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Chapter 12 
 
Summary and recommendations 
 
A total of 1733 samples for Al and 1732 samples for Mn have been determined in the Arctic, 
Atlantic and Antarctic Oceans. Of the 1733 data points for Al, 91 (5.3%) were suspected outliers 
and of the 1732 samples for Mn, 63 (3.6%) were suspected outliers. These suspected outliers 
were not further used in the figures and interpretations presented in this thesis. Concurrent with 
this high resolution, high accuracy determinations of Al and Mn, also high resolution, high 
accuracy measurements of the major nutrients were determined (see Chapter 2). This has led to 
new insights in the global cycling of Al with Si and the biological cycling of Mn.  

12.1 Summary Aluminium 
12.1.1 Living Apart and Together (LAT) in the Modern Ocean: 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). Clear correlations have been found between Al and 
Si in the Mediterranean Sea (Hydes et al., 1988; Chou and Wollast, 1997), the North Atlantic 
Ocean (Kramer et al., 2004; Chapter 5) and the Arctic Ocean (Chapter 3). In contrast, in the 
Pacific Ocean and Indian Ocean these correlations have, to the best of our knowledge, not been 
observed. In Chapter 6 the concentrations of Al have been plotted versus the concentrations of Si 
for the Mediterranean Sea, North East Atlantic Ocean, Arctic Ocean and the South East Atlantic 
Ocean. The strongest correlations have so far been observed in the enclosed basins of the Arctic 
Ocean and the Mediterranean Sea. These basins both are influenced by mainly fluvial inputs for 
the Arctic Ocean and a combination of atmospheric and fluvial input for the Mediterranean Sea.  

The slope of ~2·10-3 of the Al-Si relation in the subsurface waters of the Atlantic Ocean 
(Chapter 5) and Arctic Ocean (Chapter 3) is deemed consistent with the concept of diatoms in the 
surface waters accumulating Al and Si in that same ratio. 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 (deepest Arctic Ocean, Chapter 3) or 
very high input of atmospheric dust (Mediterranean Sea). Given the average crustal abundance 
ratio Al:Si = ~1:3 one realizes 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 South East Atlantic Ocean, Southern Ocean (Chapter 6) or Pacific 
Ocean where no apparent Al-Si relation is observed. In latter case (virtually all) the limited 
available Al is depleted in the surface layer, resulting in only minor additions of Al in the deeper 
water layers upon the dissolution of the formed biogenic silica. The resulting Al/Si signal in the 
deep ocean is too small to detect against the high Si and low Al background concentrations. The 
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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 cultures of the arctic diatom Thalassiosira nordenskjioldii with a ratio in the order of 
1-4·10-3 (Gehlen et al., 2002). 

Thus the ocean distribution of Al is controlled first and foremost by its internal ocean cycling. 
This cycling is linked with the biogenic silica cycle and affected by a range of negligible to 
moderate to intensive regional external supply of Al or Si of lithogenic terrigenous origin. The 
average ocean basins residence time of Si is in the order of 16,000 (Sarmiento and Gruber, 2006, 
p. 310) to 20,000 years (Broecker and Peng, 1982, their Table 1-5 at p. 21). Given the 'typical' 
deep ocean water mass renewal time of about 1000 years this implies that every single Si atom 
once introduced into the ocean basins, is recycled some 16-20 times in the diatoms biogenic silica 
cycle (Chapter 6). Within deep ocean waters the 'inert' dissolved silicate remains in solution, until 
after upwelling it reaches the surface ocean and then becomes incorporated in diatoms and 
exported once again. Yet after 16-20 cycles the Si atom eventually escapes deep dissolution and 
becomes finally buried in opaline diatomaceous sediments, like most notably the sediments 
underlying the Antarctic Polar Front region, largely comprised of large robust diatom frustules, 
notably Fragilariopsis kerguelensis. In contrast the Al is particle-reactive in the deep ocean and 
is scavenged along with settling biogenic debris to the seafloor. As a result Al has an estimated 
deep ocean residence time of only 50-200 years (Orians and Bruland, 1985, 1986), hence 
upwelled deep water has become devoid of Al and extra Al can only be supplied to surface 
waters by external lithogenic sources, i.e. aeolian dust input from above, river input or input from 
partial dissolution of lithogenic (shelf) sediments. Thus the Al-Si relation gets distorted in the 
deep ocean as 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, uncoupling the Al-Si 
relation in the deep ocean. 

