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Chapter 11 
 
Signature of Pacific hydrothermal vents 
visible in the distribution of dissolved 
Manganese in Drake Passage 
 
Abstract:  
A total of 232 samples were analysed for dissolved Mn in Drake Passage aboard R.V. Polarstern 
in the 1-13 April 2008 period. Concentrations of Mn were extremely low with values of around 
0.1 nM in the surface layer in the middle of Drake Passage, most likely due to biological uptake. 
Elevated concentrations of Mn (>2 nM) were observed near the Antarctic Peninsula and appear to 
be related to sediment particles from the shelf that have become suspended. On the other side of 
Drake Passage the concentrations of Mn were also elevated (up to 2.3 nM), mainly due to land 
run-off, but sediment re-suspension also influences the distribution of Mn in this region. Inflow 
of Weddell Sea Deep Water in the deep southern Drake Passage appears to cause the observed 
elevated deep concentrations of Mn of up to 0.4 nM. North of the extent of the influence of the 
Weddell Sea Deep Water the concentrations of Mn were slightly less elevated, in the range of 
0.2-0.3 nM. This elevation is suggested to be caused by re-suspension of bottom sediments due to 
the relatively strong currents in Drake Passage. In the deep northern Drake Passage inflow of 
South Pacific Deep Slope Water brings in the signature of Pacific hydrothermal vents. Both δ3He 
and concentrations of Mn were elevated in this water layer and a significant correlation was 
observed between these parameters. The source of these elevated concentrations of Mn and δ3He 
are most likely the tectonically active ridges in the Pacific Ocean that the SPDSW passes on its 
journey to the Drake Passage. 
 
This chapter is to be submitted to a journal as: Middag, R., De Baar, H.J.W., Laan, P., Huhn, O.. 
Signature of Pacific hydrothermal vents visible in the distribution of dissolved Manganese in 
Drake Passage. 
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11.1. Introduction 
Drake Passage is the narrowest part of the Southern Ocean and connects the Pacific and Atlantic 
Oceans. It was discovered in the 16th century (1578) by the English vice admiral Sir Francis 
Drake, but the first recorded voyage through Drake Passage was not until 1616 by a Dutch 
captain (Willem Schouten) aboard the ‘Eendracht’. The opening of Drake Passage has been 
estimated to have occurred between 49 and 17 million years ago, establishing a complete 
circumpolar pathway (Scher and Martin, 2006). Currently, the Drake Passage is about 800 km 
wide at its shortest crossing between Cape Horn (Chile) and Greenwich Island (South Shetland 
Islands). The absence of any landmasses at the latitude of Drake Passage allows the Antarctic 
Circumpolar Current to flow eastward and unbroken around the globe.  

The hydrography of Drake Passage is reasonably well studied due to the important role of the 
Drake Passage in the global ocean circulation. Much less is known however, about the trace 
metal distributions and biogeochemical cycles. During the International Polar Year an expedition 
aboard F.S. Polarstern went to the Southern Ocean and also crossed Drake Passage and the 
GEOTRACES team onboard sampled this understudied region extensively. Here is presented a 
comprehensive study into the distribution of dissolved Mn over the entire water column in Drake 
Passage. Like for Al (see Chapter 10), shelf sediments can be a source of Mn for the ocean 
adjacent to the shelf, especially in a narrow channel like Drake Passage. In the deep Drake 
Passage the waters of the ACC are influenced by water of both Pacific and Atlantic origin and 
due to the close proximity of South America, dust input has to be considered as a surface source 
of Mn for Drake Passage. Biological uptake of Mn is likely a sink for Mn, as low concentrations 
of Mn in the surface layer of Drake Passage have been reported previously (Martin et al., 1990). 

 

Figure 1 Trace metal sampling stations crossing Drake Passage during cruise ANT XXIV/3 from 1 to 16 
April 2008 from just east of Elephant Island near the Antarctic Peninsula to the south east tip of Tierra 
del Fuego (Argentina) aboard R.V. Polarstern. 
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11.2. Methods 
Trace metal sampling and analysis was done as described in Chapter 2. Samples for He isotopes 
were taken from the regular CTD/Rosette hydrocasts and not from the TM hydrocasts. The 
samples were drawn and stored in gas-tight copper tubes and later analysed in the laboratory 
(IUP, Institute für Umweltphysik, Universität Bremen, Germany). The extracted gases from the 
seawater samples were analysed with a mass spectrometer system as described by Sültenfuß et al. 
(2009). The accuracy for the isotope ratio (δ3He = 100 x ([3He/4He]observed/[3He/4He]atmosphere-1)   
in %) is 0.4%. Samples for 234Th were usually taken from the regular CTD/Rosette hydrocasts, 
but occasionally from the TM hydrocasts. Sampling and analyses methods are described by 
Rutgers van der Loeff et al. (submitted). 

