-Si relation in the deep ocean 
is uncoupled. This is due to the scavenging and subsequent loss of the water column of Al, 
whereas the concentration of Si increases in the deep ocean due to its input from deep dissolution 
of biogenic diatom frustules settling from the surface layer. 

 

This chapter is based on: Middag, R., Van Slooten, C., De Baar, H.J.W., Laan, P., 2010. 
Dissolved Aluminium in the Southern Ocean. Deep-Sea Research II, accepted for publication. 
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6.1. Introduction 
The Titan all-titanium CTD sampling system (De Baar et al., 2008) allows to study complete 
deep ocean sections of trace elements with the same high spatial resolution of 24 depths as for 
traditional CTD/Rosette sampling. Here are presented the distributions of Al along a section at 
(or nearby) the zero meridian (0o W) determined in February-March 2008 during expedition ANT 
XXIV/3 aboard R.V. Polarstern. This expedition was part of the International Polar Year - 
Geotraces program (www.geotraces.org) with the objective to: ‘identify processes and quantify 
fluxes that control the distributions of key trace elements and isotopes in the ocean, and to 
establish the sensitivity of these distributions to changing environmental conditions’ (Geotraces 
Science Plan, 2006). Among others, also the distributions of iron (Fe) (Klunder et al., accepted), 
manganese (Mn) (see Chapter 7), zinc (Croot et al., submitted), cadmium and its isotopes 
(Abouchami et al., in press) and the speciation of zinc (Baars and Croot, submitted) and Fe 
(Thuróczy et al., accepted) were successfully measured during this expedition. The distributions 
of Al are compared with the distributions of other variables, notably the salinity and the potential 
temperature, to gain insight in the sources and cycling of Al in the Southern Ocean and in relation 
to the world oceans. 

 

Figure 1 Trace Metal sampling stations along the zero meridian and in the South East Atlantic Ocean 
during cruise ANT XXIV/3 from 10 February until 16 April 2008 from Cape Town (South Africa) to Punta 
Arenas (Chile) aboard R.V. Polarstern. Abbreviations in alphabetical order: ACC: Antarctic Circumpolar 
Current; PF: Polar Front; PFZ: Polar Frontal Zone; SAF: Sub Antarctic Front; SAZ: Sub Antarctic 
Zone; WF: Weddell Front; WG: Weddell Gyre. 
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6.2. Results 
Samples were taken at 22 trace metal (TM) stations and 30 regular stations along the transect 
(Table 1). There were 18 TM stations on the zero meridian proper from 51°57' S until 69°24'S 
near the edge of the continental ice-sheet, and 4 TM stations on the extension towards Cape 
Town somewhat to the east in the South East Atlantic Ocean from 42°20'S, 09°E to 50°17'S, 
01°27'E (Figure 1). The 22 deployments of the all-titanium CTD sampling system with 24 GO-
FLO samplers, resulted in a total of 487 samples that were analysed for Al. This is somewhat less 
than the theoretical maximum of 528 due to the water requirements of other cruise participants 
and the occasional malfunctioning of a 
GO-FLO sampler. Of the 487 samples 
analysed for Al, 41 samples (8.4%) were 
suspected outliers and therefore not further 
used in the data analyses and figures 
presented.  

6.2.1. Hydrography 
Several fronts exist, in southward direction 
the Subtropical Front (STF), the Sub 
Antarctic Front (SAF), the Polar Front 
(PF), the Southern Boundary of the 
Antarctic Circumpolar Current Front (SB 
ACC) and the Weddell Front (WF). South 
of the SAF the Antarctic Circumpolar 
Current (ACC) flows eastward (Pollard et 
al., 2002), extending unbroken around the 
globe. Within the ACC the mentioned PF 
is found (Figure 2).  

The STF is defined by a surface salinity 
gradient with salinities greater than 
approximately 34.8 (Whitworth and 
Nowlin, 1987). The first (test) CTD at 
41°08’S, 9°57’W station gave a surface 
salinity of approximately 34.3, indicating 
the STF is located further north which is 
consistent with previous findings 
(Whitworth and Nowlin, 1987). The zone 
between the STF and the SAF is known as 
the Sub Antarctic Zone (SAZ). The SAF is 
defined as: ‘the location of the rapid 
descent of the salinity minimum’ (looking 
from south to north) by Whitworth and 
Nowlin (1987) and by Pollard et al. 
(2002). According to this definition the 
SAF was located between the regular 
station at 44°40’S, 07°06’W and the TM 
station at 46°S, 5°53’W (Figure 2). The PF 
is defined as the location where the 

 
Table 1 Station and hydrocast number, date, position 
and water column depth of 22 TM hydrocasts and 30 
regular hydrocasts in the South East Atlantic Ocean 
and at or nearby the Zero Meridian. 

 