12.1.2. Aluminium as a tracer of dust input 
The distribution of Al in ocean surface waters has been used as a tracer for atmospheric dust 
input, both in the field and in models (Measures and Vink, 2000; Gehlen et al., 2003; Kramer et 
al., 2004; Han et al., 2008). However, the concentrations of Al in sea water used as input for 
these models and the resulting modelled concentrations of Al are higher than the actual 
concentrations reported in this thesis for the polar oceans (See Chapters 3 and 6). Thus further 
refinement of the global simulation models is now feasible towards better mimicking the true 
concentrations of Al. However, it should be realised that in sea ice covered oceans like the Arctic 
and Southern Ocean direct dust deposition is likely to be highly variable in place and time. When 
the ice melts large pulses of trace metals into the surface waters can be expected, thus a 
measurement (or model output) at a specific point in time is not necessarily a representative 
average for the ocean region. Moreover, Al from the continents that otherwise would not reach 
the open ocean can be transported there by ice (see Chapter 9). Alternatively, the surface 
concentration of Al might not reflect the local dust input, but the accumulated input that entered 
the surface ocean ‘upstream’ in the ocean currents, like for example the Antarctic Circumpolar 
Current (see Chapter 10). 

In the Arctic Ocean no relation was observed between the concentrations of Al and Fe as 
fluvial input instead of atmospheric input was the dominant source of Fe (Klunder et al., in prep) 
and Mn (see Chapter 4) to the surface ocean. Thus in the Arctic Ocean Al is unsuitable as a 
source tracer of Fe from atmospheric dust. In the Southern Ocean, however, a correlation was 
observed between the concentrations of Al and Fe (Klunder, in prep), despite the very low 
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Arctic 
 This Thesis Moore 1981 Measures 1999 
Sampling system Titan GO-FlO on steel 

cable 
PVC bottles with coated 
springs on a coated frame. 

Analysis method Improved R&M 1994 H&L 1976 R&M 1994 
Filtered / unfiltered Filtered Unfiltered Unfiltered 
Detection limit 0.15 nM 1.85 nM * 0.15 nM * 
Precision 3.19 % at 4.9 nM (n=27) 5% at 37 nM * 2.2% at 8.6 nM  
Blank 0.16 nM (S.D.=0.03 nM; n= 44) 3 nM < detection limit * 
Range in surface waters 0.4-3 nM 3-4 nM 1.4-22.2 nM 

Table 1 Comparison of sampling and analytical techniques for dissolved Al reported for the Arctic 
Ocean. * indicates the values in the table are from the original method paper as no specific value was 
reported in the paper dealing with the Arctic Ocean. H&L 1976 refers to the original fluorimetric method 
of Hydes and Liss (see Chapter 2); R&M 1994 refers to the flow injection method developed by Resing 
and Measures based on the H&L 1976 method (see Chapter 2). 

 

concentrations. This confirms atmospheric dust input to the remote Southern Ocean is limited, 
but still is an important source of trace metals. However, due the low concentrations of both Al 
and Fe and the relatively weak correlation between them, Al alone is not an ideal source tracer to 
constrain Fe input via atmospheric dust in the Southern Ocean and a multiple tracer approach 
seems more appropriate. 