11.3. Results 
Samples were collected in April 2008 aboard Polarstern during expedition ANT XXIV/3 
departing 10 February from Cape Town and arriving 16 April at Punta Arenas (Chile). Here 
presented are the concentrations of Mn for the transect crossing Drake Passage from just east of 
Elephant Island near the Antarctic Peninsula to the south east tip of Tierra del Fuego, Argentina 
(Figure 1).  

 
Figure 2 Concentrations of dissolved Mn (nM) over the entire water column at all 10 stations crossing 
Drake Passage. Upper panel shows the upper 1000 m, the lower panel the remainder of the water 
column. Stations numbers are indicated on top. Of the 232 samples analysed for Mn, 12 samples (5.2%) 
were suspected outliers and therefore not further used in the figures. Abbreviations in alphabetical order: 
AAZ: Antarctic Zone; ACC: Antarctic Circumpolar Current; PF: Polar Front; PFZ: Polar Frontal Zone; 
SACCF: Southern Antarctic Circumpolar Current Front; SAF: Sub Antarctic Front; SB ACC: Southern 
Boundary of the Antarctic Circumpolar Current; WSCZ: Weddell Scotia Confluence Zone. 
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The transect consisted of 10 Trace Metal (TM) stations, each comprising 24 sampling depths 
(Figure 2). Due to the water requirement of other cruise participants 232 samples (instead of 240 
samples) were analysed for Mn from the 10 deployments at the TM stations (Figure 2). Of the 
232 samples analysed for Mn, 12 samples (5.2%) were suspected outliers (See Chapter 2 for 
criteria) and therefore not further used in the data analyses and figures here presented.  

In between the 10 TM stations for Mn and nutrients, another 22 regular stations were sampled 
with the regular CTD/Rosette also for nutrients and other variables (Table 1 in Chapter 10). At 
TM stations, besides a hydrocast with the all-titanium frame, usually also a hydrocast with the 
regular CTD/Rosette was done. Among others, also the distributions of Fe (Klunder et al., 
accepted) and aluminium (Al) (see Chapter 6, 9 and 10) were assessed at the TM stations during 
this expedition as well as the speciation of Fe (Thuróczy et al., accepted) at selected stations. 
  

 
Figure 3 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 (arrow indicates pathway of AAIW); AASW: Antarctic Surface Water; AAZ: Antarctic 
Zone; ACC: Antarctic Circumpolar Current; LCDW: Lower Circumpolar Deep Water; PF: Polar Front; 
PFZ: Polar Frontal Zone; SACCF: Southern Antarctic Circumpolar Current Front; SAF: Sub Antarctic 
Front; SB ACC: Southern Boundary of the Antarctic Circumpolar Current; SPDSW: Southeast Pacific 
Deep Slope Water; SPDW: South Pacific Deep Water; SSW: Subantarctic Surface Water; UCDW: Upper 
Circumpolar Deep Water; WSCZ: Weddell Scotia Confluence Zone; WSDW: Weddell Sea Deep Water. 
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11.3.1. Hydrography 
The hydrography has been described in Chapter 10 and the same description can be found below 
for the convenience of the reader. 

Several fronts exist in the relatively narrow Drake Passage, in southward direction the Sub 
Antarctic Front (SAF), the Polar Front (PF), Southern Antarctic Circumpolar Current Front 
(SACCF) and the Southern Boundary of the Antarctic Circumpolar Current Front (SB ACC). The 
latter is also known as the Continental Water Boundary or Southern Boundary (SBdy). South of 
the SAF the Antarctic Circumpolar Current (ACC) flows eastward, extending unbroken around 
the globe. Within the ACC the mentioned PF and SACCF are found (Figure 3). 