Station/Cast Date Latitude Longitude Depth (m) Titan/Regular
PS71/099-2 13.02.08 41° 8.35' S 9° 57.73' E 4744.0 Regular
PS71/101-2 13.02.08 42° 20.33' S 8° 59.61' E 4546.0 Titan
PS71/102-2 15.02.08 44° 39.62' S 7° 5.82' E 4619.0 Regular
PS71/103-1 16.02.08 45° 59.97' S 5° 52.87' E 3330.0 Titan
PS71/104-2 17.02.08 47° 40.31' S 4° 17.36' E 4545.8 Titan
PS71/106-1 18.02.08 48° 54.69' S 2° 48.07' E 4100.3 Regular
PS71/107-3 18.02.08 50° 16.29' S 1° 27.02' E 3840.6 Titan
PS71/108-2 19.02.08 51° 29.91' S 0° 0.21' E 2771.7 Regular
PS71/110-1 19.02.08 51° 56.76' S 0° 0.77' E 2856.5 Titan
PS71/112-1 20.02.08 52° 30.30' S 1° 23.03' W 2852.2 Regular
PS71/113-3 20.02.08 52° 59.81' S 0° 1.70' E 2520.9 Titan
PS71/115-2 21.02.08 53° 31.12' S 0° 0.37' E 2643.9 Regular
PS71/116-1 21.02.08 53° 59.99' S 0° 0.02' W 2521.9 Titan
PS71/118-2 21.02.08 54° 30.20' S 0° 2.24' E 1750.5 Regular
PS71/119-1 21.02.08 55° 0.14' S 0° 0.00' W 1729.3 Titan
PS71/121-1 22.02.08 55° 29.72' S 0° 0.07' E 3841.3 Regular
PS71/122-1 22.02.08 56° 0.18' S 0° 0.40' E 3695.3 Titan
PS71/124-1 22.02.08 56° 30.47' S 0° 0.95' E 4074.8 Regular
PS71/127-1 23.02.08 57° 29.98' S 0° 0.87' E 4075.9 Regular
PS71/128-1 23.02.08 58° 0.12' S 0° 0.28' W 4533.8 Titan
PS71/130-1 24.02.08 58° 30.00' S 0° 0.02' W 4189.0 Regular
PS71/131-5 24.02.08 59° 0.02' S 0° 0.03' E 4596.9 Titan
PS71/134-1 25.02.08 59° 30.54' S 0° 0.83' E 4603.1 Regular
PS71/135-1 26.02.08 60° 0.33' S 0° 0.24' W 5343.6 Titan
PS71/137-1 26.02.08 60° 30.04' S 0° 0.02' W 5355.2 Regular
PS71/138-1 26.02.08 61° 0.04' S 0° 0.44' W 5378.2 Titan
PS71/140-1 27.02.08 61° 29.91' S 0° 0.08' W 5377.5 Regular
PS71/141-1 27.02.08 62° 0.00' S 0° 0.01' E 5359.5 Titan
PS71/143-1 27.02.08 62° 30.26' S 0° 0.82' W 5336.7 Regular
PS71/144-1 27.02.08 63° 0.06' S 0° 0.15' E 5301.8 Titan
PS71/146-1 28.02.08 63° 30.01' S 0° 0.02' W 5236.0 Regular
PS71/147-3 28.02.08 63° 58.04' S 0° 0.58' W 5194.4 Titan
PS71/149-1 29.02.08 64° 29.99' S 0° 0.11' E 4660.1 Regular
PS71/150-2 29.02.08 64° 59.99' S 0° 0.10' W 3728.3 Titan
PS71/152-1 29.02.08 65° 30.19' S 0° 0.25' W 3999.9 Regular
PS71/157-5 07.03.08 66° 28.58' S 0° 1.86' W 4493.0 Regular
PS71/158-1 08.03.08 66° 14.78' S 0° 0.27' W 3685.2 Regular
PS71/159-4 08.03.08 66° 1.72' S 0° 8.47' E 3489.5 Regular
PS71/161-6 09.03.08 66° 30.06' S 0° 0.01' W 4543.7 Titan
PS71/163-1 09.03.08 67° 0.04' S 0° 0.12' E 4701.2 Titan
PS71/165-1 09.03.08 67° 29.96' S 0° 0.12' W 4626.2 Regular
PS71/167-1 10.03.08 67° 60.00' S 0° 0.00' E 4507.2 Titan
PS71/169-1 10.03.08 68° 30.02' S 0° 0.13' W 4257.5 Regular
PS71/171-1 10.03.08 68° 45.03' S 0° 0.05' W 3627.0 Regular
PS71/173-1 10.03.08 69° 11.90' S 0° 2.33' E 2925.2 Regular
PS71/174-1 11.03.08 69° 5.99' S 0° 0.06' W 3226.5 Regular
PS71/175-3 11.03.08 68° 59.75' S 0° 0.12' E 3418.0 Titan
PS71/177-1 11.03.08 69° 17.97' S 0° 0.22' W 2458.0 Regular
PS71/178-4 12.03.08 69° 24.03' S 0° 0.24' W 2004.5 Titan
PS71/179-1 12.03.08 69° 31.00' S 0° 2.66' W 1495.0 Regular
PS71/181-1 12.03.08 69° 36.59' S 0° 0.23' W 1503.5 Regular
PS71/183-1 12.03.08 69° 36.54' S 0° 40.16' W 2266.2 Regular
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temperature minimum begins its rapid descent (looking from south to north) by Whitworth and 
Nowlin (1987) or as the northernmost extent of the 2°C subsurface temperature minimum by 
Pollard et al. (2002). According to both definitions the PF was located between the regular station 
at 48°55’S, 2°48’E and the TM station at 50°16’S, 1°27’E (Figure 2). Pollard et al. (2002) also 
defined the Southern PF as the location where the temperature of the subsurface temperature 
minimum decreases even further to values between 0.5 and 1.5°C. The latter was observed in our 
transect between the same two stations as the PF and is therefore not distinguished. The zone 
between the SAF and the PF is known as the Polar Frontal Zone (PFZ). The SB ACC is defined 
as the maximal thermal gradient in the potential temperature (θ) maximum (Klatt et al., 2005) or 
as the position were the 1.5°C isotherm suddenly plunges down past 350 m depth (Pollard et al., 
2002) and was, according to both definitions, located between the regular station at 55°30’S, 
00°E and the TM station at 56°S, 00°E (Figure 2). The SB ACC is considered part of the ACC at 
the zero meridian (Klatt et al., 2005).  

 

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: AAIW: Antarctic 
Intermediate Water (salinity minimum); AASW: Antarctic Surface Water (salinity<34.6); AAZ: Antarctic 
Zone; ACC: Antarctic Circumpolar Current; LCDW: Lower Circumpolar Deep Water (salinity 
maximum); NADW: North Atlantic Deep Water (salinity maximum); PF: Polar Front; PFZ: Polar 
Frontal Zone; SAF: Sub Antarctic Front; SAZ: Sub Antarctic Zone; SB ACC: Southern Boundary of the 
Antarctic Circumpolar Current; SSW: Subantarctic Surface Water (θ>4°C); UCDW: Upper Circumpolar 
Deep Water (salinity> 34.4); WDW: Warm Deep Water (θ>0°C, salinity>34.6); WF: Weddell Front; 
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). 
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The zone between the PF and the SB ACC is known as the Antarctic Zone (AAZ). South of the 
ACC the sub polar cyclonic Weddell Gyre is found. The WF is the northern boundary of the 
Weddell Gyre and defined by Klatt et al. (2005) as the horizontal minimum of the mean 
geostrophic shear, which was located at 56°22’30’’S during previous expeditions between 1996 
and 2001. Close to the continent the Antarctic Slope Front (ASF) can be found, south of which 
the water flows in a westward direction along the continental shelf, but the ASF is not defined for 
the purpose of this Chapter that deals with the open ocean. The stations in the South East Atlantic 
Ocean except the most northerly one (see text section 6.2.2.) and the stations in the Bouvet triple 
junction region (see text section 6.2.3.) were within the ACC. The stations in the deep Weddell 
Basin (see text section 6.2.4.) were south of 56°22’30’’S and therefore in the Weddell Gyre.  