12.1.3 Deep slope convection as a source of Al to the deep ocean. 
In the Arctic and Southern Oceans elevated concentrations of Al have been observed in the deep 
basins that are known to receive input via deep slope convection (see Chapters 3, 6, 9 and 10). 
Elevated concentrations of Al in the deep basin have previously been observed and related to 
slope ventilation processes in the Norwegian Sea (Measures and Edmond, 1992). The source 
waters for deep slope convection are formed at the surface close to the continents in winter by 
cooling and brine rejection due to sea ice formation and subsequent sinking along the slope to the 
deepest part of the basins. The observed concentrations of dissolved Al were generally quite low 
(<1 nM) in the surface of the Southern and Arctic Ocean when there is no significant dust input 
or other surface source. However, the recent contact with the atmosphere, ice and continental 
shelf sediments in combination with scavenging and biological uptake undoubtedly enriched the 
water near the continents in trace metal rich particles. When the dense water 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 and pore waters are most likely getting suspended when the dense water is 
cascading down the continental slope (see Chapter 3 and 10). Pore water concentrations of Al in 
the Southern Ocean have been reported to be much higher, up to 160 nM (Van Beusekom et al., 
1997) and could elevate the concentrations in the overlying water column when the sediment is 
suspended. The suspended sediment 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 deepening of the 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. For the deep Weddell Basin a flux of Al associated with deep slope convection was 
calculated and the concentrations of Al increased along the continental slope into the deep basin. 
(see Chapter 9). 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.  
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Antarctic 
 This Thesis Van Bennekom 

et al., 1991 
Moran et al., 
1992 

Van 
Beusekom et 
al., 1997 

Sañudo-
Wilhelmy et 
al. 2002 

Hewes et al. 
2008 

Sampling 
system Titan 

Niskin or GO-
FlO on coated 

steel frame 

GO-FlO’s 
on Kevlar 

cable 
Niskin bottles 
on steel frame 

By hand 
from raft 

GO-FlO’s 
on coated 
aluminium 

frame 
Analysis 
method B&B 2008 H&L 1976 H&L 1976 H&L 1976 H&L 1976 R&M 1994 
Filtered / 
unfiltered Filtered Unfiltered Unfiltered Unfiltered Filtered Filtered 
Detection 
limit 0.07 nM 1.85 nM * 1-1.5 nM 0.24 nM 1.85 nM * 0.15 nM * 
Precision 3.16 % at 3.56 

nM (n=36) 0.3 nM 0.5 nM 0.08 nM 5% at  
37 nM * 

1.7 % at 2.4 
nM 

Blank 0.17 nM 
S.D.=0.02nM 

n= 42 
0.8 nM 1 nM 0.78 nM 

(n=15) Not reported <detection 
limit* 

Range in 
surface waters 0.15-1.8 nM 1.0-3.1 nM 4.2-4.9 nM 0.6-2.4 nM 1.21-5.78 

nM 1.1-2.0 
Range WDW 
and WSDW 0.2-1.5 nM 1.5-2.5 nM 1.1-3.1 nM 0.36-4.09 nM Not reported Not reported 

Table 2 Comparison of sampling and analytical techniques for dissolved Al reported for the Antarctic 
Ocean. * indicates the values in the table are from the original method paper as no specific value was 
reported in the paper dealing with the Antarctic Ocean. H&L 1976 refers to the original fluorimetric 
method of Hydes and Liss (see Chapter 2); R&M 1994 refers to the flow injection method developed by 
Resing and Measures based on the H&L 1976 method (see Chapter 2); B&B 2008 refers to the improved 
method by Brown and Bruland, based on the R&M 1994 method (see Chapter 2). 

12.1.4 Comparison with previous datasets 
The concentrations of Al in the Arctic and Antarctic Ocean presented in this thesis were generally 
lower than previously published datasets (See Chapters 3, 6, 9 and 10 and Tables 1 and 2). This is 
most likely the result of the novel advances in clean sampling techniques like the Titan all-
titanium sampling system, the sub-sampling from this system in its own clean room environment 
and the improved analyses techniques (see Chapter 2). This stresses the issue of rigorous ultra 
clean sampling and analyses techniques, also for a metal like Al that appears to be more 
contamination sensitive than previously assumed. 

12.2 Recommendations Aluminium 
The concentrations of Al reported in this thesis were generally lower than previously reported 
concentrations for the polar oceans. The possible over estimation in previous studies stresses the 
importance of the use of ultra clean sampling techniques such as the Titan all-titanium CTD 
sampling system and the use standard reference water such as the GEOTRACES or SAFe 
reference samples (www.geotraces.org/Intercalibration) as was done in this study (Chapter 2). 
The use of reference standards would not reveal any problems in sampling, but does validate the 
analyses performed.  
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It appears the uptake of Al by diatoms is an important factor controlling the distribution of Al in 
the global ocean (see text section 12.1.1). Several studies have suggested passive, inorganic 
sorption onto particle surfaces, instead of biological uptake, as an important removal mechanism 
for Al (e.g. Hydes 1979; Moore and Millward, 1984; Orians and Bruland 1985, 1986). However, 
unless the majority of the Al is scavenged onto biogenic siliceous particles, the strong correlation 
between Al and Si remains unexplained. Unfortunately, it is not possible to distinguish between 
the relative importances of incorporating Al in biogenic silica versus preferential scavenging onto 
biogenic siliceous particles based on the data presented in this thesis. Laboratory or in situ studies 
into Al uptake by diatoms and kinetics of Al binding to biogenic siliceous and other particles 
could provide more insight into the processes. 

