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Chapter 1 
 
Introduction 
 
1.1. Trace metals in the ocean 
The large ecosystems of our living planet are driven by photosynthesis. This is true both on land 
and in the oceans. Photosynthesis is the biochemical process that converts carbon dioxide (CO2) 
and water (H2O) to glucose (sugar) and oxygen (O2) using sunlight (photons) as the energy 
source. The photo-autotrophic organisms, organisms that are capable of photosynthesis, 
constitute the base of the food web and all other organisms in the ecosystem are eventually 
depending on these autothrops. Photosynthesis is thus the engine of all life and is described by 
the following equation: 

 12 H2O + 6 CO2 + photons  C6H12O6(glucose) + 6 O2 + 6 H2O (eq. 1) 

which combines the light reaction and the dark reaction. Here the 6 extra H2O molecules at left 
are required in the light reaction, and the 6 extra H2O at right are produced again in the dark 
reaction. In most English language textbooks this is omitted (Landing, pers. comm.) leading to 
the most simple basic equation:  

 H2O + CO2 + photons  (CH2O) + O2    (eq. 2) 

In the modern oceans the algae, the photo autotrophic organisms also known as phytoplankton, 
are the base of the food web. There are some exceptions to this rule as some ecosystems are 
driven by chemo autotrophic life forms in the deep oceans that live without light. Photo 
autotrophic phytoplankton lives near the surface of the ocean where the light penetrates (euphotic 
zone). Below this zone, where no sun light is present (dark ocean or aphotic zone), photo 
autotrophic organisms cannot live.  

Besides water, carbon dioxide and light, algae also need other elements, the major nutrient 
elements and trace nutrient elements. The most important major nutrient elements needed by 
algae are nitrogen (N) and phosphorous (P). Diatoms are algae that build siliceous frustules as an 
external skeleton for which the additional nutrient element silicon (Si) is needed. Diatoms 
represent about 40% of the phytoplankton abundance and photosynthesis in the oceans. It was 
discovered by oceanographers in the early twentieth century that the phytoplankton assimilates 
the nutrients carbon (C), N and P in a more or less uniform ratio (De Baar, 1994 and references 
therein). Later this was developed into a more general concept by Alfred Redfield (Redfield et 
al., 1963) with the stoichiometric ratio of: 

 C:N:P = 106:16:1       (eq. 3) 

Later this Redfield ratio was extended with several trace metals: iron (Fe), zinc, (Zn), copper 
(Cu), manganese (Mn), nickel (Ni), cobalt (Co) and cadmium (Cd) (e.g. Morel and Morel-
Laurens, 1983; Bruland et al., 1991). Such trace metals are also essential for phytoplankton 
growth as they are used as co-factors in many enzymes in vital processes (e.g. Sunda et al., 1991; 
Sunda, 2001). A co-factor is bound within an enzyme and is required for its biological function. 
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For example, Mn and Fe are co-factors in several enzymes for photosynthesis. The need for these 
trace metals as nutrients originates from the initial development of life (e.g. Broecker, 1985; 
Frausto da Silva and Williams, 1994; Turner et al., 2001; De Baar and La Roche, 2003). As life 
developed in the primordial ocean, the more abundant chemical elements were used for distinct 
biochemical functions, based on their availability and their chemistry in the environment of the 
primordial ocean. The metals Mn, Fe, Co and Cu for example, were well suited for the storage, 
transport and transfer of energy (Frausto da Silva and Williams, 1994), which are essential 
functions for all living organisms. In the ocean in the Archean era (3.8-2.5 Gy before present) 
these metals would have been readily soluble under the oxygen free conditions and be present in 
relatively high concentrations (Turner et al., 2001). Other metals like silver (Ag), mercury (Hg) 
and lead (Pb) were present in much lower concentrations and therefore thought not to be used for 
biochemical functions and deemed to be toxic instead (De Baar and La Roche 2003). 

When the cyanobacteria evolved and started producing oxygen through photosynthesis (about 
3 Gy before present) the oxygen was initially reduced by the available soluble Fe (FeII) to iron 
oxides that precipitated. This led to the formation of deposits of iron in the earth’s crust, known 
as Banded Iron Formations (De Baar and La Roche, 2003). Presently these iron deposits are 
mined as iron ore. Eventually there was no Fe remaining to precipitate the oxygen and the ocean 
became oxygenated, followed by the subsequent oxygenation of the atmosphere (Broecker, 
1985). Due to this production of free oxygen by photosynthesis, Cu and Zn became more 
available in the ocean, but the concentrations of dissolved Fe and Mn decreased due to formation 
of insoluble oxides (De Baar and De Jong, 2001; De Baar and La Roche, 2003). While life on 
earth further evolved, Cu and Zn became more important as co-factors whereas Fe and Mn 
remained crucial for biochemical functions and enzymes developed in the earlier stages of 
evolution (De Baar and La Roche, 2003). The development of photosynthesis and production of 
free oxygen eventually facilitated the evolution of ‘higher’ organisms in the ocean and later on 
land. However, free oxygen is a very reactive and therefore toxic gas and during the biological 
reduction of oxygen to water several dangerous intermediate products like oxygen radicals and 
hydrogen peroxide can be formed (Wolfe-Simon et al., 2006). Therefore, organisms in an oxygen 
rich world had to protect themselves with enzymes that neutralise these hazardous reactive 
entities within their living cells. In the defence enzymes thus evolving, Cu, Zn, Fe and Mn are 
crucial co-factors and thus organisms depend on these metals as anti-oxidants in suitable 
proportions (De Baar and La Roche, 2003; Peers and Price, 2004; Wolfe-Simon et al., 2006). If 
organisms are not able to get enough of a crucial metal their growth is limited and the deprivation 
of this metal can even lead to reduced vitality or death. An example of this in humans is anemia 
which is caused by Fe deprivation.  

Instead of being limited by a trace metal, organisms can also experience toxicity from metals 
in their environment (Frausto da Silva and Williams, 1994; De Baar and La Roche, 2003). Lead 
is for example a potentially toxic metal of which the concentrations have risen in the atmosphere 
and hence in the oceans by combustion of leaded gasoline (Jickels, 1995). However, also metals 
required for biochemical functions like Cu or Cd can induce toxicity if the ambient 
concentrations are too high, for example in the estuaries and coastal waters of polluted rivers. 
Due to anthropogenic activities like mining and processing of metals, the emissions of many 
metals into the biosphere, most notably into rivers and the atmosphere, have increased. Also 
changes in land use are affecting the metal abundances in the biosphere (De Baar and La Roche, 
2003). For example irrigation, waste water management and other changes in water management 
affect the rivers and lakes but also the groundwater level. Changes in groundwater levels in turn 
affect the penetration of oxygen into the ground en thereby the redox-state and the solubility of 
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the metals in the ground. Changes in water management can lead to dangerous levels of metals 
like arsenic in drinking water (e.g. Harvey et al., 2002, Neumann et al., 2009), but also influences 
the amount of metals that eventually reaches the estuary via the rivers (Middag, 2006).  

In the remote open ocean on the other hand, most metals usually occur in extremely low 
(trace) concentrations and in about 40% of the ocean Fe is believed to be limiting phytoplankton 
growth. In these regions the major nutrients are in adequate supply, which is unlike the remaining 
ocean regions where usually either N or P is limiting. The regions where the major nutrients are 
not limiting (but phytoplankton growth is low) are known as High Nutrient Low Chlorophyll 
(HNLC) regions (Martin 1990; Moore et al., 2002; De Baar and La Roche, 2003). The three 
major HNLC regions are the Antarctic Ocean, the Equatorial Pacific Ocean and the Subarctic 
North Pacific Ocean. These HNLC regions might be limited by Fe, but also other elements are in 
short supply as the HNLC regions are far away from land sources of these elements. Therefore 
other elements like Cu (Peers et al., 2005) or Mn (Peers and Price, 2004) might become limiting. 
Alternatively there is not one single limiting factor, as also co-limitation of Fe with other metals 
(e.g. Peers and Price, 2004; Schulz et al., 2004; Peers et al., 2005) or co-limitation of Fe with 
light availability (e.g. De Baar et al., 2005) (e.g. Peers and Price, 2004; Peers et al., 2005) has 
been suggested. Limitation of ocean phytoplankton affects not only the local ecosystem, but as a 
consequence also the global carbon cycle by more or less uptake of CO2. The uptake of CO2 by 
phytoplankton for photosynthesis and subsequent sinking of organic particles like dead organisms 
and faecal pellets (export) to the deep ocean is known as the biological pump. If CO2 is taken up 
in the surface ocean by phytoplankton the water becomes undersaturated and the CO2 is 
replenished, albeit slowly, from the atmosphere. Thus overall, the amount of carbon that is 
brought to the deep ocean via this biological pump affects the atmospheric CO2 concentration and 
therefore the global climate. Martin (1990) suggested increased dust input during the Last Glacial 
Maximum to be partly responsible for the lower CO2 concentrations during this glacial 
maximum, the iron hypothesis. This has raised the issue of climate mitigation by artificial iron 
fertilisation of the HNLC regions to draw down anthropogenic CO2. This issue for two decades 
was controversial. However, iron fertilisation appears less effective than initially perceived (De 
Baar et al., 2005) and the ensuing export of Carbon into the deep ocean is less (De Baar et al., 
2008a) than originally hypothised (Martin, 1990). Moreover, trying to change the ocean 
ecosystem by anthropogenic intervention might result in secondary, unexpected effects that can 
have severe foreseen and unforeseen consequences for the ecosystems and climate.  

1.2. GEOTRACES and the International Polar Year 
The PhD project of which this thesis is the result, was conducted within the frame work of the 
International Polar Year (IPY; www.ipy.org) and of the GEOTRACES program 
(www.geotraces.org). GEOTRACES aims to conduct an international study of the global marine 
biogeochemical cycles of trace elements and their isotopes which is stated as follows in the 
GEOTRACES mission: 

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. 

To achieve this mission, three overriding goals have been set. 

1.  To determine global ocean distributions of selected trace elements and isotopes – 
including their concentration, chemical speciation and physical form – and to evaluate the 
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sources, sinks, and internal cycling of these species to characterise more completely the 
physical, chemical and biological processes regulating their distributions. 

2.  To understand the processes involved in oceanic trace-element cycles sufficiently well 
that the response of these cycles to global change can be predicted, and their impact on 
the carbon cycle and climate understood.  

3.  To understand the processes that control the concentrations of geochemical species used 
for proxies of the past environment, both in the water column and in the substrates that 
reflect the water column. 

Six trace metals have been identified as key parameters by the GEOTRACES scientific 
community (Geotraces Science Plan, 2006). These are Fe, aluminium (Al), Mn, Zn, Cd and Cu. 
Dissolved Fe is an essential trace nutrient (see text 1.1.). With the current interest in the role of 
iron as an important limiting trace nutrient and in Fe fertilisation of the oceans (de Baar et al., 
2005; Boyd et al., 2007), there is a pressing need to better understand the natural Fe distribution 
and cycling. Iron can be brought to the oceans by all conceivable external input sources and Fe 
has quite a complex internal cycling that is not yet fully understood. Complexation of Fe with 
organic ligands (i.e. the Fe is bound to organic molecules), is very important to keep Fe in 
solution in oxic sea water. A typical Fe profile in the open ocean usually shows a surface 
depletion and relatively uniform deep concentrations (Johnson et al., 1997). 

Dissolved Al is a trace metal with a scavenged-type distribution (see text section 1.3.) and an 
extreme difference between the extremely low concentrations in the North Pacific and the 
elevated concentrations in the North Atlantic; varying by greater than two orders-of-magnitude 
(Orians and Bruland, 1985). The distribution of dissolved Al in surface waters of the open ocean 
is influenced by atmospheric dust inputs (Measures et al., 2008) and variations in the intensity of 
removal by scavenging. The surface distribution of dissolved Al can potentially be a tracer of 
atmospheric Fe inputs. For Al there is no known biological function within the cell, but it has 
been shown Al is build into the siliceous frustules of diatoms (Gehlen et al., 2002). The 
incorporation of Al in the frustules decreases the solubility of the frustule (e.g. Van Bennekom et 
al., 1991, Gehlen et al., 2002), making the frustule more durable.  

Dissolved Mn is a trace metal with a scavenged-type distribution due the formation of 
insoluble oxides in oxygenated sea water (see text section 1.1.) and the distribution of Mn is 
strongly influenced by external inputs. Dissolved Mn can be a tracer of hydrothermal sources and 
of reducing sediment input (see text section 1.4.). Like dissolved Al, the distribution of dissolved 
Mn can potentially provide insight into Fe inputs as Mn and Fe can come from the same sources. 
Dissolved Mn is a trace nutrient that has been suggested to become quite important for 
phytoplankton (especially diatoms) under low Fe conditions (Peers and Price, 2004).  

Dissolved Zn has a nutrient-type distribution, i.e. the concentrations in the surface ocean are 
depleted and the deep ocean waters are enriched. This not only shows vertically in the ocean, but 
also between ocean basins as the old deep waters of the North Pacific are enriched relative to the 
young deep waters of the North Atlantic (Bruland and Franks, 1983; Bruland and Lohan, 2004). 
This is contrary to the distribution of dissolved Al which shows the reverse trend between the 
Atlantic and the Pacific Ocean (see above). Dissolved Zn is another potentially (co-)limiting trace 
nutrient element (Schulz et al., 2004; Shaked et al., 2006), but it is also an anthropogenic 
contaminant with an atmospheric source (Jickels, 1995).  

Dissolved Cd also has a nutrient-type distribution with surface depletion (surface waters are 
~0.1% of deep water concentrations) and a marked enrichment of the old deep waters of the 
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North Pacific relative to North Atlantic deep water. It is a trace nutrient that is able to substitute 
for Zn in enzymes such as carbonic anhydrase (Park et al., 2007) which can be used by 
phytoplankton to acquire enough CO2 for photo synthesis.  

Dissolved Cu is another trace nutrient, suggested to be important under low dissolved Fe 
conditions (Peers et al., 2005). Complexation with strong Cu-binding organic ligands (i.e. the Cu 
is bound to organic molecules), is notably important. Elevated concentrations of free Cu are 
potentially toxic to photosynthetic bacteria. 

The IPY is a large scientific programme focused on the Arctic and the Antarctic regions. 
Although the name suggests otherwise, an IPY is longer than just one year. This way the research 
has full and equal coverage of both the Arctic and the Antarctic by two full annual cycles from 
March 2007 to March 2009. This IPY is actually the fourth polar “year”, following those in 1882-
1883, 1932-1933, and 1957-1958.  

The polar regions have strong links with the rest of the globe, especially in oceanography. In 
these cold regions of our globe, cold and dense water is formed that drives the global 
thermohaline circulation. Furthermore, the polar regions are recognized as sensitive barometers 
of environmental change (IPY Scope of Science, 2007). Therefore the polar regions are well 
suited to assess the sensitivity of trace metal cycling to global change; the second overriding goal 
of the GEOTRACES program. However, the current distributions of the key parameters are 
largely unknown due to the inaccessibility and harsh conditions of the polar regions. Therefore it 
is of crucial importance to first get reliable data on trace metal distributions to be able to define 
the baseline, i.e. to know the current distribution of the trace metals for next to be able to monitor 
changes that might occur in the future. 

1.2.1 Objective of this study  
For this PhD thesis the distributions of the second and third GEOTRACES key trace metals, Al 
and Mn, were studied in the polar oceans (see Chapter 2 for details). Concurrently the distribution 
and speciation of the first key element, Fe, was studied in two other PhD projects by colleagues 
M.B. Klunder and C.-E. Thuróczy, respectively. In line with the GEOTRACES goals, the 
objectives of this study are: 

1. To measure the concentrations of Al and Mn in the polar oceans with optimal accuracy and far 
greater sampling intensity of the distributions than before. 

2. To assess the sources, sinks, and internal cycling of Al and Mn and to gain insight in the 
processes regulating the distributions. 

The results of this study are combined with studies of other GEOTRACES variables during the 
two cruises, and in this way the second GEOTRACES goal, to be able to predict the response of 
the trace metal cycles and the subsequent impact on the carbon cycle and global climate, can 
potentially be fulfilled. Before the two major expeditions to the polar oceans, also one cruise to 
the southeast North Atlantic Ocean was done as a preparation for the polar expeditions. Besides 
serving as a preparation cruise, also some very interesting results were obtained about Al, Mn and 
Fe (Chapter 5) which could be used in the interpretation of the global cycle of Al (Chapter 6). 

In the following sub-chapters 1.3. and 1.4. the trace metals Al and Mn will be further 
introduced. Outside the polar regions considerable research has been done on the distributions 
and cycling of these metals. The data obtained in this study can thus be compared with what is 
already known about the distribution of Al and Mn in the oceans in general. Furthermore, 
advances in clean sampling protocols and analytical techniques allow to sample high resolution 
ocean transect, providing extensive new data sets. Especially the development of the Titan all-
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titanium CTD sampling system allows to sample with a high vertical resolution of 24 depths with 
simultaneous and continuous measurement (over the full depth of the water column) of 
hydrographical parameters such as the salinity, temperature, oxygen (De Baar et al., 2008b). This 
way an extensive comparison between the different parameters and the concentrations of Al and 
Mn can be done. 

1.3 Dissolved Aluminium in the Ocean 
The element Al is, with an average of 8.23 % by weight, the third most abundant  
element in the earth’s crust (Taylor, 1964), after oxygen (O) and silicon (Si) with an average of 
46.4% and 28.15% crustal abundance by weight, respectively. There is wide variability in crustal 
composition, nevertheless these averages when expressed as atoms imply that for each one Al 
atom there are about three Si atoms in the crust of the earth. Yet in seawater Al only exists in 
nanomolar concentrations, some two to three orders of magnitude below the micromolar 
concentrations of Si in seawater.  

Dissolved Al occurs in a wide range of concentrations in the world oceans, from as low as 0.1 
nM in surface waters of the Pacific Ocean (Orians and Bruland, 1986; Measures et al., 2005) to 
174 nM in the Mediterranean Sea (Hydes et al., 1988). Aluminium has been shown to have a 
quite complex biogeochemistry. Moreover, its residence time is much shorter in the surface ocean 
than in the deep ocean (Orians and Bruland, 1985, 1986). Fluvial (river) input has initially been 
proposed as a major source of Al to the oceans (e.g. Stoffyn and Mackenzie 1982), yet since then 
it has been shown that fluvial inputs of Al to the open ocean are negligible due to estuarine 
removal processes (Mackin and Aller 1984;Tria et al., 2007 and references therein). Maring and 
Duce (1987) concluded that aeolian dust was most likely the main source of Al to the open ocean 
which since then has been shown convincingly (Tria et al., 2007 and references therein). 
Therefore, the surface concentrations of Al in remote oceans are predominantly influenced by 
aeolian dust deposition. Conversely in regions without significant dust deposition, the 
concentrations of Al are known to be below 1 nM in surface waters (Orians and Bruland, 1985; 
Measures and Vink, 2000; Kramer et al., 2004). 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). In regions with 
perennial sea-ice cover, like the Arctic 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, especially when sediment material has been entrained in the ice (Measures, 
1999).  

The residence time of Al in surface waters is deemed to be short, from only 4 weeks to 4 years 
(Orians and Bruland, 1986) due to removal from the water column. Removal can be either 
passive or active. Passive removal has been suggested via adsorption onto particle surfaces 
(Hydes, 1979; Moore and Milward, 1984; Orians and Bruland, 1985, 1986). Indications for active 
uptake have been found in nutrient-like distributions of Al in the water column in some, but by 
no means all, ocean regions. The nutrient-like vertical profiles may indicate biological uptake of 
Al (Chou and Wollast, 1997; Hydes et al., 1988; Kramer et al., 2004; Stoffyn, 1979). Moreover, 
Gehlen et al. (2002) found that Al is structurally associated with biogenic silica due to 
incorporation of Al in the siliceous frustules of living diatoms in the photic surface layer. This is 
consistent with earlier studies of Al incorporation in opal frustules of diatoms (Van Bennekom et 
al., 1989, 1991; Van Beusekom and Weber, 1992). When the biogenic silica sinks out of the 
photic zone, it is degraded and dissolves throughout the water column, releasing the incorporated 
Al as well. This implies that the oceanic Al cycle is, at least partly, linked to the cycle of silicon 
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(Si) in the oceans. However, not all dissolved Al and Si in the water column originate from 
marine biogenic silica as there are also contributions of terrestrial alumino-silicates via the 
atmosphere, sea ice, rivers and sediment interactions. These alumino-silicates originate from the 
continental crust and have a much higher Al/Si ratio of about 1:3 (Taylor, 1964; Wedepohl, 1995) 
than the average ratio of about 1:400 observed in biogenic silica (Gehlen et al., 2002 and 
references therein). In contrast to Al, for which the main input is believed to be via aeolian dust, 
Si is mainly brought into the oceans by rivers (Broecker and Peng, 1982). In the deep ocean the 
concentrations of Al have been suggested to be semi-conservative (Measures and Edmond, 1990) 
due to less scavenging removal and deep water residence times have been estimated to be 
between 50 and 200 years (Orians and Bruland, 1985, 1986). Additional input to the deeper water 
column has been suggested via diffusion from the sediments (Hydes, 1977), pressure dependent 
solubility of Al-containing particles (Moore and Millward, 1984) and shelf water input via deep 
slope convection (Measures and Edmond, 1992).  

The known behaviour and sources and sinks of Al described above are used in the following 
Chapters on Al (3, 5, 6, 9 and 10) for comparison with the data obtained for this thesis. Hereby 
more insight is gained on the (internal) cycling, sources and sinks of Al in the polar oceans and 
on a global scale. By comparing the distribution of Al with the distribution of Fe (PhD thesis 
M.B. Klunder) the suitability of Al as source tracer for atmospheric Fe input to the polar oceans 
can be assessed (Chapter 12). Chapter 3 describes the distribution of Al in the Arctic Ocean and 
the correlation there found between Al and Si. Chapter 5 deals with the cruise to the southeast 
North Atlantic Ocean and the distributions of Al, Fe and Mn and the correlations between Al and 
Fe with Si. Chapter 6 describes the distribution of Al in the Antarctic Ocean and that no 
correlation was found between Al and Si. Furthermore, in this chapter the global relation between 
Al and Si is assessed based on the observed correlations between Al and Si or the lack thereof. 
Chapter 9 describes the distribution of Al in the Weddell Sea and the fluxes to this ocean basin. 
Finally chapter 10 deals with the distribution of Al in Drake Passage and effects of the water 
mass circulation and continental margins on this distribution. 

1.4 Dissolved Manganese in the Ocean 
The element Mn is the twelfth most abundant element in the Earth’s crust (Wedepohl, 1995), but 
in the open ocean it only exists in nanomolar concentrations. However, it occurs in a much 
smaller range than dissolved Al, in the range of 0.1-25 nM Mn in the surface ocean (Shiller, 
1997) and generally low concentrations in the range of 0.1-0.2 nM Mn in the deep ocean 
(Landing and Bruland, 1980, 1987; Statham et al., 1998). It occurs in natural waters as insoluble 
Mn oxides and as soluble Mn ions (Sunda and Huntsman, 1994). The latter are 
thermodynamically unstable in oxic seawater, with relatively slow inorganic oxidation kinetics. 
However, this process is accelerated by microbial mediation (Sunda and Huntsman, 1988 and 
references therein; Tebo et al., 2007 and references therein), and therefore, Mn ions should 
oxidise to insoluble Mn oxides and be lost from the water column via particulate scavenging and 
sinking (Sunda and Huntsman, 1994). This is observed below the photic zone, where dissolved 
Mn concentrations decrease quickly with increasing depth to low and quite uniform 
concentrations. These have been estimated to be around 0.15 nM in the deep Atlantic Ocean 
(Statham et al., 1998) and similar deep concentrations have been reported for the deep Pacific 
Ocean (Landing and Bruland, 1980, 1987). However, in the surface layer a typical dissolved Mn 
profile shows elevated concentrations (e.g. Landing and Bruland, 1980). It has been shown that 
the elevated surface concentrations of dissolved Mn are mainly the result of photo reduction that 
reduces the Mn oxides back to soluble Mn ions (Sunda et al., 1983; Sunda and Huntsman 1988, 
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1994). Besides photo reduction, also atmospheric input (Landing and Bruland, 1980; Baker et al., 
2006) or fluvial input (e.g. Elderfield, 1976; Aguilar-Islas and Bruland 2006), may contribute.  