Along the transect several major water masses were sampled, which are described in 
Whitworth and Nowlin (1987) and briefly summarised here (Figure 2). In the South East Atlantic 
Ocean the upper water mass is the warm (θ > 12°C) South Atlantic Surface Water (SASW, not 
sampled). Between the STF and the SAF (SAZ) the Subantarctic Surface Water (SSW) is found 
above the salinity minimum of the Antarctic Intermediate Water (AAIW). The transition surface 
waters between the SAF and the PF (PFZ) are marked by a steady decrease in surface values of 
temperature and salinity and in this Chapter are considered to be part of the SSW. South of the 
PF, in the AAZ and Weddell Gyre the cold (θ < 5°C) 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 bottom of the AASW. The WW is a remnant from the 
last winter before the overlying water was warmed by the summer. In the deep South Atlantic 
Ocean the relatively saline North Atlantic Deep Water (NADW) that flows in from the north is 
found, underlain by the cold Antarctic Bottom Water (AABW) that flows northward. The AAIW 
is relatively fresh (compared to NADW) and sinks in between the SSW and NADW at the SAF 
and flows northward. Within the ACC (Between the SAF and the WF) the most extensive water 
mass is the Circumpolar Deep Water (CDW) which is commonly distinguished between Upper 
Circumpolar Deep Water (UCDW) and Lower Circumpolar Deep Water (LCDW). The UCDW 
has a relative temperature maximum induced by the colder overlying AAIW and WW. The 
LCDW has a salinity maximum due to the influence from the relatively warm, saline NADW 
from the north (Figure 2 and Figure 4). The deeper parts of the LCDW receive influence from the 
colder, less saline Weddell Sea Deep Water (WSDW) from the south. Along the slope of the 
Bouvet triple junction region (see text section 6.2.3) the influence of this WSDW can be clearly 
seen in lower potential temperatures (θ < 0.5 °C) (Figure 2). 

In the deep Weddell Basin, below the AASW and WW, the Warm Deep Water (WDW) is 
found that is largely replenished by LCDW (Klatt et al., 2005). 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). Even colder (θ < -0.7°C) is the deepest water layer, the Weddell Sea Bottom 
Water (WSBW) formed at the surface close to the Antarctic continent in winter by cooling and 
brine rejection due to sea ice formation. The WSDW is believed to be formed by mixing between 
WDW and WSBW, but there is also evidence that WSDW is formed directly from surface waters 
and modified WDW (Klatt et al., 2005 and references therein). 
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6.2.2. South East Atlantic Ocean 
In the South East Atlantic Ocean four TM stations were sampled for Al (Figure 3), of which one 
in the Sub Antarctic Zone (42°20'S, 9°E), two in the Polar Frontal Zone (46°S, 5°53'E and 
47°40'S, 4°17'E) and one just south of the PF in the Antarctic Zone (50°16'S, 1°27'E). In the 
Subantarctic Surface Water in the SAZ (42°20'S, 9°E) the concentrations of Al were below 1 nM 
until 250 m depth with a minimum of 0.48 at 250 m (Figure 4a). From 300 m depth downward, 
values were considerably higher with a maximum of 2.35 nM coinciding with the salinity 
minimum of the Antarctic Intermediate Water at 500 m depth (Figure 4a). Below this maximum, 
concentrations of Al were around 1.6 nM until about 1750 m depth followed by a steep increase 
into the NADW with values over 6 nM at the salinity maximum at about 3000 m depth (Figure 
4a).  

 

Figure 3 Concentrations of dissolved Al (nM) over the entire water column at all 22 stations along the 
zero meridian and in the South East Atlantic Ocean. Upper panel shows the upper 1000 m, the lower panel 
the remainder of the water column. Of the 487 samples analysed for Al, 41 samples (8.4%) were suspected 
outliers and therefore not further used in the figures. Abbreviations in alphabetical order: AAIW: Antarctic 
Intermediate Water; AASW: Antarctic Surface Water; AAZ: Antarctic Zone; ACC: Antarctic Circumpolar 
Current; LCDW: Lower Circumpolar Deep Water; NADW: North Atlantic Deep Water; PF: Polar Front; 
PFZ: Polar Frontal Zone; SAF: Sub Antarctic Front; SAZ: Sub Antarctic Zone; SB ACC: Southern 
Boundary of the Antarctic Circumpolar Current; SSW: Subantarctic Surface Water; UCDW: Upper 
Circumpolar Deep Water; WDW: Warm Deep Water; WF: Weddell Front; WSBW: Weddell Sea Bottom 
Water; WSDW: Weddell Sea Deep Water. 
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Below this maximum the Al values remained around 6 nM. At the two stations in the Polar 
Frontal Zone, the concentrations in the Subantarctic Surface Water were around 1 nM. 
Concentrations decreased to subsurface minima of 0.23 nM at 150 m and 0.32 at 100 m depth at 
46°S, 5°53'E and 47°40'S, 4°17'E, respectively. At both stations a maximum in the concentrations 
of Al (4 nM and 2.65 nM, respectively) was observed in the Lower Circumpolar Deep Water that 
coincided with the salinity maximum of the NADW influence at about 2000 m (Figure 4 b and c). 
The station just south of the PF (50°16'S, 1°27'E) was located at the onset of the flank of the 
Bouvet triple junction region. The concentrations at this station over the entire water column 
were lower than at the stations north of the PF and no coinciding maxima of Al and salinity were 
observed. Concentrations in the upper 500 m were below 0.5 nM and like north of the PF, a 
subsurface minimum was observed at 150 m depth (of 0.19 nM). Below 500 m depth the 
concentrations of Al increased with depth to a maximum of 1.44 nM at 2500 m depth, followed 
by a slight decrease to 1 nM at the greatest sampled depth (Figure 3).  

6.2.3. Bouvet triple junction region 
The region where the southernmost segment of the Mid-Atlantic Ridge, the westernmost segment 
of the Southwest Indian Ridge and the easternmost segment of the American-Antarctic Ridge 
meet, is referred to as the Bouvet triple junction region, hereafter called Bouvet region (Ligi et 
al., 1999). Five stations were sampled with 1° resolution at every full degree latitude along the 
zero meridian in this Bouvet region (Figure 5), of which four in the Antarctic Zone (51°57'S, 
53°S, 54°S and 55°S) and one between the Southern Boundary of the ACC and the Weddell 
Front (56°S). Concentrations of Al were low (<0.5 nM) in the AASW at 51°57'S and a 
subsurface minimum of 0.25 nM was observed at 250 m depth. Concentrations of Al in the 
AASW increased in a southwards direction with concentrations of 0.56, 1.53 and 1.78 nM Al at 
53°S, 54°S and 55°S, respectively. Subsurface minima of about 0.5 nM Al were observed at these 
three stations between 100 and 200 m depth.  

 

Figure 4b Profiles of dissolved Al 
(nM) (filled circles) and salinity 
over depth at the most northerly 
of the two stations in the PFZ 
(46°S, 5°53'E) in the South East 
Atlantic Ocean. Error bars 
represent standard deviation of 
triplicate analysis. Of the 21 
samples analysed for Al, 1 sample 
was a suspected outlier and 
therefore not further used in the 
figure. 

 

Figure 4a Profiles of dissolved Al 
(nM) (filled circles) and salinity 
over depth at the most northerly 
station (42°20'S, 9°E) in the SAZ 
in the South East Atlantic Ocean. 
Error bars represent standard 
deviation of triplicate analysis. 