In this thesis the distribution of dissolved Al has been studied in great detail along high 
resolution ocean sections. This has generated exciting new insights in the global cycling of 
dissolved Al (see text section 12.1.1). However, a large part of the Al ‘life cycle’ in the ocean is 
in the particulate phase, bound to particles or incorporated in the siliceous skeletons of diatoms. 
A lot of information about this phase can be derived from the dissolved Al distribution, but it 
would undoubtedly be very informative to also asses the particulate phase by actual 
measurements of concurrent unfiltered and filtered samples. The acidified storage of Al necessary 
to analyse unfiltered samples of Al has been proven problematic due to apparent slow dissolution 
of contaminant Al from the plastic walls of the bottles (Brown and Bruland, 2008). However, 
cleaned (see Chapter 2) bottles of LDPE with LDPE caps should make it possible to also reliably 
analyse unfiltered samples for Al. 

The input of Al into the deep ocean basins by deep slope convection is obvious from the data 
reported in this thesis (see text section 12.1.3 and Chapters 3, 6, 9 and 10). Direct observations of 
deep slope convection have been reported by physical oceanographers (Shcherbina et al., 2003; 
Talley et al., 2003) However, this was not accompanied by measurements of dissolved Al in the 
cascading waters. It would be interesting to sample the evolution of dissolved Al and particulate 
Al during active deep slope convection. This would not only further quantify the flux, but also 
help to better understand the dissolved-particle interactions of Al with increasing pressure and 
time. 

The data for this thesis was collected along transects that crossed many topographic and 
bathymetric features such as continental shelves, continental slopes, deep basins and mid ocean 
ridges. This way high resolution cross sections were obtained that revealed for example the deep 
slope convection and the relation between Al and Si. However, the cross sections are two 
dimensional representations of the three dimensional ocean and influences to the left and right of 
the transect can be hard to distinguish from the influences along the transect. This was especially 
clear in the Southern Ocean were the Antarctic Circumpolar Current (ACC) was crossed along 
the zero meridian and in Drake Passage. The higher surface concentrations of Al observed along 
the zero meridian are potentially explained by the influence of the continental margins of the 
Antarctic Peninsula and accumulated dust input (Chapter 10) during the eastward flow of the 
ACC from Drake Passage to the zero meridian. Therefore it could prove interesting to sample an 
eastward transect along the flow path of the ACC from Drake Passage and the Patagonian and 
Peninsula sources of Al, towards the zero meridian and beyond to test this hypothesis and assess 
the effects of these sources over time and distance. 

The concentrations of Al sampled by the towed torpedo (target depth of 1.5 m) were 
sometimes lower than those sampled by the TM sampling system (~10 m depth) (see Chapter 6). 
This could simply be the result of differences in sampling techniques as the samples from the 
CTD sampling system were taken even under conditions of floating ice and near ice bergs 
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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. 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. Thus alternatively there might be a real phenomenon of lower concentrations of Al at the 
very upper sea surface that is missed by sampling with a CTD sampling system. For future 
research it might proof interesting to try and sample the upper 25 m with high resolution and try 
to also assess the surface micro layer to determine the possible causes of low concentrations of Al 
at the surface.  