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) or as by the maximum subsurface 
temperature gradient between the 4° and 5°C isotherms at 400 m depth (Lenn et al., 2008). 
According to these definitions the SAF is located between the trace metal station at 55°42’S, 
64°25’W and the regular station at 55°36’S, 64°44’W, respectively. The PF is defined as the 
location where the temperature minimum begins its rapid descent to greater depth (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 station at 57°31’S, 61°08’W and the station at 57°24’S, 61°24’W. The 
zone between the SAF and the PF is known as the Polar Frontal Zone (PFZ). The SACCF is 
defined as location where the potential density anomaly (σθ) at 500 decibar (db) decreases below 
27.70 kg∙m-3 (looking from south to north) by Barré et al. (2008). According to this definition the 
SACCF was located between the station at 58°47’S, 58°39’W and the trace metal station at 
58°18’S, 59°29’W. The SB ACC is defined as the maximal thermal gradient in the potential 
temperature (θ) maximum (Klatt et al., 2005) or as the location where the σθ at 500 db decreases 
below 27.75 kg∙m-3 (looking from south to north) by Barré et al. (2008). According to both 
definitions the SB ACC was located between the station at 60°27’S, 54°19’W and the station at 
60°16’S, 54°48’W. The zone between the PF and the SB ACC is known as the Antarctic Zone 
(AAZ) and to the south of the SB ACC the Weddell Scotia Confluence Zone (WSCZ) is found. 

Along the transect several water masses can be distinguished which are described in detail by 
Sudre et al. (submitted) and briefly summarised here. North of the SAF, water with coastal 
influence and low silicate concentrations are found. In the PFZ, Subantarctic Surface Water 
(SSW; SASW in Sudre et al.) is found and south of the PF (AAZ) the cold (θ < 5°C) and 
relatively fresh 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 
during the summer. From the continental slope of South America to the SAF the core of Antarctic 
Intermediate Water (AAIW) is located around 1000 m depth and within the PFZ the AAIW raises 
to about 500 m. Within the ACC (between the SAF and the SB ACC) the most extensive water 
mass is the Circumpolar Deep Water (CDW) that underlies the SSW and AAIW in the PFZ and 
the AASW and WW in the AAZ. The CDW is commonly distinguished between Upper 
Circumpolar Deep Water (UCDW) and Lower Circumpolar Deep Water (LCDW). The UCDW 
(1.5°C < θ < 3.5°C) is warmer and fresher than the LCDW (0.2°C < θ < 1.8°C) which has a 
salinity maximum. Deeper than the LCDW, the South Pacific Deep Water (SPDW) with a 
maximum of silicate is observed. In the deepest parts of the southern Drake Passage the lowest 
temperatures were associated with Weddell Sea Deep Water (WSDW) together with a decrease in 
the Si concentration by Sudre et al. (submitted). In the northern Drake Passage the Southeast 
Pacific Deep Slope Water (SPDSW) with a pronounced δ3He maximum can be found towards to 
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the continental slope of South America. These elevated δ3He concentrations are due to primordial 
helium originated from spreading mid-ocean ridges and tectonically active ridges in the Pacific 
(Well et al., 2003). 

11.3.2. Dissolved Mn  
Near Elephant Island in the WSCZ (station 226), the concentrations of Mn were elevated in the 
surface layer to over 2 nM and the light transmission was relatively low (Figure 4). The 
concentrations of Mn decreased with depth to about 0.4 nM at 900 m depth at this station. 
Unfortunately this station was not sampled below this depth due to a freak wave that damaged the 
Kevlar cable.  

Just north of the SB ACC (station 230), the surface concentrations were still relatively high 
around 0.7 nM followed by a subsurface maximum of 2.6 nM at 75 m depth (Figure 5). From 
around 300 m downward, the concentrations of Mn were around 0.2 nM and remained around 
this value until an increase to 0.4 nM in the deepest layer (WSDW) where also the light 
transmission decreased (Figure 6).  

At the other station in the AAZ south of the SACCF (Station 236), surface concentrations of 
Mn were lower than towards Elephant Island, around 0.4 nM. Again a subsurface maximum was 
observed, but this was located deeper, at 250 m depth, and the concentration was only 0.85 nM.  

 

Figure 4 Concentrations of dissolved Mn (nM) in the upper 500 along the transect (upper graph) and the 
light transmission (%) in the upper 500 along the transect (lower graph). Of the 137 samples analysed for 
Mn in the upper 500 m depth range, 5 samples (3.7%) were suspected outliers and therefore not further 
used in the figure. 
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Below this subsurface maximum, concentrations of Mn again decreased to values of around 0.2 
nM with a minimum of 0.15 nM near 2000 m depth, followed by an increase to 0.42 nM in the 
deepest WSDW with elevated transmission (Figure 6).  