 

Figure 4c Profiles of dissolved 
Al (nM) (filled circles) and 
salinity over depth at the most 
southerly of the two stations in 
the PFZ (47°40'S, 4°17'E) in 
the South East Atlantic Ocean. 
Error bars represent standard 
deviation of triplicate analysis. 
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South of the Southern Boundary of the ACC, surface concentrations of Al were lower again, 
around 0.8 nM in the upper 25 m and a subsurface minimum of 0.37 nM was observed at 200 m 
depth. A similar trend of higher concentrations over the shallow part and lower concentrations 
over the deep part of the Bouvet region was observed in the Circumpolar Deep Water (Figure 5). 
Concentration were around 1 nM in the deep LCDW at 51°57'S and concentrations were about 
1.4 nM in the deep LCDW at 53°S and 54°S. At the shallowest station (55°S) of 1600 m depth, 
concentrations were about 1.4 nM below 1000 m depth, which is very similar to the deeper 
concentration in the LCDW observed at 53°S and 54 °S. South of the Southern Boundary of the 
ACC, concentrations of Al were lower again, around 0.7 nM in the WDW and around 1 nM in 
the WSDW. Overall, in the shallowest part of the Bouvet region the concentrations of Al were 
elevated in the surface and deepest layer and concentrations decreased away from the triple 
junction ridge.  

 

Figure 5 Concentrations of dissolved Al (nM) over the entire water column at 18 stations in the Bouvet 
triple junction ridge region and the deep Weddell Basin. Upper panel shows the upper 1000 m, the lower 
panel the remainder of the water column. Note the different colour scale compared to Figure 3. Of the 
401 samples analysed for Al, 36 samples (9%) were suspected outliers and therefore not further used in 
the figures. Abbreviations in alphabetical order: AASW: Antarctic Surface Water; AAZ: Antarctic Zone; 
ACC: Antarctic Circumpolar Current; LCDW: Lower Circumpolar Deep Water; PF: Polar Front; SB 
ACC: Southern Boundary of the Antarctic Circumpolar Current; UCDW: Upper Circumpolar Deep 
Water; WDW: Warm Deep Water; WF: Weddell Front; WSBW: Weddell Sea Bottom Water; WSDW: 
Weddell Sea Deep Water. 
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6.2.4. Deep Weddell Basin 
South of the Bouvet region the zero meridian transect crosses the deep Weddell Basin towards 
the Antarctic continental slope to the edge of the continental ice sheet at approximately 69°30'S. 
Twelve stations were sampled with 1° resolution at every full degree latitude (except 1 station at 
66°30’S instead of 66°S) and the southernmost station was as close to the edge of the continental 
ice sheet as possible at 69°24’S (Figure 5).  

Two stations were sampled between the Bouvet region and the deepest part of the Weddell 
Basin. In the AASW the concentrations were about 0.6 nM Al at the surface, followed by a 
subsurface minimum of 0.39 and 0.3 nM around 100 m depth at 58°S and 59°S, respectively. 
Concentrations of Al increased slightly with increasing depth to about 0.7 nM in the WDW at 
both stations. At 58°S, concentrations of Al increased to about 2 nM in the WSDW which was a 
higher concentration than observed in the deepest layer over the Bouvet region. At the station at 
59°S, concentrations of Al increased into the WSDW to a maximum of only 0.88 nM and in the 
WSBW, concentrations increased to 1.56 nM Al. 

In the deepest part of the Weddell basin five stations (60°S, 61°S, 62°S, 63°S and 63°58’S) 
were sampled with maximum sampled depths of around 5200 m. In the AASW of the two more 
northerly stations, low concentrations of Al around 0.3 nM were observed in the upper surface, 
overlying a minimum of about 0.2 nM between 100 and 150 m depth. Southwards, the 
concentrations of Al in the upper surface increased from 0.5 nM, to 0.8 and 1.4 nM Al, 
respectively. Sub-surface minima in the concentrations of Al of 0.34, 0.28 and 0.57 nM were 
observed around 100 m depth at these three stations. Below the Al minima, the concentrations of 
Al varied somewhat in the deeper part of the Weddell Basin, but gradually increased with depth 
until remarkably similar values at 4000 m depth of 0.79, 0.77, 0.81, 0.83 and 0.98 nM, 
respectively, from north to south. Deeper than 4000 m depth the concentrations of Al increased to 
a maximum of around 1.5 nM close to the sediments in the WSBW, except for the most southerly 
station in this deep part of the Weddell Basin. At this station the concentration increased to a 
maximum of 2.79 nM in the WSBW at the greatest sampled depth of 5150 m.  

Further south the basin is less deep (3700 m) on the flank of Maud Rise where one station was 
sampled at 65°S, followed by three more deep (4500 m) stations at 66°30’S, 67°S and 68°S 
(Figure 5). Surface concentrations of Al in the AASW decreased from 0.56 and 1.3 nM, over and 
just south of the flank of Maud Rise, to just below 0.4 nM at the two stations further south. 
Below the subsurface minima that were observed around 75 m depth (0.37, 0.30, 0.22 and 0.16 
nM from north to south), the concentrations increased with increasing depth. At the station near 
Maud Rise the concentrations were elevated in WSDW with a maximum of 1.75 nM at 3600 m 
depth. In comparison, the concentrations of Al were only around 0.8 nM at 4000 m in the WSDW 
in the deepest part of the Weddell Basin and around 1.3 nM in the deepest part of the WSDW 
south of Maud Rise. A similar enrichment of Al was observed over the sea floor rise of the 
Bouvet region, indicating that the bottom topography has an influence on the deep distribution of 
Al.  

The two most southerly stations of the zero meridian transect (69°S and 69°24’S) were 
sampled over the Antarctic continental slope. The shallowest station (69°24’S) was as close to 
the edge of the continental ice-sheet as possible, but given the depth, obviously not yet on the 
continental shelf (Figure 5). Surface concentrations of Al in the AASW increased from 0.15 nM 
at 69°S to 0.62 nM near the continental ice edge. Below the subsurface minimum of 0.10 nM 
observed at 75 m depth at 69°S, concentrations of Al increased with increasing depth to 0.81 nM 
at the greatest sampled depth of 3300 m. This concentration of Al is similar to the concentrations 
observed at similar depth in the deeper basin. At the ice edge station, concentrations of Al below 
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the subsurface minimum (0.35 nM at 100 m depth) varied between ~0.4-0.6 nM. At the greatest 
sampled depth (1900 m) the concentration of Al was 0.44 nM which is a similar concentration as 
found at comparable depth in the deep basin.  