12.3 Summary Manganese 
12.3.1. Hydrothermal input of Manganese 
In the Arctic Ocean within the deep Eurasian Basin near the Gakkel Ridge elevated 
concentrations of Mn were observed that coincided with maxima of Fe and potential temperature 
and a transmission minimum, indicating hydrothermal input (see text Chapter 4). Hydrothermal 
input is a known source of dissolved Mn for the deep ocean (Klinkhammer et al., 1977; 
Klinkhammer and Bender 1980; Klinkhammer et al., 2001), but there are not many in situ studies 
on the extent of this hydrothermal influence on the distribution of Mn in the deep ocean. Maxima 
in the concentration of Mn were observed throughout the entire Eurasian Basin. This shows that 
the influence of hydrothermal vent activity on the distribution of Mn in the deep Arctic Ocean is 
more significant than hitherto realised and can indeed extend to distances of over 500 km, as the 
application of the model of Weiss (1977) predicted. The maxima in the concentration of Mn 
fitted the first order scavenging model of Weiss (1977). Assuming no deep water flow, this model 
was used to calculate the residence times of Mn along two trajectories of the hydrothermal plume 
dispersion by turbulent diffusion. These calculations indicated a counter clockwise current that 
flows along the Gakkel Ridge towards Greenland and Fram Strait and subsequently along the 
Eurasian continental slope as is as suggested by Jones et al. (1995). 

In the Southern Ocean along the zero meridian elevated concentrations of Mn were observed 
near the Bouvet triple junction of three mid ocean ridges (see Chapter 7). These elevated 
concentrations of Mn coincided with elevated concentrations of Fe, while the concentrations of 
Al remained relatively constant. As there are no other obvious sources of both Mn and Fe but not 
Al, the elevated concentrations of Fe and Mn observed over the Bouvet Triple Junction ridge 
must be of hydrothermal origin as also shown by Klunder et al. (submitted) based on the 
Al/(Al+Fe+Mn) ratio. The hydrothermal influence was not only visible over the ridge, but also 
extended into the deep basins on either side of the ridge, showing that also in the Southern Ocean 
the influence of hydrothermal vent activity on the distribution of Mn is more significant than 
hitherto realised. 

In Drake Passage the concentrations of Mn were elevated in the South Pacific Deep Slope 
Water (SPDSW) that also has a pronounced δ3He maximum (see Chapter 11). These elevated 
δ3He concentrations are due to primordial helium that originates from spreading mid-ocean ridges 
and tectonically active hot spots in the Pacific (Well et al., 2003) that are also a source of Mn. 
Indeed a correlation was observed between the concentrations of Mn and δ3He in the SPDSW. 
Outside the depth range where significant percentages of SPDSW are found, Mn and δ3He were 
not related. This is not surprising for a dissolved gas and a dissolved metal with very different 
biogeochemistries. The observed correlation between Mn and δ3He is therefore a very convincing 
indicator of a common source, the spreading mid-ocean ridges and tectonically active hot spots, 
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like hydrothermal vents, in the Pacific. This shows that even in Drake Passage where no (known) 
hydrothermal vents are located, the distribution of Mn is influenced by hydrothermal vent 
activity. 

12.3.2. Fluvial input of Manganese 
In the Southern and Atlantic Ocean no evidence for fluvial input of Mn was observed, except 
near the southern tip of South America in Drake Passage (see Chapters 5, 7, 9 and 11). In the 
Arctic Ocean, however, fluvial input of Mn dominated the distribution of Mn in the surface layer 
(see Chapter 4). The high concentrations of Mn in the Arctic surface ocean correlated negatively 
with salinity and the quasi conservative water mass tracer PO4

* (Broecker et al., 1985; 1998) that 
compensates for organic respiration. The negative correlation between Mn and salinity indicates a 
fresh water source. This fresh water source can be fluvial input, sea ice melt or mixing with 
relatively fresh Pacific water (Ekwurzel et al., 2001). The actual concentrations of PO4

* and the 
correlations between Mn and PO4

* combined give insight in the contributions of the different 
sources. The surface layer in the Eurasian basin appeared to be mainly water of Atlantic origin, 
whereas in the Makarov Basin an upper surface layer of Pacific water was observed on top of 
water of Atlantic origin. However, in both basins fresh water input from rivers and/or sea ice was 
observed and the higher concentrations of Mn corresponded with this fresh water input. 
Extrapolating the Mn-salinity relation observed in the surface layer of the Arctic Ocean to the 
river water end member (Salinity=0) results in a concentration in the range of ~24-36 nM Mn. 
This is much lower than the concentrations of Mn reported for Arctic rivers (~82-1471 nM; 
Höleman et al., 2005) and confirms that a large portion of the high dissolved Mn delivered by the 
Arctic rivers is apparently removed in the shelf seas and does not pass into the central basins. 