Manganese, as other trace metals, can also reach the open ocean via other pathways, notably 
Mn can enter the water column by reductive dissolution from (anoxic or suboxic) sediments (e.g. 
Froelich et al., 1979; Johnson et al., 1992; Heggie et al., 1987; Pakhomova et al., 2007), lateral 
transportation from the marginal sediments (e.g. Landing and Bruland, 1980; Martin and Knauer 
1984; Johnson et al., 1992) or hydrothermal input (Klinkhammer et al., 1977; Klinkhammer and 
Bender 1980). In the productive shelf seas, the export of particulate matter to the sea floor and the 
subsequent microbial breakdown with associated oxygen consumption can lead to anoxic or 
suboxic conditions in the sediment. Under these circumstances Mn gets mobilised from the 
sediments into the pore water (Rutgers van de Loeff, 1990) and can subsequently flux out into the 
overlying water column (e.g.; Sundby and Silverberg, 1985; Pakhomova et al., 2007). Sediments 
that are anoxic or suboxic close to the sediment-water interface are usually not observed in the 
deep open ocean, with some exceptions in semi-enclosed deep basins like the Black Sea or 
Cariaco Trench. In these specific ocean regions also the (deep) water column is anoxic, leading to 
much higher concentrations of dissolved Mn (e.g. Jacobs et al., 1987; Haraldsson and 
Westerlund, 1988; Lewis and Landing, 1991; Yemenicioglu et al., 2006; Percy et al., 2008). 
Active hydrothermal vents are most prominent in fast spreading regions like the deep Pacific but 
are also found in slower spreading regions like the Gakkel ridge in the Arctic Ocean (Edmonds et 
al., 2003) and in the Bransfield Strait near the Antarctic Peninsula (Klinkhammer et al., 2001). 
These hydrothermal vents release trace metals like Mn and iron (Fe), but also primordial trace 
gases like methane and helium (He) (Well et al, 2003; Keir et al., 2009). 

Dissolved Mn is an essential trace nutrient, which is needed in enzymes for various biological 
processes in cells (see text section 1.1). Most notably Mn is needed in Photosystem II (PS II) for 
the splitting of water by photo autotrophs to supply electrons to the reaction centre of PS II (e.g 
Sunda et al., 1983 and references therein; Raven, 1990). Recently it has been shown that Mn is 
also essential in the superoxide dismutase (SOD) enzymes of marine diatoms (Peers and Price, 
2004; Wolfe-Simon et al., 2006). The SOD destroys reactive oxygen species (ROS) such as 
superoxide and hydroxyl radicals at the site of production, because these highly reactive ROS cannot 
diffuse across cell membranes. Under iron (Fe) deficient conditions the efficiency of PS II decreases 
(Greene et al., 1992; McKay et al., 1997), which presumably increases the formation of ROS due to 
the less efficient flow of electrons through the photosynthesis (Peers and Price, 2004). Thus the 
availability of Mn is essential especially under Fe deficient circumstances.  

The known behaviour and sources and sinks of Mn described above are used in the following 
Chapters on Mn (4, 5, 7, 8, 9 and 11) for comparison with the data obtained for this thesis. This 
way, more insight is gained in the sources and sinks of Mn in the polar oceans, especially in the 
biological cycling. By comparing the distribution of Mn with the distribution of Fe (PhD thesis 
M.B. Klunder) the suitability of Mn as source tracer for Fe input from the continental margins or 
hydrothermal vents to the polar oceans can be assessed (Chapter 12). Chapter 4 describes the 
distribution of Mn in the Arctic Ocean and the importance of river input and hydrothermal 
sources. Chapter 5 deals with the cruise to the southeast North Atlantic Ocean and the 
distributions of Al, Fe and Mn. Chapter 7 describes the distribution of Mn in the Antarctic Ocean 
and the correlation that was observed between Mn and nutrients. Chapter 8 describes and 
discusses the conceivable co-limitation of Mn and Fe on primary production. In Chapter 9 the 
distribution of Mn in the Weddell Sea is described and the fluxes to this ocean basin are 
discussed. Finally, chapter 11 deals with the distribution of Mn in Drake Passage and the 
influence of hydrothermal vents in the Pacific on the distribution of Mn in Drake Passage. 



Introduction 
 

17 
 

References 
Aguilar-Islas, A., Bruland, K.W., 2006. Dissolved manganese and silicic acid in the Columbia 

River plume: a major source to the California Current and coastal waters off Washington and 
Oregon. Marine Chemistry 101 (3-4), 223-247. 

Baker, A.R., Jickells, T.D., Witt, M., Linge, K.L., 2006. Trends in the solubility of iron, 
aluminium, manganese and phosphorus in aerosol collected over the Atlantic Ocean. Marine 
Chemistry 98 (1), 43-58. 

Boyd, P.W., Jickells, T., Law, C.S., Blain, S., Boyle, E.A., Buesseler, K.O., Coale, K.H., Cullen, 
J.J., de Baar, H.J.W., Follows, M., Harvey, M., Lancelot, C., Levasseur, M., Owens, N.P.J., 
Pollard, R., Rivkin, R.B., Sarmiento, J., Schoemann, V., Smetacek, V., Takeda, S., Tsuda, A., 
Turner, S., Watson, A.J., 2007. Mesoscale iron enrichment experiments 1993-2005: Synthesis 
and future directions. Science 315 (5812), 612-617. 

Broecker, W.S., 1985. How to build a habitable planet. Eldigio Press, Palisades, New York, 
USA, p. 291. 

Broecker, W.S., Peng, T.H., 1982. Tracers in the Sea. Eldigio Press, New York, USA, p. 689. 
Bruland, K.W., Donat, J.R., Hutchins, D.A., 1991. Interactive influences of bioactive trace-

metals on biological production in oceanic waters. Limnology and Oceanography 36 (8), 
1555–1577. 

Bruland, K.W., Franks, R.P., 1983. Mn, Ni, Cu, Zn, and Cd in the western North Atlantic. In: 
C.S. Wong, E. Boyle, K.W. Bruland, J.D. Burton and E.D. Goldberg (Editors), Trace Metals 
in Sea Water. Plenum, New York, USA, pp. 395-414. 

Bruland, K.W., Lohan , M.C., 2004. The control of trace metals in seawater. Chapter 2 in: The 
Oceans and Marine Geochemistry (Ed. H. Elderfield), 23− 47. Treatise on Geochemistry (Eds. 
H.D. Holland and K.K. Turekian), Elsevier-Pergamon, Oxford, UK. 

Chou, L., Wollast, R., 1997. Biogeochemical behavior and mass balance of dissolved aluminium 
in the western Mediterranean Sea. Deep-Sea Research II 44 (3–4), 741– 768. 

De Baar, H.J.W., 1994. von Liebig's Law of the Minimum and Plankton Ecology (1899-1991). 
Progress in Oceanography, 33 (4), 347-386. 

De Baar, H.J.W., Boyd, P.W., Coale, K.H., Landry, M.R., Tsuda, A., Assmy, P., Bakker, D.C.E., 
Bozec, Y., Barber, R.T., Brzezinski, M.A., Buesseler, K.O., Boye, M., Croot, P.L., Gervais, 
F., Gorbunov, M.Y., Harrison, P.J., Hiscock, W.T., Laan, P., Lancelot, C., Law, C.S., 
Levasseur, M., Marchetti, A., Millero, F.J., Nishioka, J., Nojiri, Y., van Oijen, T., Riebesell, 
U., Rijkenberg, M.J.A., Saito, H., Takeda, S., Timmermans, K.R., Veldhuis, M.J.W., Waite, 
A.M., Wong, C.S., 2005. Synthesis of iron fertilization experiments: From the iron age in the 
age of enlightenment. Journal of Geophysical Research-Oceans 110 (C9), C09S16. 

De Baar, H.J.W., De Jong, J.T.M., 2001. Distributions, sources and sinks of Iron in seawater, 
Chapter 5 in: Biogeochemistry of Iron in Seawater (Eds. Turner, D.R., Hunter, K.A.), 123-
253. IUPAC Book Series on Analytical and Physical Chemistry of Environmental Systems 7, 
John Wiley & Sons Ltd, Chichester, UK. 

De Baar, H.J.W., Gerringa, L.J.A., Laan, P., Timmermans, K.R., 2008a. Efficiency of carbon 
removal per added iron in ocean iron fertilization. Marine Ecology-Progress Series 364, 269-
282. 

De Baar, H.J.W., La Roche, J., 2003. Metals in the Oceans; Evolution, Biology and Global 
Change. In: Marine Scientific Frontiers for Europe (eds. Lamy, F., Wefer, G.), 79-105, 
Springer Verlag, Berlin, Germany. 



Chapter 1 

18 
 

De Baar, H.J.W., Timmermans, K.R., Laan, P., de Porto, H.H., Ober, S., Blom, J.J., Bakker, 
M.C., Schilling, J., Sarthou, G., Smit, M.G., Klunder, M., 2008b. Titan: A new facility for 
ultraclean sampling of trace elements and isotopes in the deep oceans in the international 
Geotraces program. Marine Chemistry 111 (1-2), 4-21.  

Edmonds, H.N., Michael, P.J., Baker, E.T., Connelly, D.P., Snow, J.E., Langmuir, C.H., Dick, 
H.J.B., Muhe, R., German, C.R., Graham, D.W., 2003. Discovery of abundant hydrothermal 
venting on the ultraslow-spreading Gakkel ridge in the Arctic. Nature 421 (6920), 252-256. 

Elderfield, H., 1976. Manganese fluxes to the oceans. Marine Chemistry 4 (3), 103-132. 
Frausto da Silva, J.J.R., Williams, R.J.P., 1994. The Biological Chemistry of the Elements, 

Clarendon Press, Oxford, UK, p. 651. 
Froelich, P.N., Klinkhammer, G.P., Bender, M.L., Luedtke, N.A., Heath, G.R., Cullen, D., 

Dauphin, P., Hammond, D., Hartman, B., Maynard, V., 1979. Early oxidation of organic 
matter in pelagic sediments of the eastern equatorial Atlantic: suboxic diagenesis. Geochimica 
et Cosmochimica Acta 43 (7), 1075-1090. 

Gehlen, M., Beck, L., Calas, G. Flank, A.M., Van Bennekom, A.J., Van Beusekom, J.E.E., 2002. 
Unraveling the atomic structure of biogenic silica: Evidence of the structural association of Al 
and Si in diatom frustules. Geochimica et Cosmochimica Acta 66 (9), 1604-1609. 

Gehlen, M., Heinze, C., Maier-Reimer, E., Measures, C.I., 2003. Coupled Al-Si geochemistry in 
an ocean general circulation model: A tool for the validation of oceanic dust deposition fields? 
Global Biogeochemical Cycles 17 (1), 1028. 

GEOTRACES Planning Group, 2006. GEOTRACES Science Plan. Baltimore, Maryland: 
Scientific Committee on Oceanic Research. 

Greene, R.M., Geider, R.J., Kolber, Z., Falkowski, P.G., 1992. Iron-Induced Changes in Light 
Harvesting and Photochemical Energy-Conversion Processes in Eukaryotic Marine-Algae. 
Plant Physiology 100 (2), 565-575. 

Han, Q., Moore, J.K., Zender, C., Measures, C., Hydes, D., 2008. Constraining oceanic dust 
deposition using surface ocean dissolved Al. Global Biogeochemical Cycles 22 (2), GB2003. 

Haraldsson, C., Westerlund, S., 1988. Trace metals in the water columns of the Black Sea and 
Framvaren Fjord. Marine Chemistry 23 (3-4), 417–424. 

Harvey, C.F., Swartz, C.H., Badruzzaman, A.B.M., Keon-Blute, N., Yu, W., Ali, M.A., Jay, J., 
Beckie, R., Niedan, V., Brabander, D., Oates, P.M., Ashfaque, K.N., Islam, S., Hemond, H.F., 
Ahmed, M.F., 2002. Arsenic mobility and groundwater extraction in Bangladesh. Science 298 
(5598), 1602-1606. 

Heggie, D., Klinkhammer, G., Cullen, D., 1987. Manganese and Copper Fluxes from 
Continental-Margin Sediments. Geochimica et Cosmochimica Acta 51 (5), 1059-1070. 

Hydes, D.J., 1977. Dissolved aluminium in Sea water. Nature 268 (5616), 136–137.  
Hydes, D.J., 1979. Aluminium in seawater: control by inorganic processes. Science 205 (4412), 

1260-1262. 
Hydes, D.J., de Lange, G.J., de Baar, H.J.W., 1988. Dissolved aluminum in the Mediterranean. 

Geochimica et Cosmochimica Acta 52 (8), 2107– 2114. 
IPY Scope of Science, 2007. The scope of science for the International Polar Year 2007-2009. 

WMO/TD–No. 1364, World Meteorological Organization, Geneva, Switserland. 
Jacobs, L., Emerson, S., Huested, S.S., 1987. Trace-Metal Geochemistry in the Cariaco Trench. 

Deep-Sea Research Part a-Oceanographic Research Papers 34 (5-6), 965-981. 
Jickells, T., 1995. Atmospheric inputs of metals and nutrients to the oceans: their magnitude and 

effects. Marine Chemistry 48 (3-4), 199-214.  



Introduction 
 

19 
 

Johnson, K.S., Berelson, W.M., Coale, K.H., Coley, T.L., Elrod, V.A., Fairey, W.R., Iams, H.D., 
Kilgore, T.E., Nowicki, J.L., 1992. Manganese Flux from Continental Margin Sediments in a 
Transect Through the Oxygen Minimum. Science 257 (5047), 1242-1245. 

Johnson, K.S., Gordon, R.M., Coale, K.H., 1997. What controls dissolved iron concentrations in 
the world ocean? Marine Chemistry 57 (3-4), 137-161. 

Keir, R.S., Schmale, O., Seifert, R., Sultenfuss, J., 2009. Isotope fractionation and mixing in 
methane plumes from the Logatchev hydrothermal field. Geochemistry Geophysics 
Geosystems 10, Q05005. 

Klinkhammer, G.P., Bender, M.L., 1980. The distribution of manganese in the Pacific Ocean. 
Earth and Planetary Science Letters 46 (3), 361-384. 

Klinkhammer, G.P., Bender, M.L., Weiss, R.F., 1977. Hydrothermal manganese in the Galapagos 
rift. Nature 269 (5626), 319-320. 

Klinkhammer, G.P., Chin, C.S., Keller, R.A., Dählmann, A., Sahling, H.,Sarthou, G., Petersen, 
S., Smith, F., Wilson, C., 2001. Discovery of new hydrothermal vent sites in Bransfield Strait, 
Antarctica. Earth and Planetary Science Letters 193 (3-4), 395-407. 

Kramer, J., Laan, P., Sarthou, G., Timmermans, K.R., de Baar, H.J.W., 2004. Distribution of 
dissolved aluminium in the high atmospheric input region of the subtropical waters of the 
North Atlantic Ocean. Marine Chemistry 88 (3-4), 85–101. 

Landing, W.M., Bruland, K.W., 1980. Manganese in the North Pacific. Earth and Planetary 
Science Letters 49 (1), 45-56. 

Landing, W.M., Bruland, K.W., 1987. The Contrasting Biogeochemistry of Iron and Manganese 
in the Pacific-Ocean. Geochimica et Cosmochimica Acta 51 (1), 29-43. 

Lewis, B.L., Landing, W.M., 1991. The biogeochemistry of manganese and iron in the Black 
Sea. Deep-Sea Research Part A 38 (Suppl. 1.2), 773–803. 

Mackin, J.E., Aller, R.C., 1984. Processes affecting the behavior of dissolved aluminum in 
estuarine waters. Marine Chemistry 14 (3), 213-232. 

Maring, H. B., Duce, R.A., 1987. The impact of atmospheric aerosols on trace metal chemistry in 
open ocean surface seawater, 1, Aluminum. Earth and Planetary Science Letters 84 (4), 381–
392. 

Martin, J.H., Knauer, G.A., 1984. VERTEX: manganese transport through oxygen minima. Earth 
and Planetary Science Letters 67 (1), 35-47. 

Martin, J.M., 1990. Glacial to interglacial CO2 change: The iron hypothesis. Paleoceanography 5 
(1), 1-13. 

McKay, R.M.L., Geider, R.J., LaRoche, J., 1997. Physiological and biochemical response of the 
photosynthetic apparatus of two marine diatoms to Fe stress. Plant Physiology 114 (2), 615-
622. 

Measures, C.I., 1999. The role of entrained sediments in sea ice in the distribution of aluminium 
and iron in the surface waters of the Arctic Ocean. Marine Chemistry 68 (1-2), 59-70. 

Measures, C.I., Brown, M.T., Vink, S., 2005. Dust deposition to the surface waters of the western 
and central North Pacific inferred from surface water dissolved aluminum concentrations. 
Geochemistry Geophysics Geosystems 6 (9), Q09M03. 

Measures, C.I., Edmond, J.M., 1990. Aluminum in the South-Atlantic—steady-state distribution 
of a short residence time element. Journal of Geophysical Research, Oceans 95 (C4), 5331–
5340. 

Measures, C.I., Edmond, J.M., 1992. The distribution of aluminium in the Greenland Sea and its 
relationship to ventilation processes. Journal of Geophysical Research, Oceans 97 (C11), 
17787–17800. 



Chapter 1 

20 
 

Measures, C.I., Landing, W.M., Brown, M.T., Buck, C.S. 2008. High-resolution Al and Fe data 
from the Atlantic Ocean CLIVAR-CO2 Repeat Hydrography A16N transect: Extensive 
linkages between atmospheric dust and upper ocean geochemistry. Global Biogeochemical 
Cycles 22, GB1005.  

Measures, C.I., Vink, S., 2000. On the use of dissolved aluminium in surface waters to estimate 
dust deposition to the ocean. Global Biogeochemical Cycles 14 (1), 317–327. 

Middag, R., 2006. Water quality and scum formation on the lower Murray River and estuary, 
Perth, Australia. Master thesis at the University of Groningen. 

Moore, J.K., Doney, S.C., Glover, D.M., Fung, I.Y., 2002. Iron cycling and nutrient-limitation 
patterns in surface waters of the World Ocean. Deep-Sea Research II 49 (), 463-507. 

Moore, R.M., Millward, G.E., 1984. Dissolved-particulate interactions of aluminium in ocean 
water. Geochimica et Cosmochimica Acta 48 (2), 235–241. 

Morel, F.M.M, Morel-Laurens, M.M.L., 1983. Trace metals and plankton in the oceans: facts and 
speculation. Chapter in: Trace metals in sea water (ed. C.S. Wong), 841-869, NATO 
conference series IV, marine sciences, v. 9, Plenum Press, New York, USA.  

Neumann, R.B., Ashfaque, K.N., Badruzzaman, A.B.M., Ali, M.A., Shoemaker, J.K., Harvey, 
C.F., Anthropogenic influences on groundwater arsenic concentrations in Bangladesh. Nature 
Geoscience 3 (1), 46-52Orians, K.J., Bruland, K.W., 1985. Dissolved aluminum in the Central 
North Pacific. Nature 316 (6027), 427– 429. 

Orians, K.J., Bruland, K.W., 1986. The biogeochemistry of aluminum in the Pacific-Ocean. Earth 
and Planetary Science Letters 78 (4), 397– 410. 

Pakhomova, S.V., Hall, P.O.J., Kononets, M.Yu., Rozanov, A.G., Tengberg, A., Vershinin, A.V., 
2007. Fluxes of iron and manganese across the sediment-water interface under various redox 
conditions. Marine Chemistry 107 (3), 319-331. 

Park, H., Song, B., Morel, F.M.M., 2007. Diversity of the cadmium containing carbonic 
anhydrase (DDCA) in marine diatoms and natural waters. Environmental Microbiology 9 (2), 
403-413.  

Peers, G., Price, N.M., 2004. A role for manganese in superoxide dismutases and growth of iron-
deficient diatoms. Limnology and Oceanography 49 (5), 1774–1783. 

Peers, G., Quesnel, S.A., Price, N.M., 2005. Copper requirements for iron acquisition and growth 
of coastal and oceanic diatoms. Limnology and Oceanography 50 (4), 1149-1158. 

Percy, D., Li, X.N., Taylor, G.T., Astor, Y., Scranton, M.I., 2008. Controls on iron, manganese 
and intermediate oxidation state sulfur compounds in the Cariaco Basin. Marine Chemistry 
111 (1-2), 47-62. 

Raven, J.A., 1990. Predictions of Mn and Fe use efficiencies of phototrophic growth as a function 
of light availability for growth and of C assimilation pathway. New Phytologist 116 (1), 1-18. 

Redfield A. C., Ketchum, B.H., Richards, F.A., 1963 The influence of organisms on the 
composition of seawater. In: The Sea (ed. Hill, M.N.), 2, 26-77, Wiley Interscience, New York, 
USA. 

Rutgers van der Loeff, 1990. Oxygen in pore waters of deep-sea sediments. Philosophical 
Transactions of the Royal Society of London Series A-Mathematical Physical and Engineering 
Sciences 331 (1616), 69-84. 

Schulz, K.G., Zondervan, I., Gerringa, L.J.A., Timmermans, K.R., Veldhuis, M.J.W., Riebesell, 
U., 2004. Effect of trace metal availability on coccolithophorid calcification. Nature 430 
(7000), 673-676. 

Shaked, Y., Xu, Y., Leblanc, K., Morel, F.M.M., 2006. Zinc availability and alkaline phosphatase 
activity in Emiliania huxleyi: Implications for Zn-P co-limitation in the ocean. Limnology and 



Introduction 
 

21 
 

Oceanography 51 (1), 299-309.  
Shiller, A.M., 1997. Manganese in surface waters of the Atlantic Ocean. Geophysical Research 

Letters 24 (12), 1495-1498. 
Statham, P.J., Yeats, P.A., Landing, W.M., 1998. Manganese in the eastern Atlantic Ocean: 

processes influencing deep and surface water distributions. Marine Chemistry 61 (1-2), 55-68.  
Stoffyn, M., 1979. Biological control of Aluminium in Seawater: Experimental Evidence. 

Science 203 (4381), 651-653. 
Stoffyn, M., Mackenzie, F.T., 1982. Fate of dissolved aluminum in the oceans. Marine Chemistry 

11 (2), 105-127. 
Sunda, W.G., 2001. Bioavailability and Bioaccumulation of Iron in the Sea. Chapter 3 in: The 

Biogeochemstry of Iron in Seawater (Eds. Turner, D.R., Hunter, K.A.), 41-84, IUPAC Series 
on Analytical and Physical Chemistry of Environmental Systems ,Vol. 7, Wiley, New York, 
USA. 

Sunda, W.G., Huntsman, S.A., 1988. Effect of sunlight on redox cycles of manganese in the 
southwestern Sargasso Sea. Deep-Sea Research 35 (8), 1297-1317. 

Sunda, W.G., Huntsman, S.A., 1994. Photoreduction of manganese oxides in seawater. Marine 
Chemistry 46 (1-2), 133-152. 

Sunda, W.G., Huntsman, S.A., Harvey, G.R., 1983. Photoreduction of manganese oxides in 
seawater and its geochemical and biological implications. Nature 301 (5897), 234-236. 

Sunda, W.G., Swift, D.G., Huntsman, S.A., 1991. Low iron requirement for growth in oceanic 
phytoplankton. Nature 351 (6321), 55-57. 

Sundby, B., Silverberg, N., 1985. Manganese fluxes in the benthic boundary layer. Limnology 
and Oceanography 30 (2), 372-381. 

Taylor, S.R., 1964. Abundance of chemical elements in the continental crust: a new table. 
Geochimica et Cosmochimica Acta 28 (8), 1273–1285. 

Tebo, B.M., Clement, B.G., Dick, G.J., 2007. Biotransformations of manganese, p. 1223-1238. In 
C. J. Hurst, R. L. Crawford, J. L. Garland, D. A. Lipson, A. L. Mills, and L. D. Stetzenbach 
(ed.), Manual of environmental microbiology, 3rd ed. ASM Press, Washington DC, USA. 

Tria, J., Butler, E.C.V., Haddad, P.R., Bowie, A.R., 2007. Determination of aluminium in natural 
water samples. Analytica Chimica Acta 588 (2), 153–165. 

Van Bennekom, A.J., Buma, A.G.J., Nolting, R.F., 1991. Dissolved aluminium in the Weddell-
Scotia Confluence and effect of Al on the dissolution kinetics of biogenic silica. Marine 
Chemistry 35 (1-4), 423-434. 

Van Bennekom, A.J., Jansen, F., Van Der Gaast, S., Van Iperen, J., Pieters, J., 1989. Aluminum-
rich opal: An intermediate in the preservation of biogenic silica in the Zaire (Congo) deep-sea 
fan. Deep-Sea Research Part A. 36 (2), 173–190. 

Van Beusekom, J.E.E., Weber, A., 1992. Decreasing diatom abundance in the North Sea: The 
possible significance of aluminium. In Marine Eutrophication and Population Dynamics (eds. 
G. Colombo et al.), pp. 121–127. Olsen and Olsen, Fredensborg, Denmark. 

Wedepohl, K.H., 1995. The composition of the continental crust. Geochimica et Cosmochimica 
Acta 59 (7), 1217-1232. 

Well., R., Roether, W., Stevens, D.P., 2003. An additional deep-water mass in Drake Passage as 
revealed by 3He data. Deep Sea Research Part I 50 (9), 1079-1098. 