6.2.5. Surface layer 
The concentrations of Al in the upper 25 m of the surface layer were quite patchy (Figure 6a). 
Nevertheless, most concentrations were between 0.25 and 0.65 nM, but some extreme values of 
up to 1.8 nM were observed. Deeper than the relatively high surface values, usually an Al 
subsurface minimum was observed at an average depth of approximately 120 m with an average 
concentration of Al of 0.33 nM (S.D.=0.13 nM; n=22). The concentration of Al in the subsurface 
minimum followed the average concentration of Al in the part of the water column above the 
observed subsurface minimum (i.e. average of all concentrations of Al shallower than the depth 
of the subsurface minimum at a station) quite well (Figure 6b). However, the peaks in the 
concentrations of Al in the subsurface minimum are less extreme than the peaks in the water 
column shallower than the subsurface minimum. This shows that elevated surface concentrations 
affect the underlying water column, but that this effect fades away with depth, most likely due to 
(scavenging) removal of Al.  

The samples collected using the torpedo south of 66°01’S gave results of around 0.20 nM Al 
which was lower at some stations as compared to the samples from the all-titanium sampling 
CTD system (Figure 7). The high surface values found at 66°30’S sampled from the all-titanium 
sampling CTD system were not confirmed by samples from the torpedo in the transit to and from 
this station. However, at the same station the concentration of dissolved Mn sampled by the CTD 
system was also enriched (see Chapter 7) and shipboard underway salinity at 5 m depth showed a 
decrease from a salinity of 34.1 at 66°28’S to a salinity of 33.9 at 66°32’S (not shown). This drop 
in salinity was also confirmed by the CTD sampling system, with a salinity of 33.9 at 66°30’S 

Figure 6a Average concentrations of dissolved Al 
(nM) in the upper 25 m of the water column 
versus latitude along the transect at all 22 
stations. The concentration of Al is an average of 
two depths (typically 10 and 25 m) in the upper 25 
m which is within the upper mixed layer at all 
stations. 

Figure 6b Concentrations of dissolved Al (nM) at 
the Al subsurface minimum (filled diamonds) and 
average concentrations of dissolved Al (nM) 
above latter minimum (open circles) (i.e. average 
of all concentrations of Al shallower than the 
depth of the subsurface minimum at a station) 
versus latitude along the transect at all 22 
stations. Error bars represent standard deviation 
of triplicate analysis. 
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compared to 34.1 and 34.0 at the CTD 
stations north and southwards of 66°30’S. 
This indicates that surface enrichments due 
melting of sea-ice or the land-ice edge or a 
derived iceberg can be a very local 
phenomenon. The difference between the 
samples from the torpedo and the CTD 
sampling system could potentially be 
explained by the sampling method. The 
samples from the CTD sampling system 
were taken even under conditions of 
floating ice and near ice bergs whereas the 
torpedo could only be deployed under ice-
free conditions to avoid damage or loss of 
equipment. Therefore, elevated 
concentrations due to ice melt are likely to 
be missed by the torpedo sampling.  

The torpedo data shows, like the all-
titanium CTD sampling system data, that 
concentrations of Al were slightly elevated at the edge of the ice sheet, yet in fact lowest just 
north of the edge of the continental ice sheet. Combined with the localised Al enrichments in the 
top of the AASW this indicates that the edge of the continental ice-sheet is not the most important 
source of Al. Most likely both direct atmospheric input and indirect atmospheric input via dust 
particles entrained in melting ice influence the distribution of Al in the surface layer, which can 
therefore be quite patchy in regions with intense local icebergs and ice melting. 

6.3. Discussion  
6.3.1. Comparison with previously reported Al data of the Southern Ocean 
The complete section (Figure 3), including the torpedo data, is a comprehensive dataset (470 
datapoints) of dissolved Al in the Southern Ocean. Previously, Moran et al. (1992) collected 
unfiltered seawater and reported concentrations of Al ranging from 1.1 to 3.1 nM below 1000 m 
depth (in the WDW and WSDW) in the central Weddell Gyre. The reported precision of about 
+/- 0.5 nM, blank of 1 nM and detection limit of 1 -1.5 nM are in the range of the 0.2 – 1.5 nM of 
our dissolved Al values (in the central Weddell Gyre WDW and WSDW), precluding comparison 
between the two datasets. 

Van Bennekom et al. (1991) collected unfiltered samples in the Weddell-Scotia Confluence 
and used the same method as Moran et al. (1992). Similarly, the precision (0.3 nM) and the blank 
(0.8 nM)  would preclude comparison with the low dissolved concentrations here reported. 
Nevertheless, when disregarding the concentration differences and merely looking at the shape of 
vertical profiles, similarities are clear between the Scotia Ridge and Weddell Sea profiles 
reported by Van Bennekom et al. (1991) and this study. The Weddell Sea profile did show a 
subsurface minimum, followed by an increase with depth. The Scotia Ridge profile had been 
sampled with less resolution in the upper water column but also a decrease with increasing depth 
from elevated surface values was visible. Moreover, an increase near the top of this Scotia Ridge 
had been observed, just as here observed over the Ridge of the Bouvet region. 

Van Beusekom et al. (1997) collected unfiltered seawater in the Enderby and Crozet Basins 
near the Kerguelen plateau, at about 60°E. Occasionally bottom water samples were filtered. The 
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detection limit of the Al determination was 0.24 nM. Their most southerly station at 52°S in the 
ACC shows good consistency with the data from this study. At their station the concentration of 
Al decreases from 0.76 nM near the surface to about 0.4 nM between 500 and 1000 m depth 
followed by an increase with depth with the highest value of 1.19 nM at 4400 m (Van Beusekom 
et al., 1997). At our station just north of the Bouvet region (50°16'S, 1°27'E, Figure 3), hence 
beyond the profound influence from the NADW (see text section 6.2.2.), the surface 
concentrations were somewhat lower, but deep water values are in good agreement. 

A model using surface concentrations of Al combined with a global chemical element cycling 
ocean model and a global dust entrainment and deposition model has been constructed to 
constrain dust deposition to the oceans (Han et al., 2008). For the Southern Ocean the mean 
concentrations of Al in the surface ocean (0-50 m) and the subsurface ocean (150-500 m) are 
reported as the averages of  previous measurements in the Southern Ocean and the results of the 
model (Han et al., 2008 and references therein). For the surface ocean of the Southern Ocean the 
average of previous observations was 2.23 nM Al and the average modelled value is 1.44 nM. 
The average concentration of Al in the upper 50 m of all 22 stations in this study is 0.62 nM 
(S.D.=0.30 nM) which is considerably lower than both the previous observations and the model 
output. For the subsurface of the Southern Ocean the average of previous observations was 2.38 
nM and the modelled value was 0.9 nM. The average concentration of Al in the 150-500 m depth 
interval of all 22 stations from this study is 0.55 nM (S.D.=0.30 nM), which is again considerably 
lower than both the previous observations and the model output. Nevertheless, in contrast to the 
average of the previous observations, the model predicted lower values of Al in the subsurface 
compared to the surface of the Southern Ocean, which is a trend that is confirmed at least 
qualitatively by the current data. It should be noted though that the difference between the 
average concentration of Al of the surface layer and the average concentration of Al of the 
subsurface layer is not significant due to the large standard deviation associated with the spatial 
variability along the transect. Nevertheless, further refinement of the global simulation model is 
now feasible towards better mimicking the true concentrations of Al. 