At the station just north of the 
SACCF (station 238) the surface 
concentrations decreased further to 
around 0.1 nM and were followed by a 
slight subsurface maximum of 0.25 nM 
at 200 m depth. Deeper than this 
subsurface maximum, the 
concentrations of Mn remain around 0.2 
nM until an increase to 0.3 nM at the 
greatest sampled depth of 2900 m.  

Just south of the PF (station 241), the 
concentrations of Mn in the surface 
layer were again around 0.1 nM, 
followed by an increase to 0.2 nM at 
150 m depth. A maximum of 0.24 nM 
was observed at 480 m depth before the 
concentrations decreased to values of 
around 0.2 nM again. Subsequently, a 
profound maximum of 0.27 nM was 
observed at 1750 m that might be 
associated with the influence of 
SPDSW. Deeper than this maximum the 
concentrations of Mn decreased to 0.16 
nM before increasing again to around 
0.35 nM in the deepest layer (SPDW).  

North of the PF at the first station in the PFZ (station 244), surface concentrations of Mn were 
higher than between the PF and SACCF at around 0.2 nM and these surface concentrations were 
followed by a subsurface maximum of 0.26 nM at 100 m depth. Deeper than this subsurface 
maximum, the concentrations of Mn decreased slightly with depth until a maximum of over 0.32 
nM at 2000 m depth, similar to the station just south of the PF (station 241). In the deepest layer, 
the concentrations of Mn decreased again with depth to values of around 0.2 nM.  

Figure 5 Concentrations of dissolved Mn (nM) (circles), 
dissolved Al (nM) (diamonds), Fluorescence (arbitrary 
unit, dotted line) and the light transmission (%) (solid 
line) as vertical profiles versus depth just north of the SB 
ACC (station 230). Standard deviations of triplicate 
analysis were on average 1% for Mn and 3.5% for Al and 
therefore not visible on this scale. 

 
Figure 6 Light transmission (%) below 2000 m depth along the transect. 



Chapter 11 
 

204 
 

Further north in the PFZ (station 249), the surface concentrations of Mn were also around 0.2 
nM, but increased to 0.28 nM at 300 m depth. Deeper than this maximum the concentrations 
remained around 0.25 nM until a maximum of 0.31 nM at 2000 m depth. Subsequently, the 
concentrations remained around 0.23 nM until a slight increase to 0.25 nM at the greatest 
sampled depth of 4250 m depth.  

Just south of the SAF and just before the onset of the continental slope of South America 
(station 250), a surface maximum of 0.18 nM was followed by a minimum of 0.14 nM at 75 m. 
This minimum was followed by a subsurface maximum of 0.21 nM at 200 m depth and another 
maximum of 0.23 around 900 m depth were the core of the AAIW is located (see section 11.3.1.). 
A third and most profound maximum of Mn of 0.25 nM was observed around 2200m depth. 
Below this maximum the concentrations of Mn decreased to below 0.14 nM at 3300 m depth 
before a slight increase towards the sediments.  

 
Two more stations were sampled north of the SAF on the continental slope (station 251) and at 
the edge of the continental shelf (station 252). Surface concentrations over the slope (station 251) 
were relatively low around 0.15 nM in the upper 100 meter depth and followed by a sharp 
increase to 0.24 at 200 meter depth. Deeper, the concentrations of Mn decreased to values around 
0.17 nM until a maximum of 0.23 at 1400 m, just above the greatest sampled depth of 1500 m. 
Surface concentrations at the edge of the continental shelf (station 252) were much higher with a 
surface concentration of 2.3 nM. Below this surface maximum, concentrations of Mn decreased 
with depth to 0.24 nM at 250 m depth and remained around this value until the greatest sampled 
depth of 375 m depth (Figure 7a). In the fresh (salinity < 34) upper 150 m the concentrations of 
dissolved Mn and salinity were inversely correlated (Figure 7b), indicating conservative mixing. 

Between the SAF and SACCF maxima of Mn were observed around 2000 m depth where also 
the SPDSW can be found (Well et al., 2003). Concentrations of Mn between the SAF and 
SACCF (Stations 238 till 250) were generally elevated between 1500 and 2500 m depth were 
also the δ3He was elevated. In the remainder of the water column δ3He and the concentrations of 

Figure 7b Concentrations of Mn versus the salinity 
in the upper 150 m of the water column over the 
South American continental shelf (station 252). 
The relation is described by  
Mn (nM) = -1.66*salinity + 56.7 with R2=0.99; 
n=10 and P<0.001. 