Wolfe-Simon, F., Starovoytov, V., Reinfelder, J.R., Schofield, O., Falkowski, P.G., 2006. 
Localization and role of manganese superoxide dismutase in a marine diatom. Plant 
Physiology 142 (4), 1701-1709.  



Chapter 1 

22 
 

Yemenicioglu, S., Erdogan, S. Tagrul, S., 2006. Distribution of dissolved forms of iron and 
manganese in the Black Sea. Deep-Sea Research Part II 53 (17-19), 1842-1855. 

 



23 
 

Chapter 2 
 
Methods 
 
2.1. Sampling and filtration 
Samples were collected of three expeditions, one aboard the research vessel Pelagia and two 
aboard the research vessel Polarstern. The GEOTRACES expedition aboard R.V. Pelagia was 
between 11 April and 26 April 2007 in the North East Atlantic Ocean off the coast of Portugal 
(Chapter 3). The first IPY-GEOTRACES expedition ARK XXII/2 aboard R.V. Polarstern was 
from 28 July until 07 October 2007 from Tromsø (Norway) to Bremerhaven (Germany) 
(Chapters 4 and 5). The second IPY-GEOTRACES expedition ANT XXIV/3 was from 10 
February until 16 April 2008 from Cape Town (South Africa) to Punta Arenas (Chile) (Chapters 
6-11).  

At the polar expeditions two types of hydrocasts were done. At regular hydrocasts seawater 
samples were collected with the regular CTD/Rosette, and were analysed for nutrients among 
other variables. At trace metal (TM) hydrocasts samples for trace metals were taken using the 
Titan all-titanium CTD sampling system, but also samples for nutrients and other variables. This 
sampling systems consists of 24 internally Teflon-coated PVC 12 L GO-FLO Samplers (General 
Oceanics Inc.) mounted on an all-titanium frame. This frame was connected to a 17.7 mm 
diameter Kevlar hydrowire with seven independent internal signal/conductor cables (Cousin 
Trestec S.A.) and controlled from onboard (De Baar et al., 2008). Each GO-FLO sampler had a 
special ultraclean all-teflon PTFE valve (Cole Parmer; PN A-06392-31) installed. Immediately 
upon recovery, the complete titanium frame with its 24 GO-FLO samplers was placed inside a 
class 100 clean room. Within this class 100 clean room environment the sub-samples for trace 
metal analysis were collected from the GO-FLO samplers. The water was filtered over a 0.2 μm 
filter cartridge (Sartobran-300, Sartorius) under pressure (1.5 atm) of (inline prefiltered) nitrogen 
gas exerted via a special connector instead of the regular air bleeding valve at the top of each 
GO-FLO sampler. Therefore, all data reported in this thesis are for dissolved trace methods. Sub-
samples for trace metals were taken in cleaned (see below) LDPE sample bottles (125 mL) from 
each GO-FLO bottle. All sample bottles were rinsed five times with the sample seawater.  

Underway surface sampling (target depth of 1.5 m) was conducted on the Antarctic expedition 
during transit between stations from south of 66°01'S onwards until 69°35'S near the continental 
ice edge. This was done with a towed epoxy-coated stainless steel torpedo deployed off a crane 
arm on the starboard side of the ship. Water was pumped aboard with an Almatec A-15 Teflon 
diaphragm pump. A total of 24 samples were tapped inside the same class 100 clean room 
environment (see above) by in-line filtration over a filter capsule containing a 0.4 μm pre-filter 
and a 0.2 μm end-filter (Sartrobran P 0.2 μm, Sartorius) 

The Low Density Polyethylene bottles (LDPE, Nalgene; volumes 125, 500 and 1000 mL) used 
for the storage of reagents and samples were cleaned according to an intensive three step cleaning 
procedure. As a first step the bottles were rinsed with demineralised water, filled with a 5% 
concentrated detergent solution (Micro-90 diluted with demineralised water, International 
Products Corporation) and soaked in a 60 ºC water bath for 24 h. Thereafter, the bottles were 
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rinsed with demineralised water until visible soap residue was washed away and subsequently 
rinsed twice with MQ (Millipore Milli-Q deionised water R > 18.2 MΩ·cm -1). In the second step 
the bottles were filled with 6 M HCl (dilution with MQ from 37% HCl, reagent grade, J.T. Baker) 
and stored in a 60 ºC water bath for 24 h. After rinsing 3 times with MQ, as the third step, the 
bottles were filled with 3M HNO3 (dilution from 65%, reagent grade, J.T. Baker) and stored 24 
hours in a 60 ºC water bath. Finally the bottles were filled with MQ and acidified by adding 20 
mL of 3 times quartz distilled 6M HNO3 (destilled from 65% reagent grade, J.T. Baker) per L. 
For transportation and storage all bottles were packed in two LDPE plastic bags. All rinsing with 
MQ and filling with the different acid solutions were done in a clean environment (class 100 
clean room). 

Samples for nutrients were unfiltered and collected from the GO-FLO bottles in High Density 
Poly Ethylene (HDPE) sample bottles which were rinsed three times with sample water. Samples 
were stored in the dark at 4° prior to analysis (see text section 2.7.). 

2.2. Analysis of dissolved Al in the Atlantic and Arctic Oceans 
Analyses of dissolved Al were based on a method modified after the flow injection method 
developed by Resing and Measures (1994). Latter method was adapted from the original 
fluorimetric method of Hydes and Liss (1976). Samples were stored in a refrigerator (4°C) and 
analysed usually within 24 h after sampling but always within 36 h. Samples were acidified 1 h 
before the start of a run of 10 samples with 2 ml 12 M ultraclean HCl (Baseline® Hydrochloric 
Acid, Seastar Chemicals Inc.) to 0.024 M HCL wich results in a pH of ~1.8. In a flow injection 
system the samples were buffered inline to a pH of 4.8 ± 0.1 with ultraclean 0.6 M ammonium 
acetate buffer. This buffer was produced after Aguilar-Islas et al. (2006) by diluting a saturated 
solution of ammonium acetate crystals to a 0.6 M solution with MQ. The pH was subsequently 
adjusted to 6.7 with ultraclean ammonium hydroxide. This was produced by bubbling 0.2 µm 
filtered high purity ammonia gas through MQ water. 

The buffered sample was pre-concentrated for 240 s on a Toyopearl AF-Chelate-650M 
(TosoHaas, Germany) column. Hereafter the column was rinsed for 60 s with MQ water to 
remove interfering salts. The Al was subsequently eluted from the column with 0.16 M HCl 
(Suprapure, Merck) during 250 s. The eluate of Al in HCl entered the reaction stream which 
consisted of a lumogallion (Pfaltz & Bauer) solution in 4 M ammonium acetate buffer. The 4 M 
buffer was produced similar to the 0.6 M buffer (see above), but with the pH adjusted to 6.8 ± 0.1 
and the lumogallion was a 4.8 mM solution in MQ. The mixing of the HCl and buffer results in a 
reaction pH of 5.7 ± 0.1 at which an Al-Lumogallion chelate complex is formed which can be 
detected by its fluorescence. The complex was mixed in a 10 m reaction coil placed in a water 
bath of 50 °C. Hereafter a 2.5% Brij-35 (Merck) solution in MQ was added to increase the 
sensitivity (Resing and Measures, 1994) and mixed in a 3 m mixing coil. Afterwards the emission 
of the fluorescent complex was detected on a FIA-lab PMT-FL detector with a 510 until 580 nm 
emission filter and a 480 until 490 nm excitation filter. Concentrations of Al were calculated in 
nanomol.L-1 from the peak heights (see subsection 2.4. below). 

2.2.1 Calibration of dissolved Al in the Atlantic and Arctic Oceans 
The system was calibrated using standard additions from a 5000 nM Al stock solution (Fluka) to 
filtered acidified seawater of low Al concentration that was collected in the Arctic Ocean. A six-
point calibration line (0, 1, 2, 4, 8 and 16 nM standard additions) and blank determination were 
made every day. The 3 lowest points (0, 1 and 2 nM) of the calibration line were measured in 
triplicate and the 3 highest points (4, 8 and 16 nM) in duplicate in order to add more weight to the 
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lower part of the calibration line. The blank was determined by plotting the signals of increasing 
pre-concentration times (30, 60, 120, 210 and 300 seconds) of the water also used for the 
calibration. A line was fitted through these data points and the intercept of the line taken as the 
blank, which was 0.16 nM (S.D.=0.03 nM; n= 44). If the blank was greater than 0.2 nM, the 
analysis run was stopped. Subsequently the system was cleaned and the blank reanalysed with 
freshly made sampling buffer until the blank value was below the 0.2 nM limit. The limit of 
detection, defined as three times the standard deviation of the lowest concentration observed, was 
0.15 nM. The FIA system was cleaned every day by rinsing with a 0.5 M HCl solution. 

An internal reference sample was measured in the Arctic in triplicate every day. This internal 
reference sample was a sub-sample of a 25 L volume of filtered seawater that was taken at the 
beginning of the expedition in the Barents Sea. The relative standard deviation of the replicate 
analysis seawater sample that was analysed 27 times on different days in triplicate was 3.19%. 
The relative standard deviation on single days was on average 2%. The average concentration of 
Al of this internal reference sample was 4.93 nM and the deviation from this average for a given 
measuring day was used as a correction factor. This correction factor is on average implicitly 1 
and the standard deviation was 0.03. To verify whether this was decreasing the inter-daily 
variability in the dataset, every day a sample which was collected and measured the previous 
measuring day, was analysed once again. The deviation between the concentrations measured on 
the different days decreased from 3.6% to 2.8%, indicating the data correction is beneficial.  

2.3. Analysis of dissolved Al in the Antarctic 
The analyses of dissolved Al were performed on shipboard with the improved method of Brown 
and Bruland (2008), adapted from Resing and Measures (1994). This method is basically the 
same flow injection analysis system as described above (text section 2.2.) with some changes in 
the chemicals and their concentrations and the pH of pre-concentration and reaction. Samples 
were stored and acidified as during the Arctic and Atlantic expeditions. In the flow injection 
system the samples were buffered inline to a pH of 5.5 ± 0.1 with ultraclean 2 M ammonium 
acetate buffer. This buffer was produced as described above but with the pH was adjusted to be 
between 8.8 and 8.9 with ultraclean ammonium hydroxide. The buffered sample was pre-
concentrated for 200 s and the column was rinsed for 60 s with MQ water to remove interfering 
salts. The Al was subsequently eluted from the column with 0.10 M HCl (Suprapure, Merck) 
during 250 s. The eluate of Al in HCl entered the reaction stream of the lumogallion solution in 4 
M ammonium acetate buffer. The 4 M buffer was produced similarly as during the Arctic and 
Atlantic expeditions, but with the pH adjusted to be between 6.4 and 6.5. The mixing of the HCl 
and the buffer results in a reaction pH between 5.3 and 5.4 at which the Al-Lumogallion chelate 
complex is formed. This complex was detected after mixing and 5% Brij addition, exactly as 
during the Arctic and Atlantic expeditions.  

2.3.1 Calibration of dissolved Al in the Antarctic 
The system was also calibrated using standard additions from a 5000 nM Al stock solution 
(Fluka) to filtered acidified seawater of low (<0.5 nM) Al concentration that was collected in the 
Antarctic Ocean. A six-point calibration line (0, 1, 2, 4, 6 and 8 nM Al standard additions) and 
blank determination were made every day. The 3 lowest points (0, 1 and 2 nM Al standard 
additions) of the calibration line were measured in triplicate and the 3 highest points (4, 6 and 8 
nM Al standard additions). The blank was determined by plotting the signals of increasing pre-
concentration times (30, 60, 120, 180 and 240 seconds) of the calibration water and was 0.17 nM 
(S.D.=0.02 nM; n= 42). The value of 0.2 nM was the maximum allowed blank before starting a 
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series of analyses. The limit of detection, defined as three times the standard deviation of the 
lowest concentration observed, was 0.07 nM. The flow injection system was cleaned every day 
by rinsing with a 0.5 M HCl solution. 

The internal reference sample that was measured in triplicate every day was a sub-sample of a 
25 L volume of filtered seawater that was taken at the beginning of the cruise in the South East 
Atlantic Ocean. The relative standard deviation (i.e. the precision) of this replicate analysis 
seawater sample that was analysed 36 times on different days in triplicate was 3.16%. The 
relative standard deviation on single days was on average 1.5%. The average concentration of Al 
of this check sample was 3.56 nM and the deviation from this average for a given measuring day 
was used as a correction factor. To verify whether this correction was decreasing the inter-daily 
variability in the dataset, every day a sample which was collected and measured the previous 
measuring day, was analysed once again. The deviation between the concentrations measured on 
the different days decreased from 4.8% to 3.5%, indicating the data correction is beneficial.  

2.4. Analyses of dissolved Mn 
Analyses of dissolved Mn were performed on board using the method developed by Doi et al. 
(2004), modified to buffer the samples in-line with and ammonium borate sample after Aquilar-
Islas et al. (2006). Briefly this is a sensitive flow injection analysis method based on the 
chemiluminescence from the reaction between luminol and hydrogen peroxide which is catalysed 
by Mn. Samples were acidified to 0.024m HCL which results in a pH of ~1.8 (12 M Baseline 
Hydrochloric Acid, Seastar Chemicals Inc.) at least 6 h before analyses. Hereafter, they were 
buffered in-line to a pH of 8.5 ± 0.2 with 0.5 M ammonium borate sample buffer that was 
produced by dissolving 30.9 g of boric acid (Suprapure, Merck) in 1 L MQ water and adjusting 
the pH to 9.4 with ammonium hydroxide (Suprapure, Merck). Dissolved Mn in the buffered 
sample was preconcentrated during 200 seconds on a Toyopearl AF-Chelate-650M (TosoHaas, 
Germany) column. The Mn is eluted from the column with a carrier solution and subsequently 
mixes with an ammonium hydroxide and luminol solution (Doi et al., 2004) and passes a 3 m 
length mixing coil placed in a 25°C water bath. The chemiluminescence was detected with a 
Hamamatsu HC135 Photon counter. Concentrations of dissolved Mn were calculated in 
nanomol·L-1 (nM) from the photon emission peak height (see below).  

2.4.1 Calibration of dissolved Mn in the Atlantic and Arctic Oceans 
The system was calibrated using standard additions from a 5000 nM Mn stock solution (Fluka) to 
filtered acidified seawater with low concentrations of Mn that was collected in the region. A five-
points calibration line (0, 0.36, 0.73, 1.46 and 2.18 nM standard additions) and blank 
determination were made daily. The 3 lowest points (0, 0.36 and 0.73 nM) of the calibration line 
were measured in triplicate and the 2 highest points in duplicate to add more weight to the lower 
part of the calibration line. The blank was determined by measuring column-cleaned seawater. 
Latter was obtained by passing seawater over a Toyopearl AF-Chelate-650M and an 8-
hydroxyquinoline column which retained the dissolved Mn. The average blank value was 22 pM 
(S.D.= 6 pM, n=43). The limit of detection defined as three times the standard deviation of the 
blank was < 0.01 nM. The flow injection system was rinsed every day with a 0.5 M HCl solution.  

Also for Mn an internal reference sample was measured in triplicate every day in the Arctic 
Ocean. This standard was a sub-sample of the 25 L volume of filtered seawater that was taken at 
the beginning of the cruise in the Barents Sea. The relative standard deviation of the replicate 
analysis seawater sample that was analysed 22 times in triplicate on different days was 2.19%. 
The relative standard deviation of the triplicate measurements on the separate days was on 
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average 1.21 %. The average concentration of Mn of this standard was 1.0 nM and the deviation 
from this average for a given measuring day was used as a correction factor. To verify whether 
this correction was decreasing the inter-daily variability in the dataset, every day a sample which 
was collected and measured the previous measuring day, was analysed once again. The deviation 
between the concentrations measured on the different days decreased from 3.28% to 2.68%, 
indicating the data correction procedure is beneficial. 

2.4.2 Calibration of dissolved Mn in the Antarctic Ocean 
The system was also calibrated using standard additions from a 5000 nM Mn stock solution 
(Fluka) to filtered acidified seawater of low Mn concentration that was collected in the Antarctic 
Ocean. A five-points calibration line (0, 0.15, 0.36, 0.73 and 1.46 nM standard additions) and 
blank determination were made daily. The three lowest points (0, 0.15 and 0.36 nM) of the 
calibration line were measured in triplicate and the two highest points (0.73 and 1.46 nM) in 
duplicate to add more weight to the lower part of the calibration line. The blank was determined 
by measuring column-cleaned seawater. The average blank value was 20 pM (S.D.= 4 pM, 
n=42). The limit of detection defined as three times the standard deviation of the blank was < 
0.01 nM. The flow injection system was rinsed every day with a 0.5 M HCl solution. 

Also in the Antarctic an internal reference sample was measured in triplicate every day. This 
internal reference sample was a sub-sample of the 25 L volume of filtered seawater that was 
taken at the beginning of the cruise. The internal reference sample was analysed 40 times on 
different days and the relative standard deviation of the replicate analysis in triplicate was 3.2%. 
The relative standard deviation on the separate days was on average 1.3 %. The average 
concentration of Mn of this standard was 0.44 nM and the deviation from this average for a given 
measuring day was used as a correction factor. To verify whether this correction was decreasing 
the inter-daily variability in the dataset, every day a sample which was collected and measured 
the previous measuring day, was analysed once again. The deviation between the concentrations 
measured on the different days decreased from 3.5% to 2.5%, indicating the data correction 
procedure was beneficial. 

2.5. Outliers 
Suspected outliers were labelled as such based on three criteria. When for the sampled GO-FLO 
the nutrient data were anomalous for that depth, indicating closing at the wrong depth, the sample 
was marked as suspected outlier. In case the trace metal data (Al, Mn and Fe) were elevated for 
the same GO-FLO for more than one cast, indicating a contaminated GO-FLO sampler, the 
sample was also marked as a suspected outlier. The third criterion was when 1 data point of either 
Al or Mn gave anomalous result for its depth considering the data points at shallower and greater 
depths. These anomalous data points were identified by visually inspecting the vertical profiles 
for data points that would not fit in the profile shape. Subsequently, this data point was compared 
with the values of potential temperature, salinity, nutrients, Fe and Mn or Al to see if those 
showed a similar trend. If this was the case the data point was left in, if not the following test was 
applied; a linear regression was determined between the concentrations of Al below and above 
the suspect data point (2 above and 2 below if possible) versus depth. With the linear regression 
equation the ‘theoretical’ concentration was calculated for the depth with the anomalous 
concentration of Al or Mn. When this calculated value was more than 25% lower than the 
measured value, the latter measured value was marked as a suspected outlier and not further used 
in the calculations or graphs. 
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2.6. SAFe samples 
As external comparison the samples collected on the SAFe cruise (Johnson et al., 2007) were 
analysed for Al (Table 1) and Mn (Table 2). Results of Al for both SAFe Surface (S) of 1.69 ± 
0.04 nM (n=11) and SAFe deep (D2) of 1.01 ± 0.08 nM (n=18) from 1000 m water are in good 
agreement with the values found by Brown and Bruland (2008) of 1.67 ± 0.02 nM and 0.99 ± 
0.02 nM, respectively. Moreover, this is also in good agreement with the ‘consensus value’ 
(http://www.geotraces.org/Intercalibration) of 4 participating laboratories which are 1.74 ± 0.09 
nM for SAFe S and 1.04 ± 0.10 nM for SAFe D2. 

The concentrations of Mn found for SAFe S and SAFe D2 were 0.73 ± 0.01 nM (n=4) and 
0.32 ± 0.01 nM (n=40), respectively. These values agree with the values found by Mendez (pers. 
comm.) who uses an isotope dilution method with ICP-MS detection (Mendez et al, in press). 
This is slightly lower than the ‘consensus values’ of 11 participating laboratories which are 0.83 
± 0.08 nM and 0.37 ± 0.07 nM for S1 and D2 respectively. However, the standard deviations for 
the D2 overlap and the relatively large standard deviation is caused by 4 laboratories that reported 
values that were considerably higher (average 0.46 nM) than the remaining laboratories. When 
excluding these high values, 
the resulting average 
concentration of 0.32 ± 0.03 
nM matched the 
concentration here reported 
perfectly. When excluding 
the same laboratories also for 
the S1 SAFe standard 
(average 0.92 nM) the 
average concentration 
decreases to 0.77 ± 0.04 nM 
which is in range with the 
concentration here reported. 
Moreover, the analyses of 
Mn performed were very 
consistent and some very 
strong correlations were 
found between the 
concentrations of Mn and 
other independent parameters 
(see Chapters 5, 7, 8, 9 and 
11). 

Table 1 Results of analysis of 
Al (nM) for SAFe samples. 
Average concentration for 
SAFe S is 1.68 ± 0.04 nM 
(n=8) and 1.01 ± 0.08 nM 
(n=17) for SAFe D2. 
  

Date SAFE Sample Al (nM) Standard 
Deviation (nM) 

01/10/2008 Safe S     252 1.76 0.059 
02/10/2008 Safe S     252 1.75 0.049 
01/10/2008 Safe S     425 1.65 0.053 
01/10/2008 SAFe D2     3 1.01 0.052 
21/02/2008 SAFe S   426 1.59 0.030 
23/02/2008 SAFe S   426 1.69 0.005 
24/02/2008 SAFe S   426 1.66 0.025 
26/02/2008 SAFe D2 524 1.04 0.029 
27/02/2008 SAFe D2 524 1.02 0.025 
06/03/2008 SAFe D2 121 0.93 0.005 
07/03/2008 SAFe D2 121 0.99 0.007 
10/03/2008 SAFe S    247 1.70 0.063 
11/03/2008 SAFe S    247 1.73 0.054 
12/03/2008 SAFe S    247 1.71 0.033 
13/03/2008 SAFe S    247 1.67 0.049 
16/03/2008 SAFe D2    19 0.96 0.024 
18/03/2008 SAFe D2    19 1.01 0.032 
19/03/2008 SAFe D2    19 1.02 0.015 
22/03/2008 SAFe S     113 1.68 0.021 
24/03/2008 SAFe D2      7 1.07 0.029 
26/03/2008 SAFe D2      7 1.04 0.092 
28/03/2008 SAFe D2      7 1.13 0.033 
29/03/2008 SAFe D2      8 0.88 0.013 
02/04/2008 SAFe D2  416 0.99 0.067 
03/04/2008 SAFe D2  416 1.16 0.005 
05/04/2008 SAFe D2  416 1.03 0.026 
07/04/2008 SAFe D2  347 0.87 0.019 
08/04/2008 SAFe D2  347 1.06 0.050 
09/04/2008 SAFe D2  347 1.07 0.025 
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Table 2 results of analysis of 
Mn (nM) for SAFe samples. 
Average concentration for the 
SAFe D2 sample is 0.32 ± 
0.01 nM (n=40) and0.73 ± 
0.01 nM (n=4) for SAFe S. 

  

Date SAFe Sample Mn 
(nM) 

Standard 
Deviation (nM) 

01/10/2008 SAFe D2 342 0.30 0.002 
01/10/2008 SAFe D2 342 0.29 0.002 
01/10/2008 SAFe D2 531 0.29 0.002 
01/10/2008 SAFe S   809 0.74 0.009 
01/10/2008 SAFe S   252 0.73 0.009 
01/10/2008 SAFe S   252 0.72 0.004 
17/02/2008 SAFe S   426 0.73 0.004 
20/02/2008 SAFe D2 342 0.32 0.003 
21/02/2008 SAFe D2 342 0.32 0.004 
22/02/2008 SAFe D2 342 0.31 0.009 
23/02/2008 SAFe D2 406 0.31 0.010 
24/02/2008 SAFe D2 406 0.31 0.012 
25/02/2008 SAFe D2 406 0.31 0.003 
26/02/2008 SAFe D2 406 0.32 0.003 
27/02/2008 SAFe D2 406 0.32 0.014 
28/02/2008 SAFe D2 406 0.35 0.012 
29/02/2008 SAFe D2 406 0.33 0.007 
01/03/2008 SAFe D2 406 0.34 0.003 
06/03/2008 SAFe D2 524 0.32 0.003 
07/03/2008 SAFe D2 524 0.32 0.001 
10/03/2008 SAFe D2 524 0.33 0.006 
11/03/2008 SAFe D2 524 0.33 0.013 
12/03/2008 SAFe D2 524 0.33 0.005 
13/03/2008 SAFe D2 121 0.32 0.002 
14/03/2008 SAFe D2 121 0.33 0.003 
16/03/2008 SAFe D2 121 0.30 0.003 
18/03/2008 SAFe D2 121 0.32 0.006 
19/03/2008 SAFe D2 121 0.31 0.002 
20/03/2008 SAFe D2 273 0.30 0.006 
22/03/2008 SAFe D2 273 0.32 0.002 
24/03/2008 SAFe D2 273 0.32 0.005 
26/03/2008 SAFe D2 273 0.32 0.003 
28/03/2008 SAFe D2 273 0.32 0.003 
29/03/2008 SAFe D2 273 0.31 0.001 
02/04/2008 SAFe D2 273 0.30 0.001 
03/04/2008 SAFe D2     7 0.30 0.003 
06/04/2008 SAFe D2     7 0.30 0.011 
07/04/2008 SAFe D2     7 0.31 0.003 
08/04/2008 SAFe D2     7 0.30 0.003 
09/04/2008 SAFe D2     7 0.29 0.003 
11/04/2008 SAFe D2   19 0.29 0.003 
12/04/2008 SAFe D2   19 0.29 0.002 
13/04/2008 SAFe D2   19 0.32 0.004 
14/04/2008 SAFe D2    8 0.34 0.005 
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2.7. Additional analyses 
The salinity (conductivity), temperature and depth (pressure) were measured with a CTD 
(Seabird SBE 911+). On the polar expeditions two different CTD’s of the same type were used, 
one from the Netherlands Institute for Sea Research (NIOZ) (TM hydrocasts) and one from the 
Alfred Wegener Institute (AWI) (regular hydrocasts). Both had been calibrated before and after 
the expedition by the company (Seabird). Moreover, the conductivity sensors were calibrated 
during the expedition against salinity samples measured onboard.  