6.3.2. Surface distribution 
The distribution of Al in the upper water column to about 200-250 m depth shows elevated 
surface concentrations followed by a subsurface minimum (see text section 6.2.5.). The average 
concentration of Al in the upper 25 m of all 22 stations is 0.71 nM (S.D.=0.43 nM), but there is a 
quite large variability, represented in the large standard deviation and also shown in Figure 6a. 
When ignoring all concentrations of Al in the upper 25 m above 1 nM (5 out of 22 values) the 
average concentration is less at 0.5 nM (S.D.=0.15 nM), with a much smaller standard deviation. 
Thus the background concentration of Al in this region is approximately 0.5 nM and the large 
deviations suggest that distinct local inputs of either sea ice or atmospheric dust must be of 
importance. Even though the surface concentrations of Al are elevated, they are lower than most 
reported concentrations in other oceanic regions with known low dust input. Surface 
concentrations reported for ocean regions with high dust input such as the North Atlantic Ocean 
or Mediterranean Sea (i.e. Kramer et al. 2004; Measures, 1995; Chou and Wollast, 1997) are 
much higher and can be up to 96 nM (Hydes et al., 1988) in the Mediterranean Sea. Moreover in 
comparison with the concentrations of Al in surface waters of the Southern Ocean, the average 
surface concentrations of Al in the upper 25 m of the ice covered Arctic Ocean are considerably 
higher at 0.98 nM (n=56 S.D.=0.3 nM) (Middag et al., 2009; Chapter 3). In the Pacific Ocean 
elevated surface concentrations (followed by mid depth minimum) are usually observed (e.g. 
Orians and Bruland, 1986; Bruland et al., 1994; Measures et al., 2005) and range between 0.3 nM 
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up to 8 nM. However in the subarctic gyre of the North Pacific Ocean, Measures et al. (2005) 
reported concentrations of Al in samples of the surface water as low as <0.1 nM collected by a 
towed torpedo, but in the collected vertical profiles the surface values of Al were higher at ~ 1 
nM (Measures et al., 2005). Similarly, the concentrations of Al from the towed torpedo samples 
(target depth of 1.5 m) were also sometimes lower (see text section 6.2.5.) compared to the 
concentrations from the shallowest sampled depth (usually about 10 m depth) with the all-
titanium CTD sampling system.  

Besides the variability in the surface concentrations, also the observed subsurface minimum of 
Al of 0.33 nM (n=22 S.D.=0.13 nM) around 120 m depth and the relation between the subsurface 
minimum and the surface concentrations indicate a surface source (see text section 6.2.5.). The 
concentrations of Al in the surface layer and in the underlying Al minimum (Figure 6b) do not 
show an unambiguous trend of increasing concentrations toward the edge of the continental ice-
sheet. The concentrations were elevated at the edge of the continental ice-sheet, but the lowest 
concentrations were actually found just north of this continental ice edge. This indicates that 
melting of this ‘continental’ ice was a source of Al, but apparently not over long distances.  

Atmospheric dust input is another source of Al to the surface layer, but dust input to the 
Southern Ocean is known to be very little (e.g. Duce and Tindale, 1991; Han et al., 2008). 
Furthermore, in a perennial ice covered ocean like the southern part of the Southern Ocean the 
direct dust deposition is likely to be highly variable in place and time. When the sea ice melts 
pulses of trace metals into the surface waters can be expected (Measures, 1999). The patchy 
distribution of Al in the surface layer of especially the Weddell Gyre matches what one would 
expect from influence of melting sea ice and icebergs, releasing the accumulated trace metals 
locally. In the surface waters over the Bouvet region at 54 and 55°S the concentrations of 
dissolved Al, dissolved Mn (see Chapter 7) and dissolved Fe (Klunder et al., accepted) were 
elevated over a band of more than 2° latitude. This is consistent with direct atmospheric dust 
input (either dry (aeolian) or wet (precipitation) dust deposition) due to the larger scale and the 
quite northerly location. This was confirmed by Klunder et al. (accepted) based on air mass back-
trajectories using the NOAA HYSPLIT model. Moreover, the concentrations of Fe an Al were 
correlated in the ACC (Klunder et al., accepted), indicating a common source.  

In the perennial ice covered Weddell Gyre the concentrations of Mn were all extremely 
depleted by primary production in the surface (see Chapter 7) and do not show a link with 
concentrations of Al, except for the station at 66°30’ S (see text section 6.2.5.). Similarly, no 
strong relation was observed between the concentrations of Al and Fe in the Weddell Gyre. 
Presumably the strong biological function, hence uptake of Mn and Fe, obscures the likely 
underlying correlations with Al due to a common dust input source.  

6.3.3. Intermediate and deep distribution 
Below the Al subsurface minimum the concentrations of Al showed an increasing trend with 
depth. This increase is most profound in the South East Atlantic Ocean part of the transect due to 
the NADW (see text section 6.2.2. and Figure 4). This water mass has relatively high 
concentrations of Al (Moran and Moore, 1991). Over the relatively shallow Bouvet region the 
concentrations of Al increased with depth to values higher than 1 nM at approximately 1000 m 
depth and to about 1.4 nM in the deepest part of the water column (Figure 5). These 
concentrations are lower than observed at similar depths in the South East Atlantic Ocean (Figure 
3), but considerably higher than at similar depths in the Weddell Basin (Figure 3). The shallow 
end of the LCDW is influenced by the NADW (see text section 6.2.1.) explaining the elevated 
concentrations of Al below 1000 m depth. However, the deep end of the LCDW receives 
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influence from the WSDW which has much lower concentrations of Al (< 1 nM). If only 
conservative mixing was of importance for the distribution of Al over the Bouvet region, lower 
concentrations of Al would have been observed in the deep end of the LCDW compared to the 
shallow end of the LCDW (Figure 2). In contrast higher concentrations of Al were observed (see 
text section 6.2.3. and Figure 5), indicating another source of Al for the deep end of the LCDW. 
In the Weddell Basin at the flank of Maud Rise elevated concentrations of Al compared to similar 
depths elsewhere in the basin were observed (see text section 6.2.4. and Figure 5). The apparent 
influence of these sea floor elevations on deep Al has to come from the sediments, as the water 
masses around have lower concentrations of Al. Perhaps sediments get resuspended at these sea 
floor elevations by passing currents that subsequently increase the concentration of Al in the 
water by partial dissolution. At the flank of Maud rise, the concentrations of Mn were also 
slightly elevated near the sediments (see Chapter 7) further indicating the elevated concentrations 
of Al could indeed have a sedimentary source. Furthermore, the light transmission and 
concentrations of oxygen decreased close to the sediments, indicating some sediment re-
suspension. However, the decrease of light transmission and concentrations of oxygen close to 
the sediments were also observed at most other stations and not specifically or more profoundly 
at the stations near sea floor elevations. Another possible explanation is a diffusive flux of Al 
from the sediments as suggested by Van Beusekom et al. (1997), but based on the presented data 
there is no reason to assume this process has more effect near sea floor elevations.  