Figure 7a Concentrations of Mn (nM) (circles) 
and salinity (Squares) as vertical profiles versus 
depth over the South American continental shelf 
(station 252). Standard deviation of triplicate 
analysis (for Mn) was on average 2% and 
therefore not visible on this scale. 
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Mn do not co-vary. However when plotting Mn versus δ3He for the 1500 to 2500 m depth range 
(Figure 8) a correlation appears ([Mn] = 0.03*[δ3He] – 0.11 with R2=0.7 n = 19 and P<0.0001). 
This correlation is especially good if one considers the Mn and δ3He were sampled at different 
casts and the depths are thus not identical. All points used for this relation were within 100 m 
depth from each other and around 56°S in the PFZ the Mn and δ3He were from two different 
stations (249 for Mn and 248 for δ3He, see Table 1, Chapter 10) about 20 miles apart because Mn 
and δ3He were not sampled at the same station. 

11.4. Discussion 
11.4.1. Historic data 
Two stations were sampled in Drake Passage 
for trace metals, among which Mn, by Martin 
et al. (1990). At their north Drake Passage 
station (56°38’S, 56°20’W) one concentration 
of Mn of 0.27 nM is reported for 50 m depth. 
This is slightly higher than the concentrations 
in the range of 0.14-0.21 nM reported here at 
similar latitude slightly to the west, but in 
quite good agreement given the temporal and 
spatial difference. The south Drake Passage 
station (60°46’S, 63°26’W) of Martin et al. 
(1990) was given the σθ of 27.63 kg∙m-3 at 550 
m depth north of the SACCF and given the θ 
minimum south of the PF (see definition text 
section 10.3.1.). The concentrations of Mn at 
this station are very similar to the two stations 

 
Figure 8 Concentrations of dissolved Mn (nM) versus δ3He in the northern Drake Passage for the 1500 to 
2500 m depth range sampled at different casts and the depths are thus not identical. However, all points 
used for this relation (Mn= 0.029*δ3He-0.11; n=19; P<0.001) were within 100 m depth from each other. 
Around 56°S in the PFZ the Mn and δ3He were from two different stations (249 for Mn and 248 for δ3He; 
4 data points) about 20 miles apart. 
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Figure 9 Concentrations of dissolved Mn (nM) as 
vertical profiles versus depth from Martin et al. 
(1990) and 2 stations (241 and 238) from the same 
region presented in this Chapter. Station 241 
(filled circles) is the station just south of the PF 
and station 238 (open circles) was located just 
north of the SACCF (Figure 2). 
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here reported between the PF and SACCF, although the deep concentrations now reported are 
slightly lower (Figure 9). Perhaps this is related to temporal and spatial variability, or to the 
improved sampling techniques and analysis currently used. 

Westerlund and Öhman (1991) reported dissolved Mn in the Weddell Sea with some stations 
close to the Antarctic Peninsula. Surface concentrations of Mn on the Weddell Sea side of the 
Peninsula reported by Westerlund and Öhman (1991) are a lot lower (around 0.4 nM) than the 
elevated values reported here on the Drake Passage side. Also the surface concentrations of Mn 
observed in the Weddell Sea during the Polarstern cruise (see Chapter 10) were much lower, up 
to ~0.8 nM over the shelf and ~0.26 nM over the slope. This indicates the surface enrichment is a 
local phenomenon. Very similar concentrations were observed in the deep at the onset of both 
continental slopes when comparing the Weddell Sea side (station 44 of Westerlund and Öhman 
(1991)) with the values here reported for the Drake Passage side (just north of the SB ACC, 
station 230). The average absolute deviation for similar depth between these stations was only 
0.04 nM. 

Hewes et al., (2008) reported averaged concentrations of Mn of the upper water column for 
different water zones in the Weddell-Scotia Confluence. In the Drake Passage south of the PF an 
average concentration of Mn of 0.17 nM (± 0.07 nM) is reported for the upper 150 m (their water 
zone 1A). This concentration is nearly identical to the average concentration calculated from the 
results here reported for the upper 150 m of 0.13 nM (± 0.05 nM) between the PF and SACCF. 
Hewes et al. (2008) report an average concentration of Mn of 2.47 nM (± 0.23 nM) for the upper 
60 m along the shelf and shelf-break of Elephant Island (their water zone 3). When averaging the 
upper 60 m from the station just north of the shelf-break from this study, the concentration of Mn 
is 2.23 nM (± 0.02 nM), which is very similar to the concentration reported by Hewes et al. 
(2008). This shows that indeed the elevation in the concentrations of Mn is much higher on the 
Drake Passage side compared to the Weddell Sea side of the Peninsula. 