Inorganic major nutrients nitrate (NO3), nitrite (NO2), phosphate (PO4) and silicate (Si(OH)4, 
from here on Si) were determined following procedures after Grasshoff et al. (1983). This 
colorimetric method measures the dissolved, monomeric orthosilicic acid (Si(OH)4) and does not 
measure the polymeric, particulate or colloidal forms. Throughout this thesis the mentioned 
silicate concentration is the same as the elemental concentration of Si in seawater. In chapters 4 
and 6 some values of dissolved (0.2 µm filtered) Al will be compared with unfiltered values of 
silicate, where by previous shipboard comparisons of filtered and unfiltered values of silicate (K. 
Bakker, unpublished work) we are confident there is no discernible difference within the 
analytical accuracy of the silicate values. 

Our laboratory has in 2006 participated in an exercise for Reference Material of Nutrients in 
Seawater organized by the Meteorological Research Institute (MRI) of Japan (Aoyama et al., 
2008). Among 54 participating laboratories, the robust mean led to agreed average certified 
values and standard deviations, where our laboratory was the only one with all measured 
nutrients lying within a standard deviation of the agreed values. 

The samples for nutrients were stored in a refrigerator and analysed usually within 10 hours 
and always within 16 hours on a Technicon TrAAcs 800 autoanalyser. The reproducibility of an 
internal laboratory standard mixture of Si, PO4 and NOX (NOX=NO2+NO3) was measured daily 
and typically within 0.7 % of its average value. During the Arctic expedition the reproducibility 
was 0.4% at an average value of 13.5 µM (n=74) for Si specifically. Moreover, the deepest 
sample analysed of a station of 24 samples, was kept and re-analysed within the next run of the 
next station of 24 samples. The average absolute deviation between such duplicate analyses of the 
same sample yet measured twice in different runs was 0.131 µM for silicate at an average value 
of 8.17 µM (n=23). Due to this excellent agreement between two consecutive runs, no correction 
was needed for offsets between runs on the Atlantic and Arctic expedition. On the Antarctic 
expedition both the internal laboratory standard and the MRI standard were measured daily. The 
average standard deviation between runs of the MRI standard was 0.943 μM, 0.012 μM, 0.361 
μM and 0.006 μM for Si, PO4, NOX and NO2 respectively. After the a correction based on the 
deviation from our laboratory standard, the standard deviation of the MRI standard between runs 
decreased to 0.464 μM, 0.009 μM and 0.222 μM for Si, PO4 and NOX, respectively. Furthermore, 
the deepest sample analysed of a station of 24 samples, was also kept and re-analysed within the 
next run of the next station of 24 samples as another verification for variability between runs. 
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Chapter 3 
 
Dissolved Aluminium and the Silicon cycle in 
the Arctic Ocean 
 
Abstract:  
Concentrations of dissolved (0.2 µm filtered) Aluminium (Al) have been determined in the 
Eurasian part of the Arctic Ocean over the entire water column during expedition ARK XXII/2 
aboard R.V. Polarstern (2007). An unprecedented number of 666 samples was analysed for 44 
stations along 5 ocean transects. Dissolved Al in Surface Layer Water (SLW) was very low, close 
to 1 nM, with lowest SLW concentrations towards the Canadian part of the Arctic Ocean and 
higher values adjacent to and in the shelf seas. The low SLW concentrations indicate no or little 
influence from aeolian dust input. Dissolved Al showed a nutrient-type increase with depth up to 
28 nM, but large differences existed between the different deep Arctic basins. The differences in 
concentrations of Al between water masses and basins could largely be related to the different 
origins of the water masses. In the SLW and intermediate water layers, Atlantic and Pacific 
inflows were of importance. Deep shelf convection appeared to influence the Al distribution in 
the deep Eurasian Basin. The Al distribution of the deep Makarov Basin provides evidence for 
Eurasian Basin water inflow into the deep Makarov Basin. A strong correlation between Al and 
Silicon (Si) was observed in all basins. This correlation and the nutrient-like profile indicate a 
strong biological influence on the cycling and distribution of Al. The biological influence can be 
direct by the incorporation of Al in biogenic silica, indirect by preferential scavenging of Al onto 
biogenic siliceous particles, or by a combination of both processes. From the slope of the overall 
Al-Si relationship in the intermediate water layer (AIDW; ~200-2000 m depth), an Al/Si ratio of 
2.2 atoms Al per 1000 atoms Si was derived. This ratio is consistent with the range of previously 
reported Al/Si uptake ratio in biogenic opal frustules of diatoms. In the deepest waters (>2000m 
depth) a steeper slope of the Al-Si relationship of 7.4 to 13 atoms Al per 1000 atoms Si likely 
results from entrainment of cold shelf water into the deep basins, carrying the signal of 
dissolution of terrigenous particles with a much higher Al:Si ratio of crustal abundance. Only a 
small enrichment with such crustal Al and Si component may readily account for the higher Al:Si 
slope in the deepest waters. 
 
This chapter is based on: Middag, R., De Baar, H.J.W., Laan, P., Bakker, K., 2009. Dissolved 
Aluminium and the Silicon cycle in the Arctic Ocean. Marine Chemistry 115 (3-4), 176-195. 
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3.1. Introduction 
The Arctic Ocean is a significant source of North Atlantic Deep Water (Rudels et al., 2000), but 
it is one of the least studied oceans and virtually no data, let alone reliable data, are available on 
the distributions and biogeochemical cycles of trace metals. Here are presented the distributions 
of dissolved Al in the Arctic Ocean determined during expedition ARK XXII/2 aboard R.V. 
Polarstern in 2007. This expedition was part of the International Polar Year - Geotraces program. 
Geotraces (www.geotraces.org) aims 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). The 
distributions of dissolved Al are compared with the distributions of other variables, notably the 
concentration of silicate, the salinity and the potential temperature, in an effort to gain insight in 
the sources and cycling of Al in the Arctic Ocean. 

 
Figure 1 Stations for trace metal sampling during ARK XXII/2. Transects are indicated by 
numbered lines as discussed in the same sequence in the text. Transect 1 goes from the Barents 
Sea into the Nansen Basin. Transect 2 also goes from the continental shelf into the Nansen 
Basin, just west of the St Anna Trough. Transect 3 goes from the continental shelf, east of the St 
Anna Trough, into the Nansen and Amundsen Basin, over the Lomonosov Ridge into the 
Makarov Basin and onto the Alpha Ridge. Transect 4 goes from the Mendeleyev Ridge into the 
Makarov Basin and extends until just in the Amundsen Basin. Transect 5 follows the deep 
Gakkel Ridge and extends into the Laptev Sea. AB: Amundsen Basin, AR: Alpha Ridge, BS: 
Bering Strait, CB: Canada Basin, FS: Fram Strait, GR: Gakkel Ridge, LR: Lomonosov Ridge, 
MB: Makarov Basin, MR: Mendeleyev Ridge, NB: Nansen Basin, NZ: Novaya Zemlya, SAT: St 
Anna Trough, SZ: Severnaya Zemlya. 
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3.2. Hydrography 
The Arctic Ocean comprises several basins separated by ridges (Figure 1). The Canadian Basin 
comprises the deep Canada Basin (not studied) and the deep Makarov Basin. The latter Makarov 
Basin is separated by the fairly shallow Lomonosov Ridge (sill depth ranges from 1000 to 1600 
m) from the Eurasian Basin. The Eurasian Basin is uniform down to about 4000 m depth, below 
which the deep Gakkel Ridge separates two sub-basins, the Nansen Basin and the Amundsen 
Basin.  

The hydrographic features of the Eurasian and Makarov Basins have been described in detail 
by Anderson et al. (1994) and Rudels et al. (2000) and are briefly summarised here. Atlantic 
water flows into the Eurasian Arctic basins via Fram Strait and the Barents Sea along the 
continental slope with the counterclockwise boundary current, influencing the surface and 
intermediate waters. The boundary current is modified by shelf processes and near the continent a 
branch crosses over the Lomonosov Ridge that separates the Eurasian Basin from the Makarov 
Basin while another branch flows along this ridge. The branch of the boundary current that 
crosses the Lomonosov Ridge influences the water column of the Makarov Basin. The formation 
of dense water on the shelves and subsequent slope convection influences the deepest parts of the 
water column in the Eurasian Basin.  

Pacific water is flowing in through the Bering Strait over the Siberian shelves and mixes with 
the freshwater input of the Siberian rivers, creating strong stratification in the central Arctic 
Ocean. The Pacific inflow influences the water column of the Makarov Basin and this influence 
can extend into the surface layer of the Amundsen Basin. The Surface Mixed Layer (SML) is 
shallow, typically extending to 25 m depth in the central Arctic Ocean. Below the SML, there is 
an upper halocline in the Makarov Basin that sometimes extends into the Amundsen Basin. The 
upper halocline is marked by a nutrient maximum and is of Pacific origin. In the Nansen and 
Amundsen Basins the lower halocline is more profound, marked by a minimum in nitrate and 
nitrite.  

Below the haloclines, the Atlantic Layer Water (ALW) is found, generally extending to about 
600 m depth. The warmer and more saline ALW does not cross over the Lomonosov Ridge into 
the Makarov Basin due to a strong front in 
temperature and salinity over the Lomonosov 
Ridge. However, following the boundary current 
the Atlantic water flows into the Canadian Basin 
via the shelf edge. This results in a relatively colder 
less saline ALW in the Canadian Basin compared 
to the Eurasian Basin. Below about 800 m the 
Makarov Basin becomes warmer and more saline 
than water at a similar depth in the Eurasian Basin. 
This difference remains the case throughout the 
intermediate depth and deep basin waters. In the 
deep basins below the ALW, several water masses 
have been distinguished such as the Intermediate 
Depth Water (IDW) which is a mixture of 
overlying ALW and underlying Eurasian Basin 
Deep Water. Finally below the latter Eurasian 
Basin Deep Water one may find Eurasian Basin 
Bottom Water. 
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Figure 2 Plot of potential temperature (°C) 
versus Salinity for the Barents Sea in 
transects 1 and 2. Surface Layer Water (SLW) 
(closed circles) and Bottom Layer Water 
(BLW) with Atlantic influence (open 
triangles) were observed. 
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For the purpose of this Chapter the water 
column was divided in three major layers 
(Figure 3) and occasionally minor sub-
layers are also mentioned. The Surface 
Layer Water (SLW) is the cold and 
relatively fresh upper water layer. The 
SLW extended to depths of 75 to 150 m, 
and at its very surface includes the minor 
SML. The second layer, the Atlantic and 
Intermediate Depth Water (AIDW) 
generally extends until about 2000 m 
depth, and comprises the ALW with its 
characteristic potential temperature 
maximum and extending to about 600 m 
depth which is underlain by the 
Intermediate Depth Water over the 600 to 
2000 m depth range. Within the 
Intermediate Depth Water the potential 
temperature decreased with increasing 
depth. Deeper than about 2000 m depth 
the potential temperature remained 
relatively constant while the salinity 
increased. To make the distinction 
between the AIDW and the underlying 
water layer, the Deep Eurasian Basin 
Water (DEBW), a cut off was made at a 
potential temperature of -0.8 °C. The 
DEBW comprises both Eurasian Basin 
Deep Water and Eurasian Basin Bottom 
Water. In the Makarov Basin the same 
water layers were distinguished, only the 
deepest layer was called Deep Makarov 
Basin Water (DMBW) and the cut off was 
made at a potential temperature of -0.4 °C 
because the deep water is warmer in the 
Makarov Basin (see above). 

3.3. Results 
3.3.1. Sampling along Five Transects 
Samples were taken aboard Polarstern 
during expedition ARK XXII/2 from 28 
July until 07 October 2007 from Tromsø 
(Norway) to Bremerhaven (Germany). 
The Arctic Basin was sampled in five 
transects numbered 1-5 in sequence of the 
actual cruise track. Along these 5 
transects overall 44 stations (of which 27 

 
Figure 3 Plots of Potential Temperature (°C) versus 
Salinity for the Nansen, Amundsen and Makarov Basins 
of all transects. 
3a) Upper graph: Potential Temperature (°C) versus 
Salinity for the Nansen, Amundsen and Makarov Basins 
of all transects. Surface Layer Water (SLW) (closed 
circles), Atlantic and Intermediate Depth Water (AIDW) 
(open circles) and Deep Eurasian Basin Water (DEBW) 
and Deep Makarov Basin Water (DMBW) (closed 
triangles) were observed. Different colours are used for 
the different transects and basins; black for transect 1, 
red for transect 2, blue for the Nansen Basin transect 3, 
green for the Amundsen Basin transect 3 and 4, grey for 
the Makarov Basin transect 3 and 4 and brown for 
transect 5. 
3b) Lower graph: Potential Temperature (°C) versus 
Salinity for the deep Nansen, Amundsen and Makarov 
Basins of all transects at expanded scale. Atlantic and 
Intermediate Depth Water (AIDW) (open circles) and 
Deep Eurasian Basin Water (DEBW) and Deep Makarov 
Basin Water (DMBW) (closed triangles) are shown. 
Different colours are used for the different transects and 
basins; black for transect 1, red for transect 2, blue for 
the Nansen Basin transect 3, green for the Amundsen 
Basin transect 3 and 4, grey for the Makarov Basin 
transect 3 and 4 and brown for transect 5. 
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were deeper than 2000 m) were sampled for dissolved Al. Transects three and four covered the 
Makarov Basin as well as the Eurasian Basin (Figure 1). The 44 deployments of the all-titanium 
CTD sampling system with 24 GO-FLO samplers, resulted in a total of 666 samples that were 
analysed for Al because usually not all 24 GO-FLO samplers were sampled for Al. This is due to 
the seawater requirements of other cruise participants and the occasional malfunctioning of a GO-
FLO sampler. Of the 666 samples analysed for Al, 10 samples (1.5%) were suspected outliers 
and therefore not further used in the data analyses and figures here presented. The complete data 
set including the 10 flagged outliers is available in the Pangaea database http://www.pangaea.de. 

3.3.2. Transect 1 
Transect 1 (Figure 1) consisted of seven vertical profiles, of which three were over the 
continental shelf (Barents Sea) with a depth of approximately 200 m. Two profiles were sampled 
over the continental slope and two in the deep Nansen Basin (approximately 4000 m deep). 

In the shallow Barents Sea the cold and relatively fresh SLW extended until about 75 m depth. 
The underlying Bottom Layer Water (BLW) had a higher salinity and potential temperature than 
the surface water (Figure 2) indicating this was influenced by the Atlantic water flowing into the 
Arctic Ocean (see text section 3.2.).  

In the Nansen Basin (slope and deep stations) the SLW extended to about 75 m depth close to 
the shelf and to over 100 m depth further into the deeper basin. Deeper than about 2000 m depth, 
in the DEBW, the potential temperature remained relatively constant whereas the salinity 
increased (Figure 3b). Although the potential temperature was relatively constant in the DEBW it 
continued to decrease with depth until a slight potential temperature minimum around 3000 m 
depth.  

The concentrations of dissolved Al for the entire water column are shown in Figure 4. Over 
the continental shelf of the Barents Sea the concentrations of Al close to the surface were about 1 
nM and increased to 3 nM at 100 m depth just below the SLW. Below 100 m the concentrations 
increased to almost 5 nM towards the sediments at around 200 m depth.  

 

Figure 4 Concentrations of dissolved Aluminium (nM) over the entire water column in transect 1. The 
concentrations of Al in the Barents Sea are shown in the inset at the bottom left. Note the different colour 
scale for the Barents Sea. From this figure three suspected outliers were omitted. 

Barents Sea Nansen Basin



Chapter 3 

38 
 

Shelf Transect 1 Shelf Transect 2 
[Al]=1.2[Si]-2.7 R2=0.95 n=13 eq. 1 [Al]=3.3[Si]-11.0 R2=0.73 n= 11 eq. 4 

Table 1 Correlations between concentrations of dissolved Al (nM) and concentrations of 
dissolved Si (µM) in the bottom layer over the continental shelves (Barents Sea) of transect 1 and 
transect 2. Note the difference of a factor 1000 between the concentration of Al in nM and the 
concentration of Si in µM. 

Over the continental slope the 
concentrations in the SML were slightly 
higher, approximately 1.5 nM, but also 
increased to 3 nM at 100 m depth. 
Further into the deeper basin the 
concentrations of Al in the SML were 
just below 1.5 nM and increased 
slightly to 2 nM just below the SLW. 
The concentration of Al increased 
steadily with depth to a maximum 
concentration of over 25 nM in the deep 
Nansen Basin. The highest 
concentrations of Al were not found at 
the greatest sampled depth but just 
below the potential temperature 
minimum. Looking from the basin 
towards the continental slope the 
concentrations of Al near the slope 
were elevated with respect to the same 
depths further into the basin. This effect 
was most profound at depths greater 
than 2000 m. 

No correlation was found between 
the low concentrations of Al and Si in 
the SLW over the continental shelf 
(Barents Sea) of transect 1 (Figure 5a). 
However, when looking at the relation 
in the BLW, a clear linear correlation 
was distinguished (eq. 1; Table 1). 

Similarly, in the SLW of the Nansen 
Basin no correlation was found between 
Al and Si (Figure 5b). However, in the 
AIDW a clear correlation with a steeper 
slope than observed in the BLW over 
the shelf was found between Al and Si 
(eq. 2; Table 2). To compare the slopes 
of the correlations observed, the 
Student's T-test for comparing two 
slopes as described by Zar (1999) was 
used. The slope of the Al-Si relation in the AIDW (eq. 2) was significantly steeper (P=0.001; 2-
tailed T-test) than in the BLW over the shelf (eq. 1).  

 
Figure 5 Concentrations of dissolved Al (nM) versus 
dissolved Si (μM) in transect 1. 
5a) Upper graph: Concentrations of dissolved Al (nM) 
versus concentrations of dissolved Si (μM) over the 
continental shelf of transect 1 in the Surface Layer Water 
(SLW) (closed circles) and Bottom Layer Water (BLW) 
with Atlantic influence (triangles). Correlation in BLW 
[Al][nM]=1.2[Si][µM]-2.7 with R2=0.95 n=13 and 
P<0.001 (eq. 1).  
5b) Lower graph: Concentrations of dissolved Al (nM) 
versus concentrations of dissolved Si (μM) in the Nansen 
Basin of transect 1 in the Surface Layer Water (SLW) 
(closed circles), Atlantic and Intermediate Depth Water 
(AIDW) (open circles) and Deep Eurasian Basin Water 
(DEBW) (closed triangles). Correlation in AIDW 
[Al][nM]=2.2[Si][µM]-7.0 with R2=0.96 n=48 and 
P<0.001 (eq. 2). Correlation in DEBW 
[Al][nM]=9.7[Si][µM]-86.4 with R2=0.90 n=27 and 
P<0.001 (eq. 3). 
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From about 2000 m depth downwards in the DEBW the concentration of Al increased above 18 
nM. Here the relation between Al and Si changed and the slope of the correlation became much 
steeper (eq. 3; Table 3), indicative of a relative enrichment of Al with respect to Si in the deep 
basin. The slope of the Al-Si relation in the DEBW (eq. 3) was significantly steeper (P<0.001; 2-
tailed T-test) than in the AIDW (eq. 2). 

Basin Nansen AIDW Amundsen AIDW Makarov AIDW 
Transect 1 [Al]= 2.2[Si]-7.0 

R2=0.96 n=48 eq. 2 
x x 

Transect 2 [Al]=2.2[Si]-6.1 
R2=0.97 n=37 eq. 5 

x x 

Transect 3 [Al]=2.2[Si]-7.8 
R2=0.95 n=45 eq. 7 

[Al]=2.2[Si]-8.9 
R2=0.98 n=15 eq. 9 

[Al]=2.0[Si]-9.7 
R2=0.94 n=24 eq. 11 

Transect 4 

x [Al]=2.2[Si]-8.4 
R2=0.99 n=9 eq. 14 

[Al]=1.9[Si]-9.1 
R2=0.93 n=12 eq. 12 

[Al]=1.9[Si]-9.8 
R2=0.94 n=10 eq. 13 

Transect 5 [Al]= 2.2[Si]-8.0 R2=0.93 n=39 eq. 16 x 
Table 2 Correlations between concentrations of dissolved Al (nM) and concentrations of 
dissolved Si (µM) per basin and per transect for the Atlantic and Intermediate Depth Water 
(AIDW). Note the difference of a factor 1000 between the concentration of Al in nM and the 
concentration of Si in µM. The equation 16 for transect 5 was observed over the deep Gakkel 
Ridge and therefore presented in the columns of both the Nansen Basin and Amundsen Basin. 
The equation 12 was observed over the deeper Mendeleyev Ridge of transect 4 and therefore 
displayed separately. When combining all data of the AIDW in the Eurasian basin the following 
eq. 18 was observed:  [Al]=2.2[Si]-7.7 R2=0.94 n=193  P<0.001  

Basin Nansen DEBW 
Theoretical 
terrigenous 
component 

Amundsen DEBW 
Theoretical 
terrigenous 
component 

Transect 1 [Al]=9.7[Si]-86.4 
R2=0.90 n=27 eq. 3 4.05% x  

Transect 2 [Al]=13.5[Si]-128.0 
R2=0.91 n=13 eq. 6 6.05% x  

Transect 3 [Al]=12.8[Si]-120.0 
R2=0.83 n=24 eq. 8 5.69% [Al]=10.3[Si]-92.7 

R2=0.90n=17 eq. 10 4.37% 

Transect 4 x  [Al]=7.4[Si]-61.8 
R2=0.94 n=5 eq. 15 2.82% 

Transect 5 [Al]=9.8[Si]-88.0 R2=0.87 n=43 eq. 17 4.10% 
Table 3 Correlations between concentrations of dissolved Al (nM) and concentrations of 
dissolved Si (µM) per basin and per transect for the and Deep Eurasian Basin Water (DEBW). 
Note the difference of a factor 1000 between the concentration of Al in nM and the concentration 
of Si in µM. The equation 17 for transect 5 was observed over the deep Gakkel Ridge and 
therefore presented in the columns of both the Nansen Basin and Amundsen Basin. The 
theoretical terrigenous component in the DEBW is the percentage (by weight) of terrigenous 
particles resulting of solving equation 20 (see text section 3.4.5.) for the specific transect and 
basin. 
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3.3.3. Transect 2 
Transect 2 (Figure 1) consisted of five vertical profiles. Two profiles on the slope and two 
profiles on the shelf in the Barents Sea are shown in a colour plot (Figure 6). The fifth profile in 
the deep Nansen Basin is only shown as a vertical profile (Figure 7) to avoid excessive 
interpolation between this station and the other four stations further south. Above the continental 
shelf again cold, relatively fresh SLW (Figure 2) was observed, but this extended only to a depth 
of 25 m. Below 25 m depth the BLW with Atlantic influence was warmer and more saline. 

The cold and relatively fresh SLW extended to only 25 m depth at the two stations over the 
continental slope but to 100 m depth at the station further into the deep basin. The potential 
temperature versus salinity distribution in the remainder of the water column was similar to what 
was found in transect 1 (see text section 3.3.2.). 
In the DEBW a potential temperature minimum 
was observed at 3200 depth. 

Over the shelf the concentrations of Al 
increased from around 1 nM in the SLW to 4 
nM at 100 m depth (Figure 6). At the 
shallowest station (250 m depth) the 
concentration of Al below the SLW remained 
relatively constant throughout the water 
column around 4 nM. At the deeper shelf 
station (300 m) closer to the basin the 
concentrations increased towards the sediment 
to 6 nM.  