12.3.3. Input of Manganese from the continental shelves 
Elevated concentrations of Mn were observed in the shelf seas and over the continental slopes of 
both polar oceans, except near the continental ice edge at the end of the Antarctic zero meridian 
transect (see Chapters 4, 5, 7, 9 and 11). Elevated concentrations of Mn near the continental 
margins are related to sediment (and pore water) resuspension and biological activity over the 
continental shelves and subsequent input of organic matter into the sediments followed by 
microbial breakdown. This microbial breakdown consumes O2 and creates reducing conditions in 
the sediments, favourable for the dissolution and mobilisation of Mn and Fe from the sediments 
(e.g. Sundby and Silverberg, 1985; Heggie et al., 1987; Rutgers van de Loeff, 1990; Pakhomova 
et al., 2007). However, the thick (~200 m) continental ice sheet covered the water column over 
the entire continental shelf and part of the continental slope at the end of the Antarctic zero 
meridian transect. Therefore virtually no surface ocean biology and subsequent export of organic 
matter to the sediments is possible over the continental shelf and slope. A minor elevation of Mn 
near the continental slope was observed, indicating some sediment (and pore water) resuspension, 
but due to the protruding ice sheet that shuts down the biological production, microbial 
breakdown and sedimentary reductive geochemistry the usual input of Mn (and Fe) from the 
shelf seas is apparently absent.  

Over the continental slopes of the Arctic Basin elevated concentrations of Mn were observed 
that corresponded with lowered light transmission (see Chapter 4). This indicates Mn and 
particles from the shelf seas are transported towards the deep basins. Both the anomalies of 
transmission and Mn fade away with increasing distance from the shelf and are no longer 
distinguishable as pronounced minima and maxima in the deep basin beyond the continental 
slope. However, the concentrations of dissolved Mn, Al and barium were elevated in the deepest 
Eurasian Basin and it has been argued this was caused by input from the shelf seas via deep slope 
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convection (see Chapter 3). Also in the deep Weddell Basin, in the Weddell Sea Bottom Water 
(WSBW), elevated concentrations of Mn were observed (Chapter 7 and 9). A similar increase in 
the concentrations of Al in the deep Weddell Basin was observed (see Chapter 6), indicating deep 
slope convection is the source of the elevated concentrations of Mn. For the deep Weddell Basin 
a flux of Mn along the continental slope associated with deep slope convection was calculated 
(see Chapter 9). This indicates not only the surface ocean is affected by the continental margins, 
but also the distribution of Mn in the deep ocean basins is influenced by this source of Mn. In the 
deep southern Drake Passage (see Chapter 11) higher concentrations of Mn were observed that 
were related to the inflow of Weddell Sea Deep Water (WSDW) from the Weddell Sea. The 
elevated concentrations of Mn were apparently due to sediment (and pore water) resuspension 
during transport of the WSDW along the continental slope of the Antarctic Peninsula, potentially 
also mixing with forming WSBW. The high concentrations of Mn in Drake Passage in the region 
with WSDW influence show that deep ocean basins can be influenced by the continental slope, 
even without local deep slope convection. 