11.4.2. Comparison with other Ocean Basins 
The profile shape of the most southerly (station 226) and most northerly (station 252, Figure 7a) 
stations presented here for Drake Passage is comparable with the general profile shape of 
dissolved Mn in the other major ocean basins. For example, in the Pacific Ocean (e.g. Landing 
and Bruland, 1980, 1987;), Atlantic Ocean (e.g. Bruland and Franks, 1983; Jickells and Burton, 
1988; Landing et al., 1995; Saager et al., 1997; Shiller 1997), Indian Ocean (e.g. Saager et al., 
1989; Morley et al., 1993) and Arctic Ocean (e.g. Yeats, 1988) the profile of dissolved Mn 
generally shows elevated surface concentrations and low uniform deep values. At the remaining 
stations of Drake Passage however, the surface concentrations were not elevated, but either 
depleted or similar to the remainder of the water column. The two stations between the PF and 
SACCF (stations 238 and 241) had low (around 0.1 nM) concentrations in the upper surface layer 
(Figure 4), followed by a sharp increase to values over 0.2 nM around 150 m depth. This is 
comparable to the distribution of Mn in the surface layer as observed in the ACC along the zero 
meridian (see Chapter 7). However, below the surface layer the profile shape is quite different 
from those in the ACC along the zero meridian where the low concentrations of Mn in the surface 
were followed by a pronounced subsurface maximum and a decrease to a mid depth minimum 
with concentrations of around 0.15 nM. At the two stations between the PF and SACCF in the 
Drake Passage there was only a slight subsurface maximum as the concentrations remained 
around 0.2 nM and a mid depth maximum instead of a minimum was observed at the station just 
south of the PF (station 241, see text section 10.3.2.). North of the PF, in the PFZ of Drake 
Passage (stations 244 and 249) the concentrations of Mn in the upper surface layer were slightly 
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higher (around 0.2 nM) than between the PF and SACCF, but the remainder of the vertical profile 
was similar to the stations between the PF and SACCF and thus different from the profile shape 
observed in other ocean basins and in the ACC along the zero meridian. This indicates the 
distribution of Mn in Drake Passage is controlled by different processes than in other described 
ocean regions. 

11.4.3. Upper water column distribution 
In the upper water column the concentrations of Mn were elevated near the South American 
continent and the Antarctic Peninsula and lowest concentrations were observed between the PF 
and SBACCF (Figure 4). The highest concentrations were observed near the Peninsula and in this 
region the light transmission was low, indicating that more particles were present in the water 
column (Figure 4). Furthermore, the concentrations of dissolved Al (see Chapter 9 and 10) and 
dissolved Fe (Klunder et al., in prep) were also elevated close to the Peninsula. Both dissolved 
Mn and Fe can be released from (reducing) shelf sediments (Heggie et al., 1987; Sundby and 
Silverberg, 1985; Johnson et al., 1992; Pakhomova et al., 2007), but the elevated concentrations 
of Al and reduced light transmission suggest re-suspension of sediment must also play a role. 
Undisturbed sediments (i.e. no re-suspension) can act as a sink for dissolved Al (Mackin and 
Aller, 1984a, 1984b), yet the reduced light transmission indicates more suspended particles. The 
vertical profiles of Mn, Al, fluorescence and light transmission together for the station just south 
of the SB ACC (station 230, Figure 5), show that the flux of Mn from the Peninsula shelf and 
slope extends into the ACC. The transmission minimum at about 40 m depth coincides with the 
chlorophyll maximum (from fluorescence) and the transmission minimum is apparently caused 
by the algal community. Below the transmission minimum / chlorophyll maximum the 
concentrations of Mn and Al increase steeply. The transmission also increases below the 
chlorophyll maximum, but at the depth of the Mn and Al maximum, the transmission stays 
relatively constant while the concentration of chlorophyll (from fluorescence) is decreasing. This 
indicates the amount of particles remains relatively constant while the amount of algae decreases. 
Therefore, the Mn and Al maximum must be related to non-biological particles; hence the 
maxima are at least partly due to dissolution from re-suspended sedimentary particles from the 
Peninsula shelf and slope. 