On the continental slope the concentrations 
of Al increased from around 1 nM in the SLW 
to 4 nM at 100 m depth, as observed on the 
shelf. Deeper, the concentrations of Al 
increased steadily to a maximum of 24 nM Al 
at the deepest point of 3000 m depth. Further 
north in the deep Nansen Basin the 

Figure 6 Concentrations of dissolved Aluminium (nM) in the Barents Sea and over the continental slope 
in transect 2. From this figure one suspected outlier was omitted. 
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Figure 7 Vertical profile of dissolved Al (nM) in 
the deep Nansen Basin of transect 2. From this 
figure one outlier (at 25 m depth) was omitted. 
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concentration of Al in the SML of 1 nM (Figure 7) was lower than the SML concentration found 
in the deep Nansen Basin at transect 1. However, at 100 m depth the concentration was 2 nM, just 
like in transect 1 (see text section 3.3.2.). With increasing depth, the concentration of Al 
increased to over 26 nM with the highest concentrations just below the potential temperature 
minimum. Again as in transect 1, (see text section 3.3.2.) the concentrations of Al were relatively 
higher towards the continental slope compared to the deep basin, especially at depths greater than 
2000 m. 

The relation between the 
concentrations of Al and Si in the BLW 
over the continental shelf was relatively 
modest (eq. 4; Table 1). This modest 
correlation was probably caused by the 
relatively constant concentrations of Si 
above the shelf, ranging from 4.3 to 5.1 
μM below the SLW, which was a much 
smaller variation in concentration than 
seen at transect 1 (2.4 to 6.1 μM, 3.2.). 

In the basin, the relation between Al 
and Si was very similar to transect 1 
(see text section 3.3.2.), showing no 
apparent correlation in the SLW 
(Figure 8). Yet below the SLW again a 
clear correlation was found in the 
AIDW of transect 2 (eq. 5; Table 2) 
with almost the same slope as found in 
the AIDW in transect 1 (eq. 2; Table 2). 
No significant difference between the 
slopes of these two Al-Si relationships 
(equations 2 and 5) was found (P=0.86; 
2 tailed T-test). The slope of the 
relation became much steeper again in the DEBW where concentrations of Al increased above 18 
nM (eq. 6; Table 3). The slope of this Al-Si relation in the DEBW in this transect 2 was steeper 
than the slope found in the DEBW in transect 1 (eq. 3; Table 3) and the difference between these 
slopes (equations 3 and 6) was highly significant (P<0.008; 2-tailed T-Test). 

3.3.4. Transect 3 
Transect 3 (Figure 1) was by far the longest and had the most stations (17), crossing both the 
Eurasian and Makarov Basins and extending onto the Alpha Ridge. This transect is discussed in 
more detail to gain insight into the differences between the Nansen, Amundsen and Makarov 
Basins.  

In the Nansen Basin the cold and relatively fresh SLW extended to about 50 m depth over the 
shelf and to 100 m depth in the basin. Below the SLW the ALW was warmer close to the 
Eurasian shelf and became progressively cooler further into the basins away from the Eurasian 
shelf (Figure 9a and b). Below the ALW, in the IDW, the potential temperature decreased. In the 
DEBW there was a potential temperature minimum at 3000 m depth in the centre of the Nansen 
Basin, whereas in the deeper Amundsen Basin this minimum was located at approximately 3500 
m depth. The SLW in the Amundsen Basin extended to a similar depth as in the Nansen Basin 

Figure 8 Concentrations of dissolved Al (nM) versus 
concentrations of dissolved Si (μM) in the Nansen Basin of 
transect 2 in the Surface Layer Water (SLW) (closed 
circles), Atlantic and Intermediate Depth Water (AIDW) 
(open circles) and Deep Eurasian Basin Water (DEBW) 
(closed triangles). Correlation in AIDW 
[Al][nM]=2.2[Si][µM]-6.1 with R2=0.97 n=37 and 
P<0.001 (eq. 5). Correlation in DEBW 
[Al][nM]=13.5[Si][µM]-128.0 with R2=0.91 n=13 and 
P<0.001 (eq. 6). 
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(100-125 m). In the Makarov Basin the SLW extended to 100 m depth close to the Lomonosov 
Ridge and to 150 m towards the Alpha Ridge. Furthermore, the Makarov SLW was relatively 
fresh compared to the SLW in the Eurasian Basin (Figure 3a). The ALW in the Makarov Basin 
was colder compared to the Eurasian Basin while the intermediate and deep waters were warmer 
(Figure 9a and b), which confirms what is known about the hydrography (see text section 3.2). In 
the deep Makarov Basin there was no potential temperature minimum observed. 

The SML concentrations of Al in transect 3 were generally below 1 nM with a slight elevation to 
1.5 nM in the middle of the Amundsen Basin and the shelf of the Nansen Basin (Figure 10a). The 
SML concentrations of Al were lowest (all concentrations < 1 nM) in the Makarov Basin and 
onto the Alpha Ridge. 

In the upper water column the concentrations of Al increased to over 4 nM at 250 m depth in 
the Nansen Basin close to the shelf and to 2 nM in the Amundsen Basin. In the Makarov Basin 
and towards the Alpha Ridge this increase in Al was absent and concentrations remained below 
1.5 nM in the upper 300 m (Figure 10a and b). The higher concentrations of Al coincided with 
the higher potential temperature of the ALW that flows in from the Eurasian side of the Eurasian 
Basin (Figure 9a).  

 
Figure 9a and 9b Potential Temperature (°C) in the upper 250 m of the water column (upper graph, 9a) 
and over the entire water column (lower graph, 9b) in transect 3. Potential Temperature data from 
stations not sampled for trace metals are courtesy of the oceanography group of ARKXXII/2 (Schauer, 
2008). 
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In contrast, in the Makarov Basin there was a layer visible with lower concentrations of Al. These 
low concentrations of Al coincided with higher concentrations of Si (Figure 11a and b). 
However, the core of the high concentrations of Si appears to be located deeper than the core of 
the low concentrations of Al. The reason that the cores of high Si and low Al are somewhat 
vertically resolved is most likely the biological uptake in the upper surface layer decreasing both 
the concentrations of Si and Al. The high concentrations of Si were associated with the upper 
halocline due to inflowing water of Pacific origin (Anderson et al., 1994). This shows the Pacific 
inflow delivers more Si, but not more Al to the surface waters of the Makarov Basin. 

Below the SLW and the AIDW the concentrations of Al increased with depth to 26 nM in the 
Nansen Basin and to 24 nM in the Amundsen Basin (Figure 10b). At stations in the centre of the 
Nansen Basin, the maximum concentrations of Al were usually at or near the greatest depth in 
this transect 3. This is in contrast to the other transects 1 and 2, where in the central Nansen Basin 
the maximum Al value is not near the bottom but some 400-600 m higher close to the observed 
potential temperature minimum. At stations towards the continental slope and close to the Gakkel 
Ridge in the Nansen Basin (i.e. not in the centre of the basin) in this transect 3, the maximum 
concentrations of Al coincided again with the lowest potential temperature.  

 
Figure 10a and 10b Concentrations of dissolved Aluminium (nM) in the upper 250 m of the water column 
(upper graph, 10a) and over the entire water column (lower graph, 10b) in transect 3. Note the different 
colour scale in the upper 250 m of the water column (upper graph, 10a). Five (5) suspected outliers were 
omitted from these figures. 
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In the Amundsen Basin the maximum concentrations of Al are found at or just below the 
potential temperature minimum. In general, the concentrations of Al towards the continental 
slope appeared to be relatively higher compared to the concentrations at the same depths in the 
centre of the basin.  

The concentrations of Al in the deep Makarov Basin (which does not show a potential 
temperature minimum) increased to a maximum of only 19 nM. This Al maximum was found at 
the greatest sampled depth. When plotting the concentrations of Al versus the potential 
temperature between the three deep basins (deeper than 2000 m) of this transect 3 (Figure 12a 
and b), the above described clear distinctions are apparent.  

For this transect 3 the relationship between Al and Si in each basin is plotted for comparison 
between the basins. In the Nansen Basin (Figure 13a) the low Al concentrations in the SLW 
showed no apparent correlation with Si. With increasing depth, in the AIDW, the increasing 
concentrations of Al showed a clear linear correlation with the concentrations of Si (eq. 7; Table 
2). The slope of this relation in the AIDW in the Nansen Basin in this transect 3 is very close to 
the slopes observed for the AIDW in the Nansen Basin in transects 1 and 2 (equations 2 and 5; 
Table 2). Indeed there were no significant differences when comparing the slopes (equation 2, 5 
and 7) of the Al-Si relations in the AIDW in the Nansen Basin between the transects 1, 2 and 3 
(P>0.48 in all cases, 2-tailed T-test).  

 
Figure 11a and 11b Concentrations of dissolved Silicate (μM) in the upper 250 m of the water column 
(upper graph, 11a) and over the entire water column (lower graph, 11b) in transect 3. Note the different 
colour scale in the upper 250 m of the water column (upper graph, 11a). 

Gakkel Ridge Lomonosov Ridge Alpha Ridge

Nansen Basin

Amundsen 
Basin

Makarov Basin

11 b

11 a



Dissolved Aluminium and the Silicon cycle in the Arctic Ocean 
 

45 
 

The concentration of Al increased with 
increasing depth to concentrations above 
18 nM, at approximately 2000 m in the 
deep Nansen Basin. Below 2000 m 
depth, in the DEBW, the slope of 
correlation was steeper once again (eq. 8; 
Table 3). The Al-Si relation in the 
DEBW in this part of the Nansen Basin 
in this transect 3 seems to be similar to 
the one observed in the DEBW in 
transect 2 (eq. 6; Table 3). Indeed no 
significant difference was found between 
the slopes (equations 6 and 8) of these 
Al-Si relations (P=0.76; 2-tailed T-test). 
There was, however, a significant 
difference between the slopes of the Al-
Si relations in the DEBW from transect 1 
(eq. 3; Table 3) and the DEBW in the 
Nansen Basin in this transect 3 (eq. 8) 
(P=0.024; 2-tailed T-Test). 

There were far fewer data points in 
the Amundsen Basin but these data show 
an almost identical pattern with a similar 
enrichment of Al with respect to Si in the 
DEBW (Figure 13b) as seen for the 
Nansen Basin (Figure 13 a). The slope of 
the Al-Si relation in the AIDW of the 
Amundsen Basin (eq. 9; Table 2) was 
almost identical to the regression slope 
of the AIDW in the Nansen Basin (eq. 7; 
Table 2) in this same transect 3. Indeed 
the difference between the slopes 
(equations 7 and 9) of the Al-Si relations 
in the AIDW in the Nansen versus the 
Amundsen Basin in this transect 3 was 
insignificant (P=0.95; 2-tailed T-test). 
Moreover, there was also no significant 
difference between the slopes of the Al-
Si relation in AIDW of the Nansen Basin 
observed in transects 1 and 2 (equations 
2 and 5; Table 2) and the slope observed 
in the AIDW in the Amundsen Basin 
(eq. 9) in this transect 3 (P=0.80 and 
P=0.69; respectively, 2-tailed T-test).  
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Figure 12 Concentrations of dissolved Aluminium (nM) 
versus Potential Temperature (°C). Note the difference in 
the Potential temperatures and concentrations of Al 
between the DEBW and DMBW. 
12a) Upper graph: Concentrations of dissolved 
Aluminium (nM) versus Potential Temperature (°C) plot 
in the Deep Eurasian Basin Water (DEBW) of the 
Nansen Basin (closed circles) and Amundsen Basin 
(open circles). 
12b) Lower graph: Concentrations of dissolved 
Aluminium (nM) versus Potential Temperature (°C) plot 
in the Deep Makarov Basin Water (DMBW). 
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The slope of the Al-Si relation in the 
DEBW in the deep Amundsen Basin in this 
transect 3 was once again much steeper (eq. 
10; Table 3). However, this slope was not 
as steep as in the DEBW in the Nansen 
Basin in this transect 3 (eq. 8; Table 3). The 
differences in slope of the Al-Si relation 
between the DEBW in the Amundsen 
Basin (eq. 10) in this transect 3 was significant when compared to the DEBW in the Nansen 
Basin in transect 2 (Eq. 6; P=0.049; 2-tailed T-test), but not significant compared to the DEBW 
in the Nansen Basin in transects 1 and 3 (Eq. 3 and 8; P=0.58 and P= 0.15; respectively, 2-tailed 
T-test). 
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Figure 13 Concentrations of dissolved Aluminium 
(nM) versus concentrations of dissolved Si (μM) in 
transect 3. 
13a) Upper graph: Concentrations of dissolved 
Aluminium (nM) versus concentrations of 
dissolved Si (μM) in the Nansen Basin in transect 
3 in the Surface Layer Water (SLW) (closed 
circles), Atlantic and Intermediate Depth Water 
(AIDW) (open circles) and Deep Eurasian Basin 
Water (DEBW) (closed triangles). Correlation in 
Nansen Basin AIDW [Al][nM]=2.2[Si][µM]-7.8 
with R2=0.95 n=45 and P<0.001 (eq. 7). 
Correlation in Nansen Basin DEBW 
[Al][nM]=12.8[Si][µM]-120.0 with R2=0.83 
n=24 and P<0.001 (eq. 8). 
13b) Middle graph: Concentrations of dissolved 
Aluminium (nM) versus concentrations of 
dissolved Si (μM) in the Amundsen Basin in 
transect 3 in the Surface Layer Water (SLW) 
(closed circles), Atlantic and Intermediate Depth 
Water (AIDW) (open circles) and Deep Eurasian 
Basin Water (DEBW) (closed triangles). 
Correlation in Amundsen Basin AIDW 
[Al][nM]=2.2[Si][µM]-8.9 with R2=0.98 n=15 
and P<0.001 (eq. 9). Correlation in Amundsen 
Basin DEBW [Al][nM]=10.3[Si][µM]-92.7 with 
R2=0.90 n=17 and P<0.001 (eq. 10). 
13c) Lower graph: Concentrations of dissolved 
Aluminium (nM) versus concentrations of 
dissolved Si (μM) in the Makarov Basin in 
transect 3 in the Surface Layer Water (SLW) 
(closed circles), Atlantic and Intermediate Depth 
Water (AIDW) (open circles) and Deep Makarov 
Basin Water (DMBW) (open triangles). 
Correlation in Makarov Basin AIDW 
[Al[nM]]=2.0[Si][µM]-9.7 with R2=0.94 n=24 
and P<0.001 (eq. 11). 
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On the other side of the Lomonosov Ridge in the Makarov Basin and onto the Alpha Ridge there 
was again no apparent correlation in the SLW between the low concentrations of Al and the 
concentrations of Si, but the latter were much higher with concentrations up to 35 μM (Figure 
13c). In the underlying AIDW of the Makarov Basin, the slope of the relation between Al and Si 
(eq. 11; Table 2) was less steep than in AIDW in the basins on the other side of the Lomonosov 
Ridge. The slope of the Al-Si relation in the AIDW of the Makarov Basin in this transect 3 
differed significantly from the slopes of the Al-Si relations (equations 2, 5, 7 and 9; Table 2) 
found in the AIDW in the Nansen and Amundsen Basins in all transects (P<0.05 in all cases, 2-
tailed T-test). Moreover, in the Makarov Basin the concentrations of Al continuously increased 
with depth within and below the AIDW, but this increase was less steep than in the Eurasian 
Basin as the concentrations of Al did not increase over a maximum 19 nM value in the deep 
layers of the Deep Makarov Basin Water (DMBW). The concentrations of Si on the other hand, 
decreased below a maximum value at 2500 m depth. Nevertheless, the deep Si values below 2500 
m depth in the DMBW of the Makarov Basin still were relatively higher compared to the deep Si 
values in the DEBW of the Eurasian Basin (Figure 11b). Overall, the less steep slope of the Al-Si 
relation in the AIDW, the Si maximum at 2500 m depth and the relatively high concentrations of 
Si in the DMBW all are indicative of a relative enrichment of Si, most likely of Pacific origin, in 
the Makarov Basin.  

3.3.5. Transect 4 
Transect 4 (Figure 1) consisted of merely three vertical profiles for Al, one on the Mendeleyev 
Ridge, one in the Makarov Basin and one just in the Amundsen Basin close to the Lomonosov 
Ridge. These three profiles are shown as vertical profiles and not as colour plots to avoid 
excessive interpolation (Figure 14). The distributions of potential temperature and salinity at the 
different stations were very similar to the observations in transect 3 (see text section 3.3.4.).The 
cold, fresh SLW extended to greatest depth over the Mendeleyev Ridge (125 m), at intermediate 
depths in the Makarov Basin (between 125 
and 100 m) and was shallowest in the 
Amundsen Basin (100 m). The SLW was 
relatively fresh on the Mendeleyev Ridge 
and became increasingly saline towards the 
Amundsen Basin whereas the ALW 
underneath became warmer as noted in 
transect 3 (see text section 3.3.4.). Below 
the potential temperature maximum of the 
ALW the potential temperature and salinity 
were quite similar at all three stations until 
about 750 m depth. At greater depths 
exceeding 750 m, the water became colder 
and less saline in the Amundsen Basin 
relative to the water on the other side of the 
Lomonosov Ridge as was observed in 
transect 3 (see text section 3.3.4.). In the 
DEBW in the Amundsen Basin there was a 
slight potential temperature minimum 
between 3500 and 3750 m depth. 
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Figure 14 Profiles of dissolved Al (nM) over the 
Mendeleyev Ridge, in the Makarov Basin and in the 
Amundsen Basin of transect 4. 
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Above the Mendeleyev Ridge and in the 
Makarov Basin the concentrations of Al in 
the SLW were similar to those seen in 
transect 3 (see text section 3.3.4.) above 
the Alpha Ridge and in the Makarov 
Basin, with concentrations staying below 
1 nM in the SLW and reaching 1.5 nM 
around 250 m. In the Amundsen Basin the 
concentration of Al in the upper SLW was 
also below 1 nM but the concentration 
increased more rapidly reaching 2 nM 
around 250 m depth.  

With increasing depth, the concentrations of Al increased to almost 19 nM near the bottom in 
the Makarov Basin and reached 23 nM at the potential temperature minimum in the Amundsen 
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Figure 15 Concentrations of dissolved 
Aluminium (nM) versus concentrations of 
dissolved Si (μM) in transect 4. 
15a) Upper graph: Concentrations of dissolved 
Aluminium (nM) versus concentrations of 
dissolved Si (μM) over the Mendeleyev Ridge in 
transect 4 in the Surface Layer Water (SLW) 
(closed circles) and Atlantic and Intermediate 
Depth Water (AIDW) (open circles). Correlation 
in Mendeleyev Ridge AIDW 
[Al][nM]=1.9[Si][µM]-9.1 with R2=0.93 n=12 
and P<0.001 (eq. 12). 
15b) Middle graph: Concentrations of dissolved 
Aluminium (nM) versus concentrations of 
dissolved Si (μM) in the Makarov Basin in 
transect 4 in the Surface Layer Water (SLW) 
(closed circles), Atlantic and Intermediate 
Depth Water (AIDW) (open circles) and Deep 
Makarov Basin Water (DMBW) (open 
triangles). Correlation in Makarov Basin AIDW 
[Al][nM]=1.9[Si][µM]-9.8 with R2=0.94 n=10 
and P<0.001 (eq. 13). 
15c) Lower graph: Concentrations of dissolved 
Aluminium (nM) versus concentrations of 
dissolved Si (μM) in the Amundsen Basin in 
transect 4 in the Surface Layer Water (SLW) 
(closed circles), Atlantic and Intermediate 
Depth Water (AIDW) (open circles) and Deep 
Eurasian Basin Water (DEBW) (closed 
triangles). Correlation in Amundsen Basin 
AIDW [Al][nM]=2.2[Si][µM]-8.4 with R2=0.99 
n=9 and P<0.001 (eq. 14). Correlation in 
Amundsen Basin DEBW 
[Al][nM]=7.4[Si][µM]-61.8 with R2=0.94 n=5 
and P=0.006 (eq. 15). 
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Basin. Over the Mendeleyev Ridge the concentration of Al was highest at about 15.5 nM at 1950 
m, in proximity to the sediment (Figure 14). 

The slope of the relationship between Al and Si (Figure 15a) on the Mendeleyev Ridge in the 
AIDW below the SLW (eq. 12; Table 2) was slightly less steep than seen in the AIDW of the 
Makarov Basin in transect 3 (eq. 11; Table 2). However, there was no significant difference 
between the slopes (equations 11 and 12) (P=0.56; 2-tailed T-test). The concentrations of Si in 
the surface waters in this transect 4 were not as extreme as seen in transect 3 (see text section 
3.3.4.), but still quite high with a maximum of almost 18 μM. 

In the AIDW in the Makarov Basin in this transect 4 the Al-Si relationship (eq. 13; Table 2), 
as shown in Figure 15b, was similar to the one seen in the Makarov Basin in transect 3 (eq. 11; 
Table 2) and no significant difference was found between the slopes (P=0.64; 2-tailed T-test) of 
equations 11 and 13. Again the concentration of Si decreased deeper than 2500 m, as observed in 
the Makarov Basin in transect 3 (see text section 3.3.4.). 

The Al-Si relation in the AIDW of the Amundsen Basin in this transect 4 (eq. 14; Table 2), as 
shown in Figure 15c, and was very similar to the one encountered in the AIDW in the Amundsen 
Basin in transect 3 (eq. 9; Table 2). Indeed there was no significant difference between the slope 
of the Al-Si relation in the AIDW of the Amundsen Basin in transect 3 (eq. 9) compared to the 
slope in the AIDW in this transect 4 (eq. 14) (P=0.83; 2-tailed T-test).  

In the DEBW in the Amundsen Basin of this transect 4, the regression slope (eq. 15; Table 3) 
was less steep than the slope found in transect 3 for the DEBW in the Amundsen Basin (eq. 10; 
Table 3),but the difference of slopes (equations 10 and 15) was insignificant (P=0.30; 2-tailed T-
test). Finally the concentrations of Si in the DEBW of the Amundsen Basin were lower than those 
found at similar depths in the Makarov Basin, as was also observed in transect 3 (see text section 
3.3.4.). 

3.3.6. Transect 5 
The final transect sampled was over the Gakkel Ridge onto the continental slope and into the 
Laptev Sea (Figure 1). The Gakkel Ridge is quite deep with depths between 4000 and 5200 m. 
The depth of 5200 m was observed in a deep trench just before the onset of the continental slope. 
The distributions of potential temperature and salinity (Figure 3a and 3b) in the deep part were 
similar to previous observations in the Nansen and Amundsen Basins (see text section 3.3.2., 
3.3.3. and 3.3.4.). However, over the continental slope and onto the shelf there were some 
deviations. The cold and relatively fresh SLW extended to around 100 m depth in the deep parts 
of the basin and over the continental slope. At the onset of the continental slope the top of the 
SLW showed an increase in potential temperature compared to the top of the SLW further away 
from the continental slope (Figure 16a). At the edge of the continental shelf, however, the 
potential temperatures were lower again and quite close to those observed over the deep parts of 
the Gakkel Ridge. This indicates a flow of a different, warmer water mass in the top of the SLW 
close to the continental shelf. The origin of this apparently distinct water mass is suspected to be 
warmer water brought up from below due to enhanced mixing (pers. com. Dr B. Rudels). Over 
the shelf (Laptev Sea) the water became warmer and less saline, with the upper parts of this 
shallow water column (55–35 m) being the warmest and least saline. The ALW was warmest 
over the continental slope and was colder further away from the slope (Figure 16b) as was seen in 
transect 3 (see text section 3.3.4.). In the part over the continental slope with bottom depths 
between 2000 and 1000 m the potential temperature values in this depth range were somewhat 
elevated compared to values at similar depths further away from the slope (Figure 16b).  
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In the DEBW of this transect 5 there was a potential temperature minimum around 3000 m 
observed in all six stations deeper than 3000 m, which were sampled for trace metals. At the two 
stations over the continental slope no potential temperature minimum was observed.  

The concentrations of Al of this transect 5 in the upper 250 m are shown in Figure 17a. 
Furthest away from the continental shelf, over the deep parts of the Gakkel Ridge, the 
concentrations of Al in the SML were below 1 nM and values increased to 2 nM at approximately 
200 m depth. Over the continental slope the Al distribution in the SLW became increasingly 
patchy with concentrations around 1 nM. The 2 nM Al isocline over the slope was located 
shallower than in the basin and rose to above 100 m towards the shelf edge, consistent with the 
suspected upwelling of deeper and warmer water with higher concentrations of Al. Deeper than 
these depths of the 2 nM Al isocline, the concentration of Al increased to over 3 nM in the 
warmer ALW. Low concentrations of Al below 1 nM were observed over the entire shallow (67 
m) water column close to the edge of the continental shelf. The concentrations of Al increased to 
around 2 nM further onto the shelf. The low concentrations of Al coincided with lower potential 
temperature (Figure 16a), indicating the suspected upwelling did not extend onto the shelf. 