In the WSBW the concentrations of Al were higher compared to the overlying WSDW and to 
the deepest water layers over Maud Rise and the Bouvet region (see text section 6.2.4.) as was 
also seen for Mn (see Chapter 7). The WSBW is formed at the surface close to the Antarctic 
continent in winter by cooling and brine rejection due to sea ice formation and subsequent 
sinking along the slope to the deepest part of the Weddell Basin (see text section 6.2.1.). The 
concentrations of dissolved Al were generally quite low in the surface of the Southern Ocean 
when there is no significant dust input or other surface source. The recent contact with the 
atmosphere, ice and continental shelf sediments in combination with scavenging and biological 
uptake undoubtedly enriched the water near the Antarctic continent in trace metal rich particles. 
When the forming WSBW sinks down the slope, particles are broken down microbially and 
thereby releasing the Al into solution, perhaps aided by the pressure dependent solubility of Al 
(Moore and Millward 1984). Besides this, sedimentary particles are most likely getting 
suspended when the forming WSBW is cascading down the continental slope. These suspended 
particles can partly dissolve and also release Al into solution (Moran and Moore, 1991). Due to 
microbial breakdown and mixing with deep water with lower concentrations of particles, the 
scavenging intensity decreases with deep slope convection. A lower particle concentration means 
a lower scavenging rate for Al which aids the dissolution of Al from the Al-rich particles, in 
addition to the presumed pressure-dependent solubility. 

Elevated concentrations of Al in the deep basin have also been observed and related to slope 
ventilation processes in the Arctic Ocean (Middag et al., 2009; Chapter 3) and Norwegian Sea 
(Measures and Edmond, 1992). Deep water formation due to cooling and brine rejection by sea 
ice formation appears to be an important factor in the distribution of Al in the global deep ocean.  

6.3.4. Living Apart and Together in the Modern Ocean: cycling of Al and Si 
In the oceans the distribution of Al appears to be partly linked to the Si cycle through the 
incorporation of Al in biogenic silica and/or preferential scavenging of Al onto biogenic siliceous 
particles (e.g. Van Bennekom et al., 1991; Van Beusekom et al., 1997; Gehlen et al., 2002; Han 
et al., 2008; Middag et al., 2009; Chapter 3).  
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This shows in the clear correlations that have been found between dissolved Al and Si in the 
Mediterranean Sea (Hydes et al., 1988; Chou and Wollast, 1997), the North Atlantic Ocean 
(Kramer et al., 2004) and the Arctic Ocean (Middag et al., 2009; Chapter 3). In contrast, in the 
Pacific Ocean and Indian Ocean these correlations have, to the best of our knowledge, not been 
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Figure 8a Concentrations of Al (nM) versus 
concentrations of Silicate (µM) for the whole 
water column from all 22 TM stations in the South 
East Atlantic Ocean and along the zero meridian. 
No relation was observed between Al and Si, with 
the exception of a trend in the NADW (<2000 m 
depth) at 42°20’S, 9°E in the Sub Antarctic Zone. 
The trend can be described by 
[Al][nM]=0.02*[Si][µM]+4.6 with R2=0.3, n=5; 
but is not a significant correlation (P=0.3).  

Figure 8b Concentrations of Al (nM) versus 
concentrations of Silicate (µM) in the Arctic 
Ocean, North East Atlantic Ocean and the 
Mediterranean Sea. A relationship between Al and 
Si was observed in the Atlantic and Intermediate 
Water (AIDW) in the subsurface Arctic Ocean; in 
the Deep Arctic Ocean; in the North Atlantic 
Central Water (NACW) in the subsurface North 
East Atlantic Ocean; in the North Atlantic Deep 
Water (NADW) in the deep North East Atlantic 
Ocean; and over the whole water column of the 
Mediterranean Sea. The Arctic correlations are 
described by [Al][nM]=2.2[Si][µM]-8.5 with 
R2=0.95, n=68 and P<0.0001 for the AIDW and 
by [Al][nM]=10.3[Si][µM]-92 with R2=0.85, 
n=39 and P<0.0001 for the Deep Arctic Ocean 
(for further details see Middag et al., 2009). The 
North East Atlantic Ocean correlations are 
described by [Al][nM]=1.9[Si][μM]+4.9 with 
R2=0.97, n=36 and P<0.0001 for the NACW and 
by [Al][nM]=0.3 [Si][μM]+11.3 with R2=0.92 
n=20 and P<0.0001 for the NADW (results from 
39°44’N, 14°10’W; PhD thesis (R. Middag) in 
prep.). The Mediterranean correlation is 
described by [Al][nM]=9.8[Si][µM]+50 with 
R2=0.94, n=141 and P<0.0001 (data from Hydes 
et al., 1988). Inset is shown at expanded scale in 
Figure 8c. 

Figure 8c Concentrations of Al (nM) versus 
concentrations of Silicate (µM) in the AIDW, 
Deep Arctic Ocean and NACW at expanded scale.  
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observed. In Figure 8a the concentrations of Al have been plotted versus the concentrations of Si 
for the Southern Ocean and in Figure 8b for the Mediterranean Sea, North East Atlantic Ocean 
and Arctic Ocean. In the Southern Ocean no correlation between Al and Si was observed with the 
exception of a trend in the NADW (Figure 8a and see text below). Here we will propose our 
concept to explain the coupled and uncoupled cycling of Al and Si based on the observations in 
the Southern Ocean as well as in other ocean regions. 