At the South American continental shelf break (station 252) concentrations of Mn were also 
elevated but the concentrations decreased steeply with depth to only 0.25 nM at about 30 m from 
the sediments located at 410 m (Figure 7a). This indicates there is no significant flux of Mn from 
the sediments to the overlying water column at this location on the South American shelf but 
there appears to be a surface source of Mn. This surface source could be atmospheric input or 
land run-off, but given the correlation with salinity (Figure 7b), land run-off is the most likely 
source. Over the South American continental slope the surface concentrations of Mn were much 
lower than over the shelf but elevated concentrations were observed between 100 and 500 m 
depth (station 251, see text section 10.3.2.). Shallower than about 500 m depth also the light 
transmission started to decrease (Figure 4) and the concentration of Al was elevated below 100 m 
depth (see Chapter 10) indicating a flux of suspended particles and metals from the continental 
shelf or slope. Just south of the SAF (station 250) the maximum of Mn around 900 m depth (see 
text section 10.3.2.) coincided with a maximum in the concentration of Al (see Chapter 10) and a 
slight light transmission decrease was also observed around this depth. Therefore there appears to 
be a flux of particles and trace metals due to sediment re-suspension into the ACC on the South 
American side of Drake Passage as well. The maximum of Mn and Al at 900 m depth just south 
of the SAF also coincides with the core of the AAIW (see text section 10.3.1.) and might 
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therefore also be related to this water mass instead of input of suspended particles and trace 
metals. However, there is no apparent reason why the AAIW should have higher concentrations 
of Mn and Al, nor was this observed in the AAIW at the adjacent stations.  

Lowest surface concentrations of Mn were observed between the PF and SBACCF (stations 
238 and 241) and in this region also the fluorescence was elevated and the 234Th/238U ratio 
indicated export (Rutgers van der Loeff et al., submitted). Apparently, the surface concentrations 
of Mn have been depleted in this region to low concentrations of Mn (~0.1 nM) by primary 
production as was observed in the ACC and Weddell Gyre along the zero meridian (see Chapter 
7). In the ACC north of the PF a slight surface depletion was observed in the most southerly PFZ 
station, but closer towards the SAF this phenomenon was less clear.  

11.4.4. Deep water distribution 
In the deep and intermediate water layers of Drake Passage the concentrations of Mn are not as 
low and uniform as often observed in other ocean basins (see text section 10.4.2.). Lowest 
concentrations of Mn at mid-depth were around 0.15 nM, which is comparable to the 
concentrations observed in the ACC along the zero meridian, but higher than in the Weddell Gyre 
(see Chapter 7). Elevated concentrations of Mn were observed in the deepest water layers of 
Drake Passage, especially in the south Drake Passage where WSDW influence has been 
suggested (see text section 10.3.1.). Furthermore, mid-depth maxima in the concentration of Mn 
were observed in the north Drake Passage where influence of SPDSW has been shown (Well et 
al., 2003). 

The influence of the WSDW is visible in various tracers like nutrients, oxygen and the low 
potential temperature, θ (Figure 3). When plotting the concentration of Mn versus the θ deeper 
than 3000 south of the SACCF, indeed a significant correlation (P=0.01) appears (not shown). 
This indicates the higher concentrations of Mn (~0.4 nM) in the deep south Drake Passage are 
related to the influence of the WSDW. However, the concentrations of Mn in the WSDW in the 
Weddell Sea were actually much lower, around 0.1 nM (see Chapter 9). Input of WSDW into 
Drake Passage can therefore by itself not explain the observed elevated concentrations of Mn in 
the deep south Drake Passage. Slightly higher concentrations of about 0.15 nM were observed in 
the cold and dense Weddell Sea Bottom Water (see Chapter 9), but are also too low to explain the 
high concentrations of Mn observed in the deep south Drake Passage. However, also the light 
transmission decreased in the deep south Drake Passage (Figure 6) where WSDW influence is 
expected based on the values of θ below zero and where the concentrations of Mn were elevated. 
A nearby source of Mn and suspended particles are the hydrothermal vent sites in Bransfield 
Strait where concentrations of dissolved Mn of over 20 nM were observed together with 
increased suspended particles (Klinkhammer et al., 2001). However, in the deep south Drake 
Passage no increased δ3He was observed by Sudre et al., (submitted). Therefore the elevated 
concentrations of Mn in the deep south Drake Passage appear not to be of hydrothermal origin as 
then also the δ3He should be elevated (Klinkhammer et al., 2001). According to Sudre et al. 
(submitted), the WSDW is propagated along the continental slope from the Weddell Sea into the 
south Drake Passage. During this transport along the slope, apparently particles are getting 
suspended and thereby decreasing the light transmission. Partial dissolution of these particles 
might be a source of the elevated concentrations of Mn associated with this WSDW influence, 
but most likely elevated concentrations of Mn in pore waters, that are simultaneously re-
suspended, are the source of the elevated concentrations of Mn. 