 

 
Figure 16a and 16b Potential Temperature (°C) in the upper 250 m of the water column (upper graph, 
16a) and over the entire water column (lower graph, 16b) in transect 5. Note the different colour scale in 
the upper 250 m of the water column (upper graph, 16a). Potential Temperature data from stations not 
sampled for trace metals are courtesy of the oceanography group of ARKXXII/2 (Schauer et al., 2008). 
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When looking at the total water column (Figure 17b), the concentrations of Al showed a steady 
increase with depth. In the region furthest away from the slope the maximum concentrations 
encountered were approximately 24.5 nM at about 3500 m in the DEBW. The maximum Al 
values close to and in the deep trench, were just over 26.5 nM and 28 nM, respectively, and were 
also found around 3500 m. This depth of 3500 m was somewhat below the potential temperature 
minimum, but well above the sediments located around 4250 m depth. 

Over the slope, the concentrations of Al deeper than 2000 m were relatively high compared to 
the same depths away from the slope. On the other hand, at the station over the slope shallower 
than 2000 m, the concentrations of Al around 1000m appeared to be somewhat lower compared 
to the same depths further away from the slope. This coincided with the aforementioned (see 
above) elevated potential temperatures observed in the same region (Figure 16b). These higher 
potential temperatures are suspected to be from dense water from the shelf that has entrained 
Atlantic water which is too warm to sink any further (pers. com. Dr B. Rudels). Unfortunately 
this water with elevated potential temperatures was not sampled further for Al than the mentioned 
samples around 1000 m that are just at the top of this water. The lower concentrations of Al at 
this station would be related to the Atlantic water that has lower concentrations of Al than water 
generally observed at 1000 m depth. 

 
Figure 17a and 17b Concentrations of Dissolved Aluminium (nM) in the upper 250 m of the water column 
(upper graph, 17a) and over the entire water column (lower graph, 17b) in transect 5. Note the different 
colour scale in the upper 250 m of the water column (upper graph, 17a). From these figures one suspected 
outlier was omitted. 
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The relationship between Al and Si for this transect 5 (without the two shelf stations, Figure 18) ) 
in the AIDW over the Gakkel Ridge (eq. 16; Table 2) was similar to the relations previously 
found in the AIDW of the Nansen Basin (equations 2, 5 and 7; Table 2) and Amundsen Basin 
(equations 9 and 14; Table 2) basins. Furthermore, no significant difference was found when 
comparing the slope (eq. 16) of the Al-Si relation in the AIDW in this transect 5 with the slopes 
(equations 2, 5, 7, 9 and 14; Table 2) of the AIDW in the entire Nansen or Amundsen Basin 
(P>0.58 in all cases; 2-tailed t-test). 

In the DEBW over the Gakkel Ridge of 
this transect 5 the slope of the relation 
(Figure 18) became steeper once again (eq. 
17; Table 3). This slope was not as steep as 
seen previously for the DEBW in the 
Nansen Basin in transects 2 and 
3(equations 6 and 8; Table 3), but more 
similar to the slope seen in the deep Nansen 
Basin in transect 1 (eq. 3; Table 3). Indeed, 
no significant difference was found when 
comparing the slope of the Al-Si relation in 
the DEBW of transect 5 (Eq. 17) with the 
slope in the DEBW in transect 1 (Eq. 3; 
P=0.93; 2-tailed T-test) and a significant 
difference when comparing with the slope 
of the Al-Si relation in the DEBW of 
transects 2 and 3 (Eqs. 6 and 8; P<0.05 in 
both cases; 2-tailed T-test). No significant 
difference was found between the slope of 
the Al-Si relation (eq. 17) in the DEBW in 
this transect 5 and those of the DEBW in 
the Amundsen Basin in the previous 
transects 3 and 4 (equations 10 and 15; 
Table 3) (P=0.72 and P=0.57; respectively, 
2-tailed T-test). 

3.4. Discussion 
3.4.1. Historic data 
To the best of our knowledge there are no data available on dissolved aluminium in the central 
Arctic Ocean. However, there are data published by Moore (1981) and Measures (1999), but 
these are for reactive aluminium from unfiltered, non-acidified seawater samples.  

In the deep waters Moore (1981) collected unfiltered seawater in GO-FLO samplers proven 
suitable for sampling trace metals (Bruland et al., 1979; De Baar et al., 2008) and found 
concentrations of reactive Al increasing from 18.2 nM at 1900 m to 21 nM at 2600 m depth in the 
Makarov Basin near the Lomonosov Ridge. Previously it has been assumed that more than 90% 
of the Al present in the water column resides in the dissolved phase (Measures, 1999). When for 
the sake of the argument using this previous assumption, then the dissolved concentrations should 
have been about 10% lower thus 16.4 and 18.9 nM, respectively. The latter range is in good 
agreement with the concentrations of dissolved Al reported here at the Lomonosov Ridge of 15 
nM at 2000 m increasing to 18.1 nM at 2650 m found (see above text section 3.3.4.). 

 
 

Figure 18 Concentrations of dissolved Aluminium 
(nM) versus concentrations of dissolved Si (μM) in the 
deep Gakkel Ridge basin in the Surface Layer Water 
(SLW) (closed circles), Atlantic and Intermediate 
Depth Water (AIDW) (open circles) and Deep 
Eurasian Basin Water (DEBW) (closed triangles). 
Correlation in Gakkel Ridge AIDW 
[Al][nM]=2.2[Si][µM]-8.0 with R2=0.93 n=39 and 
P<0.001 (eq. 16). Correlation in Gakkel Ridge 
DEBW [Al][nM]=9.8[Si][µM]-88.0 with R2=0.87 
n=43 and P<0.001 (eq. 17). 
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The concentrations of reactive Al found in the surface waters in the High Arctic near the 
Lomonosov Ridge by Moore (1981) are between 3 and 4.1 nM in the upper 130 m and also 
collected in GO-FLO samplers. Similarly, Measures (1999) found concentrations between 3 and 
5.9 nM of reactive Al in surface waters in the same region in unfiltered seawater (see text below). 
These values are considerably higher than the surface concentrations of dissolved Al collected 
with GO-FLO samplers around the Lomonosov Ridge presented in this Chapter. These filtered 
surface water values of dissolved Al range between 0.6 and 1.3 nM in the upper 25 m and 
between 0.8 and 1.7 nM dissolved Al at 150 m depth on the Makarov and Amundsen Basin side, 
respectively, of the Lomonosov Ridge (see text section 3.3.4.). Higher concentrations of reactive 
Al in surface waters of up to 22.4 nM in the Canadian Basin and up to 6.9 nM in the Eurasian 
Basin were observed by Measures (1999). Some 13 Al values (range 1.4 to 22.4 nM, average 8.4 
nM S.D.= 6.8) were by collection in the very top 10-20 cm layer (including the sea-surface 
microlayer) by hand sampling (with double plastic gloves) into a pre-cleaned plastic bottle from 
the edge of an ice-floe positioned upwind of the ship. Moreover, some 39 samples had been 
collected with modified Niskin type PVC sampling bottles for shallow depths down to 28 m, 
yielding values of Al ranging from 2.4 to 22.2 nM with an average of 6.9 nM (S.D.=4.1). The 
shallowest samples here presented were taken with internal Teflon-coated GO-FLO samplers (see 
text Chapter 2) as the final sample at about 5 m depth at the end of the complete ~4000m deep 
hydrocast. The vertical transit of twice ~4000 m of the open GO-FLO sampler also serves to rinse 
off any inadvertent contamination before closing the GO-FLO sampler at 5 m depth. The 
integrity of clean samples is furthermore confirmed by the complete transects of dissolved Fe 
(Klunder et al., 2008) in the same samples as here reported for dissolved Al.  

It appears that only a small part of the discrepancy can be explained by the presumed about 
10% difference between reactive (unfiltered) Al and dissolved (0.2 µm filtered) Al. Thus it 
appears this 10% assumption in historic literature is not necessarily justified in surface waters 
where perhaps a higher than 10% of all Al is in the particulate state. Perhaps seasonal and spatial 
variations may also exert an influence. Moreover, inadvertent contamination cannot be ruled out 
either for the historic datasets, notably when sampling was done with Niskin type samplers or by 
hand instead of using well-flushed GO-FLO samplers. 

The here presented general trend of low concentrations of dissolved (0.2 µm filtered) Al in the 
SML (< 1 nM) and subsequently increasing concentrations with depth is more compatible with 
the observations of Hall and Measures (1998) in 0.4 µm filtered samples (from GO-FLO 
samplers) at their most northern, deep station in the Nordic Seas. Although the deep 
concentrations of dissolved Al found in the Arctic (maximum of 28.1 nM) are not as high as the 
concentrations of around 40 nM reported in the Nordic Seas and Lofoten Basin of the Norwegian 
Sea (Measures and Edmond, 1992), the similarity in profile shape indicates similar processes may 
be responsible for the distribution of dissolved Al. This is supported by the observation that there 
also appears to be a relative enrichment of Al versus Si in the deepest part of the Norwegian Sea 
compared to the overlying water masses. Measures and Edmond (1992) suggested shelf waters to 
be the source of the enriched deep water concentrations of Al for the Greenland and Norwegian 
Sea, by the input of high salinity, high Al, brine-waters from the shelf into the deep basins. The 
brine waters result from the autumn and winter process of sea-ice formation leaving behind the 
dissolved salts in the ambient seawater. 

3.4.2. Distribution of Al in the Surface Layer Water SLW 
The concentrations of Al within the SLW (down to 75-150m depth) in the basins vary between 
0.4 nM and 3 nM with an average of 1.3 nM (n=124, S.D.=0.5). For the uppermost SML (~ 25 m 
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depth) the concentration of Al varies between 0.4 nM and 1.8 nM with an average value of 0.98 
nM (n=56 S.D.=0.3). 

This is different from the concentrations of reactive (unfiltered and not acidified) Al observed 
by Measures (1999) (see text section 3.4.1.). Using the highest estimate (0.14 g∙m-2∙y-1) of a range 
(0.033-0.14 g∙m-2∙y-1) of aeolian dust input in the Arctic Ocean (Darby et al., 1989), in 
combination with an Al input model for the temperate Atlantic Ocean (Measures and Brown, 
1996), would yield a steady state concentration of dissolved Al of 1 to 3.5 nM in Arctic Ocean 
surface waters (Measures, 1999). This is somewhat higher than the average dissolved Al values 
of 0.98 nM in the SML and 1.3 nM in the SLW here reported. Using the presumed 10% addition 
for reactive Al in seawater (see text section 3.4.1.) the total (unfiltered) average values in our 
samples would be 1.08 nM in the SML and 1.4 nM in the SLW. This still is at or below the above 
cited input model derived range of 1 to 3.5 nM, thus there is no need to invoke an additional Al 
input source, i.e. from presumed 'dirty' sea-ice, as suggested to explain the much higher 
concentrations of Al (1.4 to 22.4 nM) in unfiltered seawater reported previously (Measures, 
1999). Alternatively latter high values (1.4 to 22.4 nM) may be due to 'dirty' samplers instead. 
Perhaps for the sea surface microlayer also collected in the upper 10-20 cm depth sampling 
(Measures, 1999) an elevated total (unfiltered) Al is not completely inconceivable. Yet for the 
deeper samples (5-28 m depth) the previously reported 2.4 to 22.2 nM values (Measures, 1999) 
are inconsistent with our findings. 

Gehlen et al. (2003) derived from a global simulation model that an average concentration of 
Al (dissolved from dust) between 5 and 8 nM should exist in the Arctic Ocean at 25 m depth 
based on two different dust input scenarios. This range is almost an order of magnitude 
overestimation compared with the actually measured concentrations of 0.4 to 1.8 nM (average 
0.98 nM) in the SML here reported, thus further refinement of the global simulation model is 
now feasible. 

In the Makarov Basin the Al concentrations in the SLW were lower than in the Amundsen 
Basin and Nansen Basin (see text section 3.3.4.). On the other hand the concentrations of Si were 
higher in the SLW of the Makarov basin compared to the SLW of the Nansen Basin and 
Amundsen Basin. Apparently the Atlantic inflow supplies more Al and less Si to the SLW of the 
Eurasian Basin than the overall inflow into the Makarov Basin where also a Pacific inflow term 
has an effect. 

The end of transect 5 extends into the shallow Laptev Sea where fluvial input has an important 
influence due to the outflow of the Lena River. The outflow of the Ob and Yenisey rivers also 
enters the Laptev Sea (Guay and Falkner, 1997). The freshwater input was evident from lower 
salinities of 32.6 at 35 m and 29.1 near the surface (see text section 3.3.6.). However, the 
concentrations of Al in the Laptev Sea (see text section 3.3.6.) reached a maximum value of only 
2.3 nM at 20 m depth. This indicates that fluvial input is of little influence for the distribution of 
dissolved Al in the upper water column of the Arctic Ocean, most likely due to effective 
precipitation of Al in the estuary (Mackin and Aller, 1984; Maring and Duce, 1987; Measures, 
1999; Tria et al., 2007 and references therein).  

3.4.3. Sources for Al and Si in Intermediate and Deep Waters 
The distributions of both Al and Si within the intermediate waters (AIDW comprising ALW and 
IDW) and the deep basins (DEBW comprising EBDW and EBBW; and DMBW) may offer some 
clues to their sources. These sources can be either by water mass transport and mixing, or by 
(regional) biogeochemical processes. Lateral transport and mixing of water masses from 
elsewhere may come from (i) the Atlantic Ocean or (ii) the Pacific Ocean, or (iii) from downward 
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convection of waters from the extensive Arctic shelf seas. Biogeochemical processes may be 
either (iv) dissolution (in situ or elsewhere) of diatom frustules comprising both Si and trace 
amounts of Al, or (v) in situ dissolution from sediment sources with likely higher Al to Si 
element ratio composition.  

Below we will argue that the intermediate layer waters (AILW) are influenced by different 
source waters from either Atlantic or Pacific origin with most likely some additional dissolution 
of diatom frustules. For the deepest Eurasian Basin waters (DEBW) we will argue that there is no 
more direct influence of Atlantic waters, in fact we attribute the high Al: Si ratio to downward 
convection of waters from the extensive Arctic shelf seas. In the deepest Makarov Basin waters 
(DMBW) its classical Pacific source term via the Canadian Basin flowing over the Mendeleyev 
Ridge must be complemented by overflow across the Lomonosov Ridge of Eurasian Basin water 
with lower Si yet higher Al than the Pacific source waters.  

3.4.4 Distribution of Al in the Atlantic Intermediate Depth Water (AIDW)  
When looking at the AIDW, it appears that the Nansen and Amundsen Basins had significantly 
similar regression slopes of the Al-Si relation. In the Makarov Basin however, the slope of the 
Al-Si relation is significantly less steep in the same water layer (Table 2); i.e. there is relatively 
less Al and more Si in the AIDW of the Makarov Basin compared to the AIDW of the Eurasian 
Basin. The difference between the AIDW of the Eurasian Basin and the AIDW of the Makarov 
Basin is most likely caused by the different origins of the water in the different basins (see 
section 3.2.). The data here presented show less Si and more Al are supplied to the AIDW of the 
Eurasian Basin by the Atlantic inflow, whilst comparably more Si and less Al are supplied to the 
AIDW of the Makarov Basin by the Pacific inflow (Figure 10 and 11). The relatively stronger 
influence of the warm Atlantic inflow on the ALW of the Eurasian Basin is also visible in the 
higher potential temperature of the ALW in the Eurasian Basin compared to the ALW in the 
Makarov Basin (Figure 9). Despite these differences, a strong correlation is found between Si and 
Al in the AIDW of all three basins (Table 2). This indicates that mixing of the different water 
sources is not the only process controlling the distributions of Al and Si in the AIDW, i.e. local 
dissolution of biogenic matter (e.g. diatom frustules) also plays a role in the AIDW. 

Both Al and Si are nearly depleted in the SML and concentrations increase with depth in the 
water column. The strong correlation between Al and Si points towards the coupling between the 
biogeochemistries of Al and Si, as suggested by various authors (e.g. Chou and Wollast, 1997; 
Hydes et al., 1988; Kramer et al., 2004; Mackenzie et al., 1978; Stoffyn, 1979). As described in 
detail by Gehlen et al. (2002), the Al is incorporated in the siliceous frustules of living diatoms in 
the photic surface layer. Upon senescence of a diatom bloom and/or grazing, the heavy opaline 
frustules settle down into deeper waters. When the biogenic silica is degraded and dissolves 
throughout the water column, the incorporated Al is released as well. Based on the observed 
correlations, at least part of the released Al stays in the soluble fraction, possibly aided by the 
pressure-dependent solubility of Al (Moore and Millward, 1984). If there is a strong contribution 
of Al dissolution from biogenic silica, this implies that the Al/Si ratio observed in diatom 
frustules is reflected in the Al/Si ratio represented in the slope of the Al-Si relation (Kramer et al., 
2004). To our best knowledge there are no data available on the Al/Si ratio in Arctic diatom 
frustules. The Al/Si ratio worldwide ranges from 0.033∙10-3 to 0.6∙10-3 in Antarctic diatom 
samples (Collier and Edmond, 1984; Van Bennekom et al., 1991), to 11∙10-3 in biogenic silica in 
marine sediment samples (Van Beusekom et al., 1997). The samples of biogenic silica from 
marine sediments are most likely contaminated by Al from other sediment particles, i.e. show a 
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too high Al:Si ratio to be representative of pure diatom frustules. Gehlen et al. (2002) found 
ratios ranging from 0.07∙10-3 to 8.3∙10-3 in diatom cultures and natural diatom samples.  

The overall Al/Si ratio in the Arctic Ocean, from the slopes of the Al-Si relation, in the AIDW 
of the Nansen and Amundsen Basins of all transects combined is:  

 [Al][nM]=2.2[Si][µM]-7.7  (R2=0.94 and n=193)  (eq. 18)  

The Al/Si ratio of 2.2∙10-3 is quite similar to the value of about 2.0∙10-3 that was found in the 
AIDW of the Makarov Basin (equations 11, 12 and 13; Table 2). These ratios are within the 
range of ratios found by Gehlen et al. (2002), and 3 to 4 times higher than the highest Al/Si ratio 
found in Antarctic diatom samples, but much lower than the ratio found in biogenic silica in 
marine sediments. The ratio value of about 2.2∙10-3 in the AIDW is also much lower than the 
Al/Si regression slopes found in the water column of the eastern Mediterranean Sea, the western 
Mediterranean Sea and the surface water of Canary Basin, 10∙10-3, 11∙10-3 and 40∙10-3, 
respectively (Hydes et al., 1988; Chou and Wollast, 1997; Kramer et al., 2004). Apparently, the 
relationship between Al and Si is highly variable between different seas and oceans. Moreover in 
other oceans like the North Pacific Ocean and the Southern Ocean such Al-Si relationship does 
not exist at all (e.g. Orians and Bruland, 1986; Chapter 6).  

Not all dissolved Al and Si in the water column will be from biogenic silica as there is also 
input of terrestrial alumino-silicates via the atmosphere, sea ice or rivers. These alumino-silicates 
originate from the continental crust and have a much higher Al/Si ratio of about 1:3 (Taylor, 
1964; Wedepohl, 1995) than the average ratio of about 1:400 observed in biogenic silica (Gehlen 
et al., 2002 and references therein) when excluding the highest and lowest values. Even modest 
dissolution of terrestrial alumino-silicates would already lead to a significant increase in the 
dissolved Al/Si ratio. Depending on the Al/Si ratio of biogenic silica in the Arctic Ocean and the 
influence of terrestrial alumino-silicates input, the observed Al-Si ratio can largely be explained 
by the dissolution of Al and Si from biogenic silica. 

Based on the strong correlation between Al and Si and the low dissolved Al/Si ratio, it appears 
that biogenic silica is the most important factor controlling the distribution of these elements in 
the AIDW of the Arctic Ocean. The particle-reactive nature of Al would explain the low surface 
concentrations of Al regardless of the source of Al. However, unless the majority of the Al is 
scavenged onto biogenic siliceous particles, the strong correlation between Al and Si remains 
unexplained. Overall, the nutrient-like profile of Al, the strong correlation with Si and the 
consistency between the dissolved Al/Si ratio reported here and the biogenic Al/Si ratio 
elsewhere reported does indicate a strong (biological) influence of biogenic silica on the Al 
distribution through the incorporation of Al in biogenic silica and/or preferential scavenging of 
Al onto biogenic siliceous particles. 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 here. 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.  

3.4.5. Distribution of Al in the deep basins 
In the deep Eurasian Basin two distinct trends can be discerned. Approaching the continental 
slope on the Eurasian side of the basins the concentrations of Al were elevated relative to the 
same depths in the central basin. Furthermore, there is a relative enrichment of Al to Si in the 
DEBW compared to the AIDW, evident as a steeper slope of the Al-Si relationship. These steeper 
slopes between 7.4∙10-3 and 13.5∙10-3 (Table 3) are akin to the Al/Si regression slopes found in 
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the water column of the eastern and western Mediterranean Sea, 10∙10-3 and 11∙10-3 respectively. 
Such enrichment of Al is absent in the deep Makarov Basin where the deep concentrations of Al 
are lower and the concentrations of Si are higher than in the Eurasian Basin. Moreover, the 
concentrations of Si decrease below 2500 m depth in the Makarov Basin, which is not the case in 
the Eurasian Basin (see text section 3.3.4.). The concentrations of Al, on the other hand, 
continuously increased with depth below 2500 in the Makarov Basin, but this increase was less 
steep than in the Eurasian Basin as the concentrations of Al did not increase over a maximum 19 
nM value in the deep layers (see text section 3.3.4. and 3.3.5.). 

Upward vertical diffusion of Al from in situ dissolution from the deepest bottom sediments 
(Hydes, 1977) appears not to be of significant influence in the Eurasian Basin as the highest 
concentrations are usually found just below the potential temperature minimum which is still 
several hundreds of metres above the bottom sediments (Figure 7 and 12). For the same reasons 
pressure-dependent solubility of Al-containing clays (Moore and Millward, 1984) appears to be 
an unsatisfactory explanation.  

The Atlantic water entering the Arctic Ocean has more influence on the Eurasian Basin than 
on the Makarov Basin (see text section 3.4.2. and 3.4.4.). However, it appears unlikely that this is 
solely responsible for the basin-wide higher concentrations in the deep Nansen Basin and 
Amundsen Basin compared to the deep Makarov basin. The Atlantic influences mostly the 
AIDW but this effect fades away with distance into the basin away from the Atlantic Ocean. 
Furthermore, at greater depths in the AIDW complex the Atlantic signal of potential temperature 
and salinity from the upper ALW quickly fades away into the lower Intermediate Depth Water. 
Moreover, in the deepest water of the Nansen Basin and Amundsen Basin the potential 
temperature (Figure 9) was lower than that of water at the same depth in the Makarov Basin. This 
lower potential temperature in the deepest Nansen and Amundsen Basins cannot be caused by 
inflow of Atlantic water, because that is actually warmer instead of colder.  

The dissolution of diatom frustules appears not to be the main factor controlling the 
distribution of Al and Si in the deepest part of the basins, even though strong correlations are 
found in the deep Eurasian Basin. However, dissolution of diatom frustules alone cannot account 
for the observed Al maximum several hundreds of metres above the bottom sediments in the 
Eurasian Basin (Figure 7). Furthermore, in the deep Makarov Basin the correlation between Al 
and Si completely disappears as the concentrations of Si start to decrease below 2500 m (Figure 
13c). Apparently, the distributions of Al and Si in the deep basins and the differences between the 
deep Eurasian Basin and the deep Makarov Basin cannot be explained by the inflow of Atlantic 
water, the inflow from Pacific water, the dissolution of diatom frustules or the in situ dissolution 
from the bottom sediments. Therefore, the downward convection of waters from the extensive 
Arctic shelf seas has to be taken into account to explain the distribution of Al and Si in the deep 
Arctic Ocean. This is consistent with what is known about the hydrography of the region as will 
be described below. Furthermore, the concentrations of Barium from the same expedition were 
also relatively enriched in the DEBW, indicative of shelf water input (Roeske et al., in 
preparation). 