In the North East Atlantic Ocean the slope of the Al-Si relation observed in the North Atlantic 
Central Water (NACW) was with 1.9·10-3 (Figure 8c) comparable to the slope of the Al-Si 
relation in the Atlantic and Intermediate Depth Water (AIDW) of 2.2·10-3 in the Arctic Ocean 
(Middag et al., 2009; Chapter 3). The slope of ~2·10-3 of the Al-Si relation in the subsurface 
waters of the NACW and AIDW is deemed consistent with the concept of diatoms in the surface 
waters accumulating Al and Si in that same ratio (Middag et al. 2009; Chapter 3). Upon export of 
diatom particles into underlying subsurface waters the siliceous diatom frustules dissolve with the 
same ratio, thus imprinting the Al:Si ratio of biogenic silica in the dissolved Al/Si ratio (derived 
from the slope of the Al-Si relation). However, this mechanism can be obscured by additional Al 
input like deep slope convection with partly dissolving sediment particles or very high input of 
atmospheric dust, resulting in the much steeper slopes of around 10·10-3 in the deep Arctic Ocean 
and the Mediterranean Sea (Middag et al., 2009; Chapter 3). Given the average crustal abundance 
ratio Al:Si = ~1:3 one realises that even a modest lithogenic terrigenous input of Si is 
accompanied by a relatively massive input of Al leading to a much higher value of ~10·10-3 of 
the slope of the Al-Si relation.  

The relationship can also be distorted in opposite direction by very low supply of Al like in the 
Southern Ocean or Pacific Ocean where no apparent Al-Si relation is observed. In this case 
virtually the entire limited available Al is depleted in the surface layer, resulting in only minor 
additions of Al in the deeper water layers by the dissolution of the formed biogenic silica. The 
limited availability of Al in the Southern Ocean also shows in the lower Al/Si ratio in biogenic 
silica of natural assemblages of Antarctic diatoms of 0.033·10-3 (Collier and Edmond, 1984) 
compared to observations in the Arctic Ocean with a ratio in the order of 2·10-3 in the AIDW 
(Middag et al., 2009; Chapter 3). As a result upon export and dissolution, the dissolved Al 
increases only modestly with increasing depth, as observed in the Weddell Basin from 0.2 nM Al 
in the subsurface minimum at about 100-150 m depth to 0.77-0.98 nM at 4000 m depth in the 
WSDW.  

Besides inputs and export of Al and Si, the Al-Si cycling is also affected by deep ocean 
circulation. The residence time of Si (in the order of 16,000 years; Sarmiento and Gruber, 2006, 
p. 310) exceeds the approximate 2000 year ventilation time of the oceans, while the residence 
time of Al is considerably shorter (50-200 years). The particle-reactive nature of Al causes a 
rapid removal of Al from deep waters while Si is 'inert' and therefore left behind in deep waters. 
Thus the two biogeochemical cycles become decoupled during deep ocean circulation. This is 
confirmed when following the circulation of NADW. The deep Arctic Ocean is an important 
source of NADW (Rudels et al., 2000) and has a relatively high Al/Si ratio of about 10·10-3 (see 
text above). Following the NADW on its way south, in the North East Atlantic Ocean the ratio 
derived from the Al-Si relation already has decreased over one order of magnitude from around 
10·10-3 to 0.3·10-3 (Figure 8b). In the NADW in the South East Atlantic Ocean at our most 
northerly station (42°20'S, 9°E), there is no significant correlation between Al and Si (P=0.3; 
Figure 8a). Nevertheless, the slope of this relation of 0.02·10-3 would be another order of 
magnitude lower than the slope of the relation observed in the North East Atlantic Ocean. The 
transit time of the NADW from its origin in the Nordic oceans to our station at 42°20'S, 9°E is in 
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the order of 200 years (Broecker et al., 1998). This transit time exceeds or equals the residence 
time of Al, implying that upon arrival of NADW at 42°S virtually all Al of Nordic origin has 
disappeared, this implying that the deep concentrations of Al at 42°S are the result of relatively 
recent ‘underway’ inputs of mixing and surface export during the journey of the NADW. This 
explains the relatively low concentration of Al (~6 nM) observed in the NADW at 42°S 
compared to a concentration of about 18 nM in the deep North Atlantic Ocean (Hall and 
Measures, 1998). In contrast the concentrations of Si at 42°S are the result of (virtually all) the 
‘original’ Si concentration in the NADW in the North Atlantic Ocean plus (virtually all of) the 
‘underway’ inputs from the 200 year journey of the NADW. This can be seen in the increase in 
the concentration of Si from below 20 µM in NADW in the North Atlantic Ocean (Hall and 
Measures, 1998) to about 80 µM at the station at 42°S. 

Summarising, in some other deep oceans a relation between Al and Si is observed but not here 
in the deep Southern Ocean. We suggest the Al-Si relation is apparent in deeper waters when the 
Al and Si supplied to the surface layer are proportional with the Al:Si ratio of the exported 
diatom opal (biogenic silica). In the Southern Ocean hardly any Al is supplied but Si is available 
in large excess. This causes a much lower Al:Si ratio for local biogenic silica. When this is 
exported and next dissolves in the deep ocean, the ensuing Al/Si signal is too small to detect 
against the high Si and low Al background concentrations. Moreover, the Al-Si relation gets 
further uncoupled in the deep ocean due to scavenging removal of dissolved Al while dissolved 
Si is left behind, thus yielding the much shorter deep ocean residence time of Al (50-200 years) 
compared to Si (~16,000 years). 

6.4. Conclusions  
The complete section of the Antarctic Circumpolar Current and Weddell Gyre is a comprehensive 
assessment of the distribution of Al in the Atlantic Sector Southern Ocean and shows that the 
actual concentrations are lower than most previous reports. Further improvement of global 
simulation models that use surface concentrations of Al to constrain dust deposition to the oceans 
is now feasible. The distribution of Al in the surface of the Southern Ocean suggests that the 
upper surface is slightly elevated by atmospheric input which is due to a combination of direct 
atmospheric (wet and dry) input and indirect atmospheric input via melting sea ice. Melting from 
continental ice also influences the distribution of Al in the surface ocean, but only close to the 
edge of the continental ice-sheet or close to melting icebergs. The distribution of Al in the 
intermediate and deep Southern Ocean is mainly the result of mixing of water masses with 
different origins, deep water formation and additional input from sedimentary sources at sea floor 
elevations. No apparent relation was observed between Al and Si in the Southern Ocean. We 
have argued that the relation between Al and Si as observed in the water column of some other 
ocean regions, is apparent in the deeper water layers when the Al and Si supplied to the surface 
layer are proportional with the Al:Si uptake ratio of diatoms. Upon export of the diatom particles 
into underlying subsurface waters the siliceous diatom frustules dissolve with the same ratio, thus 
imprinting the Al:Si ratio of biogenic silica in the dissolved Al/Si ratio. In the Southern Ocean, 
the biogenic silica has a much lower Al:Si ratio due to the limited input of Al and when this 
biogenic silica dissolves in the deep ocean the resulting Al/Si signal is too small to detect against 
the high Si and low Al background concentrations. Moreover, the Al-Si relation gets further 
distorted in the deep ocean due to the different chemistries and resulting residence times, 
uncoupling the Al-Si relation. Here it is envisioned that the particle-reactive nature of Al versus 
'inert' silicate causes a rapid removal of Al from deep waters while dissolved silicate is left 
behind in deep waters. 
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