12.3.4. Biological uptake of Manganese and co-limitation with Iron 
Manganese is an essential trace nutrient, required in many enzymes (Frausto da Silva and 
Williams, 1994; De Baar and La Roche, 2003) in biological processes, notably photosynthesis. 
Recently it has been shown that Mn is essential in the superoxide dismutase (SOD) enzymes of 
marine diatoms (Peers and Price, 2004; Wolfe-Simon et al., 2006). Under iron (Fe) deficiency the 
electron transport chain of photosynthesis deteriorates, the electrons instead forming destructive 
superoxide radicals to be neutralized by the antioxidant SOD requiring Mn (Peers and Price, 
2004). Thus far, the biological uptake and conceivable depletion of Mn has not been observed in 
ocean waters. As result of improved accuracy of Mn, phosphate and nitrate now the first ever 
direct observations of dissolved Mn depletion in constant proportion to uptake of phosphate and 
nitrate by phytoplankton are reported in this thesis (see Chapter 7, 8 and 9). Herewith we can 
extend with Mn the classical Redfield concept (Redfield et al., 1963; Bruland et al., 1991) of 
uniform element ratio (stoichiometry) of carbon, nitrogen and phosphorus in ocean plankton 
ecosystems. Moreover these concerted depletions of dissolved Mn, phosphate and nitrate 
corresponded with biogenic particle export based on observed 234Th/238U ratio values (See 
Chapter 7, 8 and 9). The surface depletion of Mn in the remote Southern Ocean is discernible due 
to lack of external Mn sources to these surface waters, this in contrast to surface waters of other 
oceans where plankton uptake is more than compensated by ample Mn supply from dissolution 
(Sunda and Huntsman, 1988, 1994; Sunda et al., 1983) of dust, from rivers, and from anoxic 
margin sediments (Statham et al., 1998). Thus in unravelling the High Nutrient Low Chlorophyll 
conditions in the remote Southern Ocean, Mn is now shown to be an essential trace element, 
interacting with previously known significant controls by the combined light and Fe limitation 
(De Baar et al., 2005). The concept of iron limitation of the Southern Ocean must be reconsidered 
as it is obvious now that HNLC conditions are governed by multiple and interacting limiting 
factors Fe, light and Mn. This has major implications for the perceived effectiveness, if at all (De 
Baar et al, 2008), of large scale geo-engineering (Shepherd et al., 2009) by Ocean Iron 
Fertilisation (Buesseler et al., 2008). 

12.3.5. Mn as a source tracer of Fe 
In the Arctic Ocean fluvial input was the dominant input source of both Mn (see Chapter 4) and 
Fe (Klunder, in prep) to the surface ocean. This common source showed in a correlation between 
Mn and Fe in the Arctic surface ocean (PhD thesis M.B. Klunder). Over the continental slope 
input of Mn from the continental shelves was observed in the Arctic Ocean (see Chapter 4), the 
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Weddell Sea (see Chapter 9) and Drake Passage (see Chapter 11). This matched the distribution 
of Fe (PhD thesis M.B. Klunder), suggesting the continental shelves as common source. 
Furthermore, the elevated concentrations of Mn due to hydrothermal input coincided with 
elevated concentrations of Fe in both the Arctic and Southern Ocean (see Chapter 4 and 7). Thus 
besides use as a source tracer of Fe from the continental shelves or hydrothermal input, Mn can 
also be used as a source tracer of Fe from fluvial input. Thus Mn appears to be a valuable source 
tracer of Fe of various sources in the polar oceans. Consequently, in case of mixed sources, like a 
combination of fluvial and continental shelf input to the surface ocean, Mn might be less suitable 
to differentiate between the two sources. For example, in the Arctic Ocean where fluvial input 
was dominant it was not possible to distinguish whether input from the continental shelf to the 
surface ocean was also at stake. When using Mn as a source tracer, comparison with other 
parameters like for example light transmission, temperature and location, is crucial to determine 
whether only one source is of importance and to determine its identity. 

12.4 Recommendations Manganese 
Thus far there was hardly any data available on dissolved Mn in the Arctic Ocean and Atlantic 
sector of the Southern Ocean. Comparison with previously reported data in the same region was 
therefore not always feasible, but it appeared slightly higher concentrations were reported 
previously (See Chapters 7, 9 and 11). Therefore, also for Mn, in any future study ultra clean 
sampling techniques such as the Titan all-titanium CTD sampling system and standard reference 
water such as the GEOTRACES or SAFe reference samples should be used. The use of reference 
standards would not reveal any problems in sampling, but does validate the analyses performed, 
thereby allowing better comparison between data sets. 