The literature reveals that sea-ice formation, brine rejection and subsequent dense water 
formation in the Barents and Kara Seas leads to convection down the slopes of the Eurasian 
Basin (Rudels et al., 2000, Rusakov et al., 2004). This dense, shelf-derived water delivers 
terrigenous particulate matter, rich in Al (Rusakov et al., 2004), into the Nansen Basin and 
Amundsen Basin. When dense shelf-derived water cascades down the continental slope into the 
basins it mixes with the boundary current (Rudels et al., 2000) and possibly picks up sediment as 
suggested by Moran and Moore (1991). The partial dissolution of this resuspended sediment 
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could be an additional source of Al for the deep water. According to Rudels et al. (2000) the 
deepest (bottom) water layer in the Eurasian Basin receives most input from slope convection 
from the Severnaya Zemlya area. The Barents Sea on the other hand, exerts the biggest influence 
on the deep water above the bottom layer. The slope convection from Severnaya Zemlya entrains 
more relatively warm boundary current water causing the deepest (bottom) water layer to be 
slightly warmer, hence the observed potential temperature minimum in the Eurasian Basin. The 
maximum concentrations of Al in the Amundsen Basin and Nansen Basin generally being found 
just at or slightly below the potential temperature minimum (Figure 12) could be explained by the 
difference in the two deep water sources. Assume for the sake of argument, the Barents Sea 
supplies more Al-rich particles that tend to sink to the deeper parts of the water mass and dissolve 
with time and/or depth. In this case most dissolved Al will be found in the deepest part of the 
water mass supplied by the Barents Sea. Mixing with the underlying water from the Severnaya 
Zemlya region that (hypothetically) contains less Al and further sinking of dissolving Al-rich 
particles could explain the dissolved Al maximum just below the potential temperature minimum. 
However, in the middle of the Nansen Basin in transect 3, the maximum Al values did not 
correspond with the potential temperature minimum indicating that the theory does not 
completely explain the deep Al distribution. 

Unfortunately, the deep water column was sampled with relatively low resolution, compared 
to the upper water column, rendering a more quantitative approach impossible for deep waters. 
Looking at the general Al distribution in the DEBW, the highest Al values are found in the 
Nansen Basin and the concentrations decrease with distance from the continental slope, into the 
deeper Amundsen Basin (Figure 10). This trend is an indication that the source of the extra Al is 
from the continental slope. Furthermore, the steepest slopes for the Al-Si relation in the DEBW 
were found in the Nansen Basin, in transects 2 and 3 (Table 3). Thus apparently, the strongest 
influence on the Al enrichment is in this region, closest to the Saint Anna Trough. This trough is 
an important source for the inflow of dense shelf-derived water, containing Al-rich particulate 
matter, into the Eurasian Basin (Rudels et al., 2000). Unfortunately the formation of the dense 
water at the shelf due to ice formation and brine rejection and subsequent down-flow of this 
dense shelf-derived water by slope convection occurs in winter. Since the data here presented was 
collected in summer no direct observations and measurements of this water mass could be made 
to confirm our concept.  

The dissolved Al/Si ratio from the slope of the Al-Si relation in the Barents Sea was 1.2∙10-3 
and 3.3∙10-3 in transect 1 and transect 2, respectively (Table 1). Input into the DEBW of shelf 
water with these dissolved ratios cannot account for the increased dissolved Al/Si ratios in the 
DEBW compared to the AIDW. However, according to Rusakov et al. (2004), this shelf-derived 
water has a high particle load (up to 1.2 mg∙L-1) with about 7.6% terrigenous matter by weight. 
The DEBW on the other hand has low particle concentrations, typical for deep ocean water. The 
particle concentration of the dense shelf-derived water gets strongly diluted by mixing with the 
low particle DEBW. A lower particle concentration means a lower scavenging rate for Al which 
aids the dissolution of Al from the (terrigenous) particles, in addition to the presumed pressure-
dependent solubility. Terrigenous matter has a high Al:Si ratio of about 1:3 (see text section 
3.4.4.) and dissolution of this terrigenous matter in the shelf water that cascades down the slope 
would increase the dissolved Al:Si ratio of the DEBW (derived from the slope of the Al-Si 
relation). The AIDW in the Eurasian Basin has an average Al:Si ratio (from the slope of the Al-Si 
relation) of 2.2∙10-3 and the DEBW has an Al:Si ratio of about 10∙10-3. The shelf-derived water 
carries terrigenous particles with an Al:Si ratio of about 1:3.  
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For example solving the simple equation: 

(Al:Si DEBW)=x(Al:Si AIDW(=diatom frustules)) + (1-x)(Al:Si Terrigenous matter) (Eq. 19)  

gives x=0.98. This means that if 98% diatom particles (with an Al:Si ratio as observed in the 
AIDW) and only 2% particles with an Al:Si ratio of terrigenous matter dissolve together over the 
water column, this would result in the Al-Si relation with a slope as observed in the DEBW 
(Table 3). Alternatively, solving the following equation: 

(Al:Si DEBW) (eq. 20) 

with molar fraction Al opal = 0.22∙10-3 molar fraction Si opal and molar fraction Al crust = 0.316 
molar fraction Si crust and using 9.61 mol∙kg-1 Si in the crust and 16.57 mol∙kg-1 Si in diatom 
frustules gives a similar x=0.96. Thus by weight percent only ~4% of the dissolving particles 
should be of terrigenous origin to explain the observed Al-Si relation. This calculation does only 
take into account dissolving particles and not the background dissolved concentrations of Al and 
Si in the shelf waters, nor in resuspended pore water. Despite the simplification, these 
calculations illustrate only a small amount of terrigenous input is needed to explain the increased 
slope of the Al-Si relation, which is not surprising given the over 2 orders of magnitude 
difference between the Al:Si ratio from diatoms versus terrigenous matter. 
In the water column of the Makarov Basin a Si maximum at about 2500 m was observed (see text 
section 3.3.4. and 3.3.5.). The origin of this deep Si maximum was suggested by Swift et al. 
(1997) to be Canada Basin water flowing in over the 2500 m sill of the Mendeleyev Ridge. The 
higher Si values deeper than 2500 m depth in the Makarov Basin compared to the Eurasian Basin 
(see above) appear to be caused by this inflow.  

The continued increase in concentrations of Al with increasing depth in contrast to the 
decreasing Si values in the deepest water layers indicate that the Canada Basin inflow mixes with 
water of lower concentrations of Si but higher concentrations of Al which is consistent with the 
water from the deep Eurasian Basin. Therefore, the deep Makarov Basin is not only influenced by 
the water flowing in over the Mendeleyev sill, but most likely also by water flowing in over the 
Lomonosov Ridge from the Eurasian Basin. This strengthens the ideas of Jones et al. (1995) of 
inflow from the Eurasian Basin into the Makarov Basin. However, this expected inflow of water 
was not observed by Björk et al. (2007). The relative influence of the different water masses on 
the deep Makarov Basin remains debatable, but the distributions of Al and Si here presented 
indicate the deep Makarov Basin is influenced by inflow over the Lomonosov Ridge of Eurasian 
Basin water.  

Overall, the different sources of the deep waters appear to be the reason for the higher Al and 
lower Si values in the deep Eurasian Basin compared to the deep Makarov Basin. 

3.5. Conclusions 
The general background concentration of Al observed in the SML of the Arctic Ocean was sub-
nanomolar. Therefore, no significant influence from either dust input, or ‘dirty’ sea ice is evident. 
In all three basins the Al shows a nutrient-like profile and a very strong correlation with Si. The 
Al distribution in the SLW and AIDW can partly be explained by the different origins of the 
waters influencing these layers. Atlantic water is relatively rich in Al and poor in Si and has the 
most influence on the Eurasian Basin. Pacific water, on the other hand, is relatively poor in Al 
and rich in Si and has the biggest influence on the Makarov Basin. Therefore, the concentrations 
of Al in the SLW were lowest in the Makarov Basin and higher in the Eurasian Basin. Moreover, 
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the Al/Si ratio derived from the slope of the Al-Si relation in the AIDW, was lower in the 
Makarov Basin compared to the Eurasian Basin. Very little direct influence of fluvial input is 
observed with only minor elevations in Al, up to 2.3 nM, in the Laptev Sea.  

The Al/Si ratio derived from the slope of the Al-Si relation in the intermediate water can, at 
least partly, be explained by the dissolution of biogenic silica. This depends, however, on the 
Al/Si ratio assumed for biogenic silica, for which a large range is found in the literature. 
Nevertheless, there appears to be a strong biological influence on the cycling and distribution of 
Al in the Arctic Ocean through the formation and dissolution of biogenic silica. 

In the deep Eurasian Basin there is a relative enrichment of Al with respect to Si in the DEBW 
compared to the overlying AIDW. In the Makarov Basin this relative enrichment is absent. The 
relative enrichment of Al with respect to Si in the deep Eurasian Basin’s DEBW compared to the 
AIDW appears to be caused by downward flow from the Barents and Kara Seas of dense shelf-
derived water containing Al-rich particulate matter. This is clearly visible in the maximum Al 
values in the deep Eurasian Basin that were generally observed just below the potential 
temperature minimum and there was a trend of higher Al values towards the continental slope. 
Furthermore, the highest Al values and steepest slopes of the Al-Si relation were observed near 
the St Anna Trough which is an important source for the inflow of dense shelf-derived water into 
the Eurasian Basin (Rudels et al., 2000). The source of the Al enrichment is most likely a 
combination of partial dissolution of the Al content of the terrigenous particulate matter in the 
dense shelf-derived water itself and partial dissolution of Al from resuspended terrigenous 
sediment from the continental slope. Both sources could be intensified by the pressure-dependent 
solubility of Al.  

The deep Makarov Basin appears to be influenced by both Canada Basin water flowing in 
over the Mendeleyev Ridge and Eurasian Basin water flowing in over the Lomonosov Ridge. 
This is found in the Si and Al distributions in the deep Makarov Basin. The concentrations of Si 
decreased below the Si maximum at 2500 m in the Makarov Basin while the deep concentrations 
of Al continuously increased with depth. Furthermore, the deep Makarov Basin has higher 
concentrations of Si and higher potential temperatures but lower concentrations of Al than the 
deep Eurasian Basin. The mixing of relatively Si-rich Canada Basin water with relatively Al-rich 
Eurasian Basin water explains the observed Al and Si distributions. This supports the concepts of 
Jones et al. (1995).  
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Chapter 4 
 
Fluvial and hydrothermal input of 
Manganese into the Arctic Ocean 
 
Abstract: 
A total of 773 samples were analysed for dissolved manganese (Mn) in the Arctic Ocean aboard 
R.V. Polarstern during expedition ARK XXII/2 from 28 July until 07 October 2007 from Tromsø 
(Norway) to Bremerhaven. Concentrations of Mn were elevated in the surface layer with 
concentrations of up to 6 nM over the deep Basins and over 20 nM in the Laptev Sea. The 
general distribution of Mn through the water column is consistent with previous studies, but the 
absolute concentrations of the previous studies appear to be slightly higher than currently 
reported.  

The concentrations of Mn were elevated in the surface layer and this can be related to fresh 
water input. This was visible in the strong negative correlations observed between dissolved Mn 
and salinity. Using the correlations between Mn and salinity and the correlation between Mn and 
the quasi conservative trace water mass tracer PO4

*, shows fluvial and melt water input and that 
the surface water was of Pacific and Atlantic origin. A large portion of the Mn delivered by the 
Arctic rivers is removed in the shelf seas and does not pass into the central basins. Most likely a 
benthic flux is at the origin of the elevated concentrations of Mn near the sediments in the 
Barents and Kara Seas. These elevated concentrations of Mn apparently affected the deep basins 
as well, as maxima in the concentrations of Mn were observed that corresponded with lowered 
transmission over the continental slope.  

The concentrations of Mn were extremely low in the deep Makarov Basin (~50 pM) and 
slightly higher in the Eurasian Basin (~0.1 nM) outside the influence of the hydrothermal 
activity. A maximum in the concentration of Mn corresponded with anomalies in light 
transmission, potential temperature and dissolved iron, confirming the hydrothermal origin. The 
hydrothermal plume was observed throughout the Nansen Basin and over the deep Gakkel Ridge 
around 2500 m depth and a smaller plume was observed around 3200 m. The concentration of 
Mn at the Mn maximum around 2500 m depth decreased exponentially according to a first order 
scavenging model. Calculating the residence time from this first order scavenging model 
suggested a counter clockwise current that flows along the Gakkel Ridge towards Greenland and 
Fram Strait and subsequently along the Eurasian continental slope. 
 
This chapter is to be submitted to a journal as: Middag, R., De Baar, H.J.W., Laan, P.. Fluvial and 
hydrothermal input of Manganese into the Arctic Ocean.  
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4.1. Introduction 
The Arctic Ocean is one of the least studied oceans in the world due its inaccessibility and the 
hostile weather circumstances. From studies into the physical properties of the Arctic Ocean it 
has been recognised the Arctic Ocean is a significant source of North Atlantic Deep Water 
(Rudels et al., 2000) and therefore of interest for the global thermohaline circulation. Much less is 
known however, about the biogeochemical cycles and trace metal distributions. With the 
GEOTRACES program within the International Polar Year this is changing due to four 
expeditions with a GEOTRACES team onboard in the Arctic region. Here is presented a 
comprehensive distribution of manganese (Mn) as determined on one of these expeditions, ARK 
XXII/2 aboard R.V. Polarstern in 2007. 

 
Figure 1 Stations for trace metal sampling during ARK XXII/2. Transects are indicated by 
numbered lines as discussed in the same sequence in the text. Transect 1 goes from the Barents 
Sea into the Nansen Basin. Transect 2 also goes from the continental shelf into the Nansen 
Basin, just west of the St Anna Trough. Transect 3 goes from the continental shelf, east of the St 
Anna Trough, into the Nansen and Amundsen Basin, over the Lomonosov Ridge into the 
Makarov Basin and onto the Alpha Ridge. Transect 4 goes from the Mendeleyev Ridge into the 
Makarov Basin and extends until just in the Amundsen Basin. Transect 5 follows the deep 
Gakkel Ridge and extends into the Laptev Sea. AB: Amundsen Basin, AR: Alpha Ridge, BS: 
Bering Strait, CB: Canada Basin, FS: Fram Strait, GR: Gakkel Ridge, LR: Lomonosov Ridge, 
MB: Makarov Basin, MR: Mendeleyev Ridge, NB: Nansen Basin, NZ: Novaya Zemlya, SAT: St 
Anna Trough, SZ: Severnaya Zemlya 
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Sources of dissolved Mn to the Arctic Ocean could be its extensive shelf seas, like on the 
Eurasian side, the Barents Sea, Kara Sea and Laptev Sea. Furthermore the outflows of the Lena, 
Ob and Yenisey rivers enter the Laptev Sea (Guay and Falkner, 1997). Moreover, hydrothermal 
activity has been observed over the Gakkel Ridge in the Arctic Ocean (Edmonds et al., 2003). 
Photo-reduction and atmospheric input on the other hand, might be less significant due to the sea 
ice cover and the relatively small atmospheric dust flux to this remote ocean. Nevertheless, in the 
Arctic Ocean the distribution of Mn will most likely be controlled by a combination of all these 
processes. 

4.2 Results 
Samples were taken aboard Polarstern during expedition ARK XXII/2 from 28 July until 07 
October 2007 from Tromsø (Norway) to Bremerhaven. The Arctic Basin was sampled in five 
transects where for dissolved Mn 44 trace metal stations (of which 27 deeper than 2000 metres) 
were sampled with a total of 773 samples. Of the 773 samples analysed for Mn, 11 samples 
(1.4%) were suspected outliers and therefore not further used in the data analyses and figures 
here presented. Two transects covered the Makarov basin as well as the Eurasian basin, the latter 
consisting of the Nansen and Amundsen basins, separated by the deep Gakkel Ridge (Figure 1).  

4.2.1. Hydrography 
In Figure 1 the transects and stations are plotted. The hydrographical features of the Eurasian and 
Makarov basins have been described in detail by Anderson et al. (1994) and Rudels et al. (2000) 
and briefly summarised by Middag et al. (2009) (Chapter 3). Latter summary is presented in this 
Chapter again for the convenience of the reader.  

Atlantic water is flowing into the Eurasian Arctic basins via Fram Strait and the Barents Sea 
along the continental slope with the counter clockwise boundary current, influencing the surface 
and intermediate waters. The boundary current is modified by shelf processes and near the 
continent a branch crosses over the Lomonosov ridge that separates the Eurasian basins from the 
Makarov basin while another branch flows along this ridge. The branch of the boundary current 
that crosses the Lomonosov ridge influences the water column of the Makarov basin. The 
formation of dense water on the shelves and subsequent slope convection influence the deepest 
parts of the water column in the Eurasian basin.  

Pacific water is flowing in through the Bering Strait over the Siberian shelves and mixes with 
the freshwater input of the Siberian rivers, creating strong stratification in the central Arctic 
Ocean. The Pacific inflow influences the water column of the Makarov Basin and the influence 
can extend into the surface layer of the Amundsen Basin. The Surface Mixed Layer (SML) is 
shallow, typically extending to 25 metres depth in the central Arctic Ocean. Below the SML there 
is an upper halocline in the Makarov Basin that sometimes extends into the Amundsen Basin. 
The upper halocline is marked by a nutrient maximum and is of Pacific origin. In the Nansen and 
Amundsen Basins the lower halocline is more profound, marked by a minimum in nitrate and 
nitrite. Below the haloclines, the Atlantic Layer Water (ALW) is found, generally extending to 
about 600 m depth. The warmer and more saline ALW does not cross over the Lomonosov Ridge 
into the Makarov Basin due to a strong front in temperature and salinity over the Lomonosov 
Ridge. However, following the boundary current the Atlantic water flows into the Canadian 
Basin via the shelf edge. Mixing of this ALW with shelf water results in a relatively colder less 
saline ALW in the Canadian Basin compared to the Eurasian Basin. Below about 800 metres the 
Makarov Basin becomes warmer and more saline than water at a similar depth in the Eurasian 
Basin. This difference remains the case throughout the intermediate depth and deep basin waters. 
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In the deep basins below the ALW several water masses have been distinguished such as the 
Intermediate Depth Water (IDW) which is a mixture of overlying ALW and underlying Eurasian 
Basin Deep Water. Finally below the latter Eurasian Basin Deep Water one may find Eurasian 
Basin Bottom Water. 

In the following paragraphs the water masses are briefly described per transect based on the 
more detailed description in Middag et al. (2009) (Chapter 3). 

4.2.2. Transect 1 and 2 
Transect 1 (Figure 1) consisted of seven vertical profiles and transect 2 of five profiles. Over the 
continental shelf (Barents Sea) five profiles were sampled, four profiles were sampled over the 
continentals slope and three in the deep Nansen Basin. The Barents Sea profiles had a depth of 
around 200 m and in the Nansen basin the depth increased to over 4000 m. 

 
Figure 2a Concentrations of dissolved Mn (nM) over the entire water column in transect 1. The 
concentrations of Mn in the Barents Sea are shown in the inset at the bottom left. From this figure three 
suspected outliers were omitted. Station numbers indicated are used in Figure 3 and 4. 

 
Figure 2b Concentrations of dissolved Mn (nM) over the entire water column in transect 2. The 
concentrations of Mn in the deepest part of the Nansen Basin (not shown in colour plot) are shown as a 
vertical profile versus depth the inset at the bottom left to avoid excessive interpolation. From the colour 
plot two suspected outliers were omitted. Station numbers indicated are used in Figure 4, station 267 
indicates the position of the regular hydrocast. 
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In these transects, as well as in the following 
transects, several water layers were 
encountered as described in more detail by 
Middag et al. (2009) (Chapter 3). In the 
Barents Sea and in the Nansen basin a 
relatively cold and fresh surface layer was 
found, which extended to about 75 m depth. 
Below this layer an Atlantic influenced 
warmer and more saline bottom layer existed 
in the Barents Sea. In the Nansen basin the 
Atlantic and Intermediate Depth Water 
(AIDW) generally extended until about 2000 
m depth, and comprises the ALW with its 
characteristic potential temperature maximum 
and extending to about 600 m depth which is 
underlain by the Intermediate Depth Water 
over the 600 to 2000 m depth range. Within 
the Intermediate Depth Water the potential 
temperature decreased with increasing depth. 
Deeper than about 2000 m depth, in the Deep Eurasian Basin Water (DEBW), the potential 
temperature remained relatively constant while the salinity increased.  

The concentrations of dissolved Mn for the entire water column are shown in Figure 2 (a and 
b). In the Barents Sea the concentrations were highest furthest away from the Nansen basin. 
Towards the Nansen basin the values decreased both in the surface and bottom layer. In the top of 
the surface layer concentrations of Mn were up to 4 nM in the Barents Sea and as low as around 2 
nM in surface layer of the deep Nansen basin. In the Barents Sea concentrations of Mn decreased 
sharply in the surface layer to a mid depth minimum, followed by an increase towards the 
sediment (Figure 3). Over the continental slope into the Nansen basin the concentrations of Mn 
decreased even more sharply from the maximum concentrations in the uppermost surface layer to 
around 0.35 nM around 200 meter over the continental slope. However, concentrations of Mn 
started to increase again just deeper than 400 m to a maximum between 500 and 750 m depth at 
all slope stations. This maximum was most profound at the stations closest to the continental 
shelf with a maximum value of over 0.6 nM Mn and coincided with lower light transmission, 
indicating the higher concentrations of Mn were associated with particles (Figure 4). These 
particles are most likely derived from the continental shelf. Deeper than this Mn maximum over 
the continental slope, concentrations of Mn were relatively stable around 0.2 nM before they 
increased towards the sediments. 

In the deep Nansen basin, north of the continental slope (not shown in the colour plot to avoid 
excessive interpolation), concentrations of Mn decreased to approximately 0.25 nM around 200 
m (Figure 2b). Below this depth concentrations of Mn decreased with increasing depth towards 
concentrations of just above 0.1 nM before a Mn maximum (up to 0.95 nM) was observed around 
2300 m depth due to hydrothermal input (see text section 4.3.4). Deeper than this maximum the 
concentrations of Mn decreased to concentrations as low as 0.1 nM at the deep basin stations. 
Further down the water column concentrations of Mn increased to a second, less profound 
maximum around 3300 m (up to 0.45 nM). In the deepest part of the water column the 
concentrations of Mn decreased to values of approximately 60 pM at the greatest sampled depths 
(almost 4000 m). 
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Figure 3 Dissolved Mn (nM) as a vertical profile 
versus depth in the Barents Sea (of transect ,1 
station 239, see Figure 2a) 
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Figure 4 Dissolved Mn (nM) and transmission (%) as a vertical profile versus depth over the 
continental slope of transect 1 (upper panels, stations 246 and 255) and 2 (lower panels, stations 
267/268 and 266). Left panels show the profiles closest to the shelf, right panels show the profiles 
closest to the deep Nansen Basin. From the upper and lower left panel (stations 246 and 268) one 
suspected outlier was omitted. Transmission profile from the lower left panel (transect 2, station 267) 
is from the regular hydrocast about 9 miles to the north as no concurrent regular hydrocast was done 
at the trace metal station. Positions of the station numbers are also indicated in Figure 2. Note the 
different scales between the different panels. 
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4.2.3. Transect 3 
Transect 3 (Figure 1) is the longest transect with in total 17 stations, crossing the Eurasian and 
Makarov basin and extending onto the Makarov Ridge (Figure 5). In the Eurasian basin the 
relatively cold and fresh surface layer extended until about 50 m depth over the shelf and to about 
100 m in the Nansen and Amundsen basins. The Atlantic layer underneath the surface layer was 
relatively warm close to the Eurasian shelf and cools further into the basins away from the shelf 
(Middag et al., 2009; Chapter 3). In the Makarov basin near the Lomonosov Ridge the surface 
layer extended to similar depths as in the Eurasian basin, but to about 150 m towards the Alpha 
Ridge. Furthermore, the surface layer in the Makarov basin was relatively fresh compared to the 
surface layer in the Eurasian basin due to the Pacific influence in the Makarov surface layer. The 
Atlantic layer in the Makarov basin was colder compared to the Eurasian basin while the 
intermediate and deep waters were warmer (see section 4.2.1.).  

The concentrations of Mn in the top of the surface layer were as high as 5 nM around the edge of 
the continental shelf close to Severnaya Zemlya. Into the Eurasian basin the concentrations of Mn 
in the top of the surface layer decreased to concentrations of around 2 nM. In the region where 
the Gakkel Ridge lies in the deep, the surface concentrations started to increase again to higher 
values. Maximum concentrations of around 5 nM were observed in the top of the surface layer in 
the middle of the Makarov basin. However, past the middle (geographic) of the Makarov basin, 

 

Figure 5 Concentrations of dissolved Mn (nM) in the upper 500 m of the water column (upper panel) and 
over the entire water column (lower panel) in transect 3. Two suspected outliers were omitted from this 
figure. Station numbers indicated are used in Figure 6 and 7. 
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onto the Alpha Ridge and towards the 
Canada Basin, the concentrations of Mn 
started to decrease again to values of 
around 3.5 nM. The higher concentrations 
of Mn in the surface layer coincided with 
lower salinity values indicating a fresh 
water source for the increased 
concentrations of Mn (see text section 
4.2.6.). 