Concentrations of Mn were also relatively elevated at the greatest sampled depths further 
north than the extent of the influence of the WSDW. However, the concentrations of Mn, in the 
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range of 0.2-0.3 nM, were not as high as in the region with WSDW influence. In these deepest 
water layers, an in situ Mn flux from the underlying sediments is very unlikely as the oxygen 
penetration of deep ocean sediments is usually well over 1 m and the pore water concentration of 
Mn is therefore low in the upper sediment (e.g. Rutgers van der Loef, 1990). A Mn flux is then 
not observed as this depends on the Mn concentration in pore water (Pakhomova et al., 2007); 
hence the low and uniform concentrations of Mn usually observed in the deep ocean (see text 
section 10.1 and 10.4.2.). Besides the high concentrations of Mn, also the light transmission 
decreased in the deep north Drake Passage (Figure 6), but not as much as in the south Drake 
Passage. These higher concentrations of Mn and lower light transmission indicate particles from 
the sea floor get re-suspended by the currents of the ACC through Drake Passage. Bottom 
velocities of the ACC in Drake Passage are poorly known, but thought to be significant (Lenn et 
al., 2008) and based on the date presented here, apparently capable of re-suspending sedimentary 
particles. 

North of the SACCF a mid-depth maximum was observed in the 1500-2000 m depth range. 
This coincides with the influence of SPDSW and its δ3He maximum as described by Well et al. 
(2003) and Sudre et al. (submitted). The actual measurements of δ3He and Mn from the cruise 
here presented correlated very well in the area and depth range of the SPDSW in the north Drake 
Passage (Figure 9). This correlation is especially convincing if one considers the Mn and δ3He 
were sampled at different casts. In between those casts several hours passed and actual sampling 
depths are not identical. Outside the depth range where significant percentages of SPDSW are 
usually found (Sudre et al., submitted) Mn and δ3He appear not to be related. However, this is to 
be expected for a dissolved gas and a dissolved metal with very different biogeochemistries. The 
correlation observed within the SPDSW influenced part of the water column is therefore a very 
convincing indicator of a common source of the elevated concentrations of Mn and δ3He. As 
δ3He is, like Mn, released at spreading mid-ocean ridges and via hydrothermal vents 
(Klinkhammer et al., 2001; Edmonds et al., 2003), it appears the elevated concentrations of Mn at 
mid-depth in the north Drake Passage are from tectonically active ridges in the Pacific Ocean. 

11.5. Conclusion 
The shape of the vertical profiles for Mn in the Drake Passage is different from what is observed 
in other ocean basins, but more similar to the Atlantic section of the ACC and comparable to 
previously reported profiles in the Drake Passage. The distribution of Mn in the Drake Passage is 
influenced by fluxes from the continental margins, by biological uptake in the surface layer and 
by water masses and their origins. The highest concentrations of Mn were observed close to the 
South American continent and are related to land run-off. Concentrations were also relatively 
high near the Antarctic Peninsula and appeared to be caused by re-suspension of sedimentary 
particles from the shelf. On the South American side of Drake Passage re-suspension of 
sedimentary particles also influences the distribution of Mn, but the influence of land run-off is 
most profound over the continental shelf. Lower concentrations of Mn were observed between 
the SAF and SACCF and these lower concentrations were most likely due to biological uptake. 

Higher concentrations of Mn were observed in the deep Drake Passage due to sediment re-
suspension from the deep Drake Passage sediments, inflow from WSDW in the south and inflow 
from SPDSW in the north. Concentrations of Mn in the deep south Drake Passage were highest, 
apparently due to sediment re-suspension during transport of the WSDW along the continental 
slope. Elevated concentrations of Mn in the deep north Drake Passage are related to the 
hydrothermal vent sources in the Pacific Ocean that the SPDSW passes on its journey to the 
Drake Passage.  
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