The concentrations of Mn were extremely low in the deep basins (~0.1 nM) in the absence of 
any sources such as hydrothermal input or deep slope convection (see Chapter 4, 5, 7, 9 and 11). 
The concentrations of Fe, on the other hand were much higher (~0.4 nM but major differences 
between ocean regions) in the deep basins (see Chapter 5 and Klunder et al., in prep). These 
concentrations of Fe are believed to be the result of organic complexation, keeping the Fe in 
solution at higher concentrations than thermodynamically calculated for an abiotic ocean. The 
much lower concentrations of Mn suggest organic complexation is not, or at least much less 
important for Mn (Chapter 5). It could be interesting to study if Mn is in any way bound to 
organic complexes and why it appears that this is much less important for Mn than for Fe. Both 
metals are trace nutrients taken up by phytoplankton (see Chapter 8) and have similar sources 
such as hydrothermal input and reducing sediments (see Chapter 4, 7 and 11). The metals Mn and 
Fe are chemically quite similar elements (atomic numbers 25 and 26, respectively), notably both 
exhibit an oxidation reduction chemistry in oxic versus anoxic seawater. Nevertheless, both 
exhibit different valences in oxic seawater (Mn4+ and Fe3+) and thus different binding properties 
that might partly explain the observed differences. For example the higher ~0.4 nM Fe versus 
~0.1 nM dissolved Mn in the deep basins, appears consistent with the notion of strong 
stabilisation of Fe in solution by its organic complexation, whereas Mn is hardy complexed, if at 
all. Studying the differences in organic complexation between Fe and Mn, could provide insights 
about the different behaviour of both metals in the oceans.  

Besides the organic complexation (or absence thereof) of Mn, also the particulate phase of Mn 
should be interesting. Like for Al, also for Mn a large part of the ‘life cycle’ in the ocean is in the 
particulate phase, bound to particles or incorporated in algae. By looking at the dissolved phase 
of Mn a lot has been learned about the ‘life cycle’ of Mn and combined with other parameters 
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like light transmission (see Chapter 4) information about the particulate phase can be inferred. 
However, actually studying the particulate phase by actual measurements of concurrent unfiltered 
and filtered samples could shed a different light and perhaps provide improved explanations for 
the observed distribution of dissolved Mn. Especially in hydrothermal plumes it would be 
extremely interesting to follow the evolution of the Mn in the dissolved (and perhaps the 
organically bound) and particulate phase that is released into the deep ocean at the vents. 

Like for Al, the data for this thesis was collected along transects that crossed many 
topographic and bathymetric features. This way high resolution cross sections were obtained that 
revealed for example the hydrothermal input in the deep ocean (see Chapter 4, 7 and 11) and the 
relation between Mn and nutrients in the surface layer of the Southern Ocean (see Chapter 7, 8 
and 9). However, the two dimensional nature of these cross section makes it hard to distinguish 
from influences to the side of the transect. Especially when dealing with hydrothermal plumes of 
which the origin is unsure or when the deep basin circulation is unknown (see Chapter 4 and 7). 
Therefore it would be interesting to sample several transects towards a known hydrothermal vent 
in the deep basin, studying the different fractions as mentioned above, to better assess the plume 
evolution and the corresponding Mn concentration gradients. Besides sampling towards a 
hydrothermal vent, it could be, as suggested for Al, worthwhile for Mn to sample an eastward 
transect along the flow path of the ACC from Drake Passage and the Patagonian and Peninsula 
continental sources. This could provide insight in the origin of the elevated concentrations of Mn 
in the subsurface waters of the Bouvet region that were suggested to be caused by lateral 
advection (see Chapter 7). 

The biological uptake of Mn and the suggested co-limitation with Fe and light have now been 
observed in the field. It should also be extremely interesting to study this in the laboratory in 
controlled experiments by incubating cultured algae in natural sea water (like Timmermans et al., 
2001) with low initial concentrations of Mn and Fe. By adding different amounts of Mn and/or Fe 
to the medium it would be possible to better understand when Mn becomes limiting and how the 
interacting with Fe shows. Moreover, there might be different Mn and Fe requirements under 
different light conditions as Mn has been suggested to be important in the destruction of free 
radicals that are produced by light (see Chapter 1 and 8). These kinds of experiments would also 
help to predict some of the effects of ocean fertilisation like large scale geo-engineering and the 
effects of natural fertilisation via dust input as suggested being partly responsible for the lower 
CO2 concentrations during glacial maxima (Martin et al., 1990; De Baar et al., 2005), 
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