Within the surface layer the 
concentrations of Mn decreased sharply 
with depth as seen in the previous transects. 
Also here, a Mn maximum was observed 
over the continental slope, located around 
1000 m depth at the deeper station halfway 
the slope. The concentration of Mn at this 
station was less than 0.2 nM at 500 m depth 
before increasing to 0.25 nM at 1000 m 
depth. Unfortunately there was no 
transmission meter on the trace metal 
sampling system at the time and a 
comparison with transmission can only be 
made when a concurrent regular hydrocast 
was done which was not the case at this station. However, the Mn maximum coincided with 
lower transmission, taken from observations at the regular hydrocast about 8 miles to the south 
(Figure 6), whereas 8 miles further north no transmission minimum was observed anymore. The 

station over the shallow part of the slope 
was only 680 m deep and at this station a 
mid depth minimum of about 0.4 nm at 
300 m depth was observed, followed by 
an increase towards the sediment to a 
concentration of around 1 nM. 

In the deep basins the concentrations 
of Mn below the surface layer decreased 
to values of around 0.2 nM at 200 m 
depth while onto the Alpha Ridge 
concentrations of Mn reached this value 
around 300 m depth. In the deep basins 
concentrations of Mn decreased with 
depth to values below 0.1 nM in the 
Amundsen basin and to even lower 
values in the Makarov basin (around 50 
pM). Contrary, in the Nansen basin there 
was a very clear maximum around 2500 
m over the entire basin (Figure 7), except 
for the station at the transition between 
the continental slope and the deep basin. 

Figure 6 Dissolved Mn (nM) and transmission (%) as 
a vertical profile versus depth over the continental 
slope of transect 3 (station 291, see Figure 5). 
Transmission profile is from the regular hydrocast 
about 8 miles to the south as no concurrent regular 
hydrocast was done at the trace metal station.  
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Figure 7 Dissolved Mn (nM) as a vertical profile 
versus depth for 5 profiles from south to north in the 
deep Nansen basin of transect 3. Positions of the 
station numbers are also indicated in Figure 5. 
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At latter station there was a very small 
maximum somewhat shallower around 
2000 m depth. The highest Mn maximum 
of almost 5 nM was observed at the station 
over the Gakkel Ridge and the maximum 
concentrations of Mn around 2500 m depth 
decreased through the Nansen basin 
towards the Eurasian continental slope 
(Figure 7). This decrease of the Mn 
maximum around 2500 m depth was 
exponentially with distance from the station 
over the Gakkel Ridge. This was also the 
case when plotting the Mn maxima 
observed in transect 1 and 2 (see text 
section 4.2.2.) versus distance from the 
station over the Gakkel Ridge in this 
transect 3 (Figure 8). 

At the station over the Gakkel Ridge also the transmission decreased (Figure 9a) and the 
potential temperature was elevated (Figure 9b) around 2500 m depth. Moreover, the dissolved Fe 
concentrations were elevated over the same depth range as Mn (Klunder, in prep).  

4.2.4. Transect 4 
The fourth transect consisted of three profiles for Mn. One profile was sampled on the Mendeleev 
Ridge, one in the Makarov basin and one in the Amundsen basin. The concentration of Mn in the 
top of the surface layer was with a value of over 5 nM highest in the Makarov basin as was also 
observed in transect 3 (see text section 4.2.3.) (Figure 10). However, below the surface layer at 
about 200 m depth the concentration of Mn was near 0.3 nM at all three stations. Deeper than 

Figure 9a Dissolved Mn (nM) and transmission 
(%) as a vertical profile versus depth at the 
station over the Gakkel Ridge (station 306, see 
Figure 5). 

 

Figure 9b Dissolved Mn (nM) and potential 
temperature (°C) as a vertical profile versus 
depth at the station over the Gakkel Ridge 
(station 306, see Figure 5). 

 

Figure 8 Concentrations of Mn (nM) at ~2500 m 
depth (Mn maximum) versus distance (km) from 
station 306 over the Gakkel Ridge (see Figure 5) for 
transect 1 and 3 (circles) and transect 3 (squares). 
Exponential equations are shown in the figure. 
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latter depth the two profiles on the Mendeleev 
Ridge and in the Makarov basin were very 
similar and concentrations of Mn were lower 
than in the Amundsen basin. The 
concentrations of Mn over the Mendeleev ridge 
decreased with depth to values below 90 pM, 
but showed a small increase to just over 0.1 nM 
at 1950 m depth close to the sediment. In the 
deeper Makarov basin the concentrations 
continued to decrease below latter depth to a 
minimum of about 50 pM at 2750 m. Further 
down the water column at about 3250 m depth 
concentrations of Mn increased to values of 
around 70 pM again and stayed at that level 
until the greatest sampled depth of 3900 m near 
the sediment. Below the surface layer in the 
Amundsen Basin the concentrations of Mn 
gradually decreased with depth until values of 
around 0.1 nM at 3000m depth. Below latter 
depth concentrations of Mn remained around 
0.1 nM until an increase to 0.3 nM at the 
greatest sampled depth of 3850 near the 
sediments. 

4.2.5. Transect 5 
The final transect (transect 5, Figure 1) was sampled over the Gakkel onto the continental slope 
and into the shallow Laptev Sea (Figure 11). The Gakkel ridge that separates the Nansen and 
Amundsen Basin is quite deep with depths between 4000 and 5200 m. The depth of 5200 m was 
observed in a deep trench just before the onset of the continental slope. The water masses were 
very similar to what was observed in the previous transects in the Nansen and Amundsen basins. 
The cold and relatively fresh surface layer extended to around 100 m in the deep parts of the 
basin and over the continental slope. The top of the surface layer was the most saline furthest 
away from the continental shelf and became fresher in the Laptev Sea. In the Laptev Sea the 
water also became warmer, with the upper parts of this shallow water column (55 – 35 m) being 
the warmest and least saline (S=29.1). The Atlantic layer was warmest over the continental slope 
and was colder further away from the slope as was seen in transect 3 (see text section 4.2.3.). 

The concentrations of Mn in the top of the surface layer increased from 2 nM furthest away 
from the shelf to almost 6 nM halfway the continental slope. At the shallowest station over the 
continental shelf the concentrations decreased to 5 nM before they increased to values over 20 
nM (and outside the range of the method used) in the Laptev Sea. The decrease in Mn at the 
shallowest station over the continental shelf near the edge of the continental shelf corresponded 
with lower observed values for potential temperature and dissolved Aluminium (Middag et al., 
2009; Chapter 3). Within the surface layer over the entire transect the concentrations of Mn 
decreased steeply with depth as seen in the previous transects. Below the surface layer, the 
concentrations of Mn were below 0.3 nM at about 200 m depth over the deep Gakkel Ridge and 
the two deep (deeper than 1500 m) stations over the continental slope. At the two deep stations 
over the continental slope a Mn maximum of about 0.4 nM was visible around 900 m depth.  
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Figure 10 Dissolved Mn (nM) as a vertical profile 
versus depth for the three stations of transect 4 
over the Mendeleev Ridge (circles), in the 
Makarov Basin (squares) and in the Amundsen 
Basin (diamonds). 
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The Mn maximum at the deepest station coincided with a small transmission minimum as 
observed over the continental slope in the previous transects. At the other deep slope station 
halfway the continental slope, however, the Mn maximum did not correspond exactly with the 
transmission minimum which was observed just below the Mn maximum. Deeper than the Mn 
maximum the concentrations of Mn decreased to around 0.1 nM again. At the greatest sampled 
depth close to the sediment, the concentrations of Mn increased to around 0.3 nM and this 
coincided with a decrease of transmission. At the shallowest station over the continental slope, 
just before the shelf edge, concentrations of Mn decreased to 0.4 nM at 300 m depth. Below latter 
depth the concentrations of Mn increased towards the sediment to a value of 0.7 nM at the 
greatest sampled depth of 1100 m. 

Over the deep Gakkel Ridge the three stations furthest away from the continental slope had 
station numbers 371, 372 and 373 (Figure 11), going into the direction of the slope. At these 
stations two separate Mn maxima were observed (Figure 12a and 12b) at 2500 m and between 
3000 and 3300 m depth, respectively. The middle station of the three (372) had the highest 
maxima concentrations with values of over 0.3 nM and 1.2 nM at 2500 and 3130 m depth, 
respectively. Deeper than the observed maxima, the concentrations of Mn at the three stations 
matched closely as they decreased to values of around 0.15 nM until the greatest sampled depth 
close to the sediment. The deepest, most profound, Mn maximum coincided with a transmission 

 
Figure 11 Concentrations of dissolved Mn (nM) in the upper 500 m of the water column (upper panel) 
and over the entire water column (lower panel) in transect 5. Concentrations at the shallowest station in 
the Laptev Sea were out of range of the analytical method. Station numbers indicated are used in Figure 
12. 
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minimum (Figure 12a). The transmission minimum was, like the Mn maximum, most profound at 
the middle station (372). Moreover, the Mn maximum coincided with a potential temperature 
maximum (Figure 12b) at the middle station (372). 

At the station just before the deep trench the Mn maxima around 2500 m and between 3000 
and 3300 were still visible in the profile, but they were not very profound. Over the deep trench 
the Mn maxima were not distinguishable and concentrations were around 0.1 in the deep trench. 

4.2.6. Surface Layer 
The highest concentrations of over 5 nM Mn were observed in the top of the surface layer and the 
concentrations decreased steeply to subnanomolar levels within this surface layer. The relatively 
cold and fresh surface layer was defined as the upper part of the water column with a potential 
temperature < 0°C and a salinity < 34.6. Within the surface layer of transect 3, there was quite 
some variability in the concentrations of Mn observed (see text section 4.2.3.). Within the deep 
basins of transect 3, the highest surface layer concentrations of Mn were observed in the Makarov 
basin and the concentrations of Mn decreased onto the Alpha and Lomonosov Ridge. A similar 
trend was observed for the salinity, which shows in the good negative correlation between Mn 
and salinity in the surface layer of transect 3 (Figure 13). The high concentrations of Mn correlate 
with relatively low salinity. This low salinity can be an indication of river input, ice melt or 
Pacific inflow, which all have relatively low salinity compared to the Atlantic water that flows in 
via Fram Strait (see text section 4.2.1.). The quasi conservative water mass tracer PO4

* (Broecker 
et al., 1985; 1998) that compensates for organic respiration can be used to partly distinguish 
between the different sources of low salinity water to the surface layer as shown by Ekwurzel et 
al., (2001). River input and sea ice melt both have a relatively low PO4

* of ~0.1 and 0.4 μM·kg-1, 
respectively, Atlantic water has an intermediate PO4

* value of ~0.7 μM·kg-1 and Pacific water has 
a high PO4

* -value of ~2.4 μM·kg-1 (Ekwurzel et al., 2001, their table 1). When plotting Mn 
versus PO4

* for the entire surface layer of transect 3, no relation is apparent at first glance. 
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Figure 12a Dissolved Mn (nM) and transmission 
(%) as vertical profiles versus depth. Three 
profiles are shown for Mn over the deep Gakkel 
Ridge at transect 5 (Figure 11) and one profile for 
the transmission. 
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Figure 12b Dissolved Mn (nM) and potential 
temperature (°C) as vertical profiles versus depth. 
Three profiles are shown for Mn over the deep 
Gakkel Ridge at transect 5 (Figure 11) and one 
profile for the potential temperature. 
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However, at closer inspection when plotting 
Mn versus PO4

* per basin, relations do 
appear. When plotting only the Eurasian 
basin of transect 3, a negative correlation 
appears (Figure 14a). Even though this 
correlation is quite weak, it is significant 
([PO4

*][μM·kg-1]=-8.4[Mn][nM·kg-1]+5.8 
with R2=0.4 and P<0.001). All PO4

* values 
are below 0.7 μM·kg-1, indicating this water 
is a mixture of Atlantic water and fresh water 
input from either sea ice or rivers. The 
negative correlation indicates higher 
concentrations of Mn are related to this fresh 
water input. 

For the Makarov basin, however, no 
general correlation is apparent for the surface 
layer. Instead, two different correlations appear, both with a negative slope but with different y-
axis intercepts (Figure 14b). The correlation with the highest intercept is found in the upper 25 m 
of the Makarov Basin. Almost all (20 out of 22) PO4

* values in this correlation are above 0.7 
μM·kg-1. This indicates the water is a mixture of Pacific water and fresh water input from either 
sea ice or rivers. 

 
The correlation with the lower intercept (Figure 14b) is found in the deepest part of the surface 
layer, below about 100 m depth. The highest PO4

* value in this correlation is 0.57 μM·kg-1, 
indicating this water is a mixture of Atlantic water and fresh water input from either sea ice or 
rivers. The remaining data points in between the two correlations are from depths sampled in 
between the upper surface layer of Pacific origin and lower surface layer of Atlantic origin. These 
data points reflect most likely the results of mixing between the water of Atlantic origin with the 
water of Pacific origin, both affected by fresh water input. 

Figure 14a Dissolved Mn (nmol/kg) versus 
PO4*(µmol/kg) in the surface layer of the 
Eurasian Basin of transect 3. Linear regression is 
shown in the graph, R2=0.37; n=36 and P<0.001. 

Figure 14b Dissolved Mn (nmol/kg) versus 
PO4*(µmol/kg) in the surface layer of the 
Makarov Basin of transect 3. Linear regressions 
are shown in the graph, Pacific origin R2=0.91; 
n=15 and P<0.001; Atlantic origin R2=0.67; n=9 
and P<0.008. 

Figure 13 Dissolved Mn (nM) versus salinity in the 
surface layer of transect 3. Linear regression is 
shown in the graph, R2=0.62; n=87 and P<0.001. 
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Transect five (see text section 4.2.5.) went 
from the deep basin into the Laptev Sea. The 
Lena River drains into the Laptev Sea, 
delivering fresh water and Mn to the Arctic 
Ocean. When plotting the dissolved Mn 
versus salinity in the surface layer, a good 
correlation appears in the deep basin region 
when excluding the upper surface (25 m) of 
the three stations over the continental slope 
(Figure 15). The concentrations of Mn in the 
upper surface layer over the slope and in the 
Laptev Sea are much higher and do not fit the 
correlation observed over the deep basin. 

 

4.3 Discussion 
4.3.1. Comparison with previously reported Mn in the Arctic Ocean 
The here presented transects for dissolved Mn constitute a comprehensive dataset of Mn in the 
Arctic Ocean. This dataset comprises 773 new values of dissolved Mn over full water column 
profiles of the deep basins and shelf seas. Previously limited data has been available about the 
distributions of dissolved Mn in the Arctic Ocean. To the best of our knowledge the only data 
published on dissolved Mn (0.4 µm filtered in this case) in the central Arctic Ocean is from Yeats 
(1988). Like the profiles of Mn here reported, the profile reported by Yeats (1988) also shows 
elevated concentrations of Mn in the surface. This station extended to about 1350 m depth and 
the lowest concentration of about 0.25 nM was found in the Atlantic Layer. Latter concentration 
of 0.25 nM in the Atlantic Layer is only slightly higher than the concentrations here reported. The 
higher concentrations of Mn (around 0.6 nM) in the deeper parts of the water column reported by 
Yeats (1988) could be the result of the relatively shallow water column depth. The other profile 
of Mn reported by Yeats (1988) close to Fram Strait was for unfiltered samples and extended to 
about 2500 m depth. This profile for unfiltered Mn also shows a maximum of Mn at the surface, 
but the general concentrations are much higher.  

Slightly more data on dissolved Mn is available for the Eastern Arctic Ocean near Greenland 
and the Canadian Archipelago by Campbell and Yeats (1982) and Yeats and Westerlund (1991) 
(both 0.4 µm filtered). In the Central Baffin Bay near Greenland (Campbell and Yeats, 1982) 
concentrations of Mn decreased from a surface maximum of about 5.3 nM to 1.6 nM at the 
greatest sampled depth of 2300 m. This profile shape, a surface maximum and lower 
concentrations in the deep, is similar to the shape of the vertical profiles of Mn here presented. 
However, the concentrations of Mn in this enclosed bay appeared to be much higher. The 
concentrations of Mn in the shelf sea at the edge of the Canada Basin at 81°43.4’N, 93°25.0’W 
(Yeats and Westerlund, 1991) were considerably lower. A maximum of Mn of 1.58 nM was 
observed at the shallowest depth of 60 m, followed by a steep decrease to 0.24 nM at 150 m 
depth and concentrations of 0.51 and 0.26 nM at the greatest sampled depths of 270 and 280 m, 
respectively. Latter general profile shape and concentrations are comparable to the here reported 

Figure 15 Dissolved Mn (nM) versus salinity in the 
surface layer over the deep basin (circles) and the 
upper surface (25 m) of the three stations over the 
continental slope (triangles) of transect 5. Linear 
regression is shown in the graph, R2=0.94; n=36 
and P<0.001. 
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data for shallow stations in the shelf seas with the exception of the relatively low concentration of 
Mn near the sediments in the previous work. 

4.3.2. Mn in the Shelf Seas 
The here presented concentrations of Mn in the Arctic Ocean were highest in the shelf seas and 
surface layers of the deep basins. The vertical profiles in the Barents and Kara shelf Seas were 
characterised by a mid depth minimum and higher concentrations at both the surface and near the 
sediments (see text sections 4.2.2., and 4.2.3.). The higher concentrations of Mn in the deeper 
parts of the water column of the Barents and Kara Seas are most likely due to a benthic flux. This 
benthic flux of Mn by resuspension of the sediment and direct fluxes from the pore water have 
been described for continental shelves elsewhere (e.g. Heggie et al., 1987; Laës et al., 2007; 
Slomp et al., 1997; Statham et al., 1998). Moreover, the data here presented shows increasing Mn 
concentrations below the mid depth minimum in the Barents and Kara Seas, clearly indicating a 
benthic source. In the Laptev Sea however, high concentrations of Mn were found (see text 
section 4.2.5.), but no clear increasing trend towards the sediments was observed. These high 
concentrations of Mn in the Laptev Sea were most likely the result of fluvial input (see text 
below). The apparent benthic flux of Mn from the sediments was only observed in the Barents 
and Kara Seas, but its influence also appears to affect the deep basins. At all transects crossing 
the continental slope, a maximum of Mn was observed that corresponded with lowered 
transmission (see Figures 4 and 6). This indicates Mn and particles from the shelf seas are 
transported towards the deep basins. Both the minima of transmission and maxima of 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. Even so, the deep 
concentrations of Mn were higher in the Eurasian Basin compared to the Makarov basin. Whether 
this is due to the observed hydrothermal input at the Gakkel Ridge (see text section 4.3.4.) or due 
to input from the shelf seas can not be distinguished based on this data. However, the 
concentrations of dissolved aluminium and barium were also elevated in the deep Eurasian Basin 
and it has been argued this was caused by input from the shelf seas via deep slope convection 
(Middag et al., 2009; Chapter 3). Based on these observations, input from the shelf seas into the 
deep basins most likely affects the deep distribution of dissolved Mn but this effect can not be 
further quantified based on the available data presented here. 

4.3.3. Mn in the Surface layer 
The elevated concentrations of Mn in the surface layer were observed in all transects (see text 
section 4.2.). The surface layer distribution of transect 3 (see text section 4.2.3.) is most 
interesting since this transect covers all deep basins and is influenced by both Pacific and Atlantic 
water and by fluvial input (Ekwurzel et al., 2001). In the surface layer the concentrations of Mn 
correlated inversely with salinity (Figures 13 and 15) as was also observed by Yeats and 
Westerlund (1991) and concentrations of Mn correlated with PO4

* (Figure 14a and 14b). The 
negative correlation between Mn and salinity indicates a fresh water source for the elevated 
concentrations of Mn in the surface layer. This fresh water source can be fluvial input, sea ice 
melt or mixing with relatively fresh Pacific water (Ekwurzel et al., 2001). The concentrations of 
PO4

* and the correlations between Mn and PO4
* combined give insight in the contributions of the 

different sources (see text section 4.2.6.). The surface layer in the Eurasian basin appears to be 
mainly Atlantic water with fresh water input from rivers and/or sea ice and the higher 
concentrations of Mn correspond with the fresh water input (Figure 13 and 14a). In the Makarov 
Basin two correlations were observed between Mn and PO4

*, one in the upper surface layer and 
one in the deepest part of the surface layer, below about 100 m depth (see text section 4.2.6. and 
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Figure 14b). This shows the upper surface layer of the Makarov basin is mainly Pacific water 
with river and/or sea ice melt input, whereas the deepest part below 100 m depth is again mainly 
Atlantic water river and/or sea ice melt input. The surface layer water between the layer of 
Atlantic origin and the layer of Pacific origin appears to be a mixture of the two layers. No 
distinction can be made between fresh water input from rivers and from sea ice melt in both the 
surface layer of the Eurasian and Makarov Basin based on the presented parameters. 

The influence of Atlantic, Pacific and fresh water from rivers and sea ice on the surface layer 
in the Arctic Ocean have already been assessed in previous reports based on conservative tracers 
(e.g. Anderson et al. 1994; Ekwurzel et al., 2001; Rudels et al., 2000). These assessments give 
very useful information about the volumes of water from the different sources. However, when 
considering the importance of these sources for non-conservative constituents like dissolved Mn, 
the biogeochemical cycling and initial concentrations of Mn should be taken into account. This 
shows in transect five (see text section 4.2.5. and section 4.2.6.) that extended from the deep 
basin into the Laptev Sea. When considering the salinities in the upper surface layer and in the 
Laptev Sea, the concentrations of Mn were higher than would be expected based on the Mn-
salinity relation observed in the basin (Figure 15). Therefore, extrapolating the Mn-salinity 
relations observed in the surface layer of the deep basins to zero salinity (24 and 36 nM Mn) 
underestimates the Mn delivered to the Arctic Ocean by the Lena River that drains into the 
Laptev Sea. This is confirmed by Hölemann et al. (2005) who reported concentrations of 
dissolved Mn between 82 and 1471 nM and concentrations of particulate Mn between 11.6 and 
26.4 μmol/g suspended particulate matter. The large range in concentrations of dissolved Mn and 
fraction Mn in suspended particulate matter is related to variations in the discharge of the river 
(Hölemann et al., 2005). For the Lena River plume with salinity < 10 in the Laptev Sea in the 
same time of the year as the data here presented was collected (September), an average 
concentration of Mn of 111 ± 70 nM has been reported (Hölemann et al., 2005). Latter 
concentration is also considerably higher than would be expected based on extrapolation of the 
Mn-salinity relation observed in surface layer of the deep basins. This indicates removal of 
dissolved Mn in the estuary. 

However, besides river discharge also melting of sea ice can be a source of fresh water and 
elevated concentrations of Mn. There is little data on Mn in (sea) ice in the literature. Townsend 
and Edwards (1998) found up to 0.55 nM (unfiltered) Mn in Antarctic snow, but these low 
concentrations are most likely not representative for the Arctic Ocean that is in greater proximity 
to continental sources. In coastal sea ice in the Ross Sea (Antarctica) concentrations of dissolved 
Mn between 0.84 and 10.5 nM Mn were observed. Besides dissolved Mn, also particulate Mn 
was reported with concentrations ranging between 0.13 and 23.2 nM that potentially can dissolve 
when the sea ice melts (Grotti et al., 2005). Campbell and Yeats (1982) reported trace metal data 
for Arctic sea ice from the Eastern Arctic Ocean of 17.3 nM dissolved Mn and 26.8 nM 
particulate Mn. Apparently there can be a wide range of concentrations of Mn in sea ice and the 
concentrations appear to be higher in the Arctic Ocean. However, the concentrations of Mn in sea 
ice are much lower than those observed in the Lena River and its discharge and the surface layer 
concentrations of dissolved Al indicate little input of ice melt (Middag et al; 2009; Chapter 3). 
Nevertheless, when extrapolating the Mn-salinity relation to zero, the concentrations of Mn of 24 
and 36 nM Mn (see text above) are higher than the reported concentrations of Mn in sea ice. The 
work of Ekwurzel et al. (2001) shows that in the central Eurasian Basin (their Figure 7), the 
fraction of the surface layer water that constitutes river run off is twice the fraction that 
constitutes sea ice. This implies that the extrapolation to zero salinity of the Mn-salinity relation 
observed in surface layer of the deep basins, should render a concentration of Mn of 2/3 the river 
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Mn concentration and 1/3 sea ice Mn concentration. When taking the lower limit of the Lena 
River water concentration of Mn of 82 (Hölemann et al., 2005) and the sea ice concentration of 
Mn of 17.3 (Campbell and Yeats, 1982), the resulting concentration of Mn at zero salinity is 
about 60 nM. Latter concentration of Mn is about twice the extrapolation values of 24 nM and 36 
nM of the Mn-salinity relations observed in the surface layer of the Eurasian basin in transect 3 
and 5, respectively. Even when assuming none of the Mn released from melting sea ice would 
remain in solution in the surface layer, the resulting concentration of 55 nM Mn exceeds the 
extrapolation concentration of Mn for zero salinity (24 and 36 nM Mn) by almost a factor of 2. 
This confirms that a considerable fraction of the dissolved Mn delivered towards the Arctic 
Ocean by river discharge is lost in the estuary and shelf sea. Most likely this is caused by 
precipitation and scavenging (Salomons and Föstner, 1984; Nolting et al., 1999 and references 
therein;) Moreover, also for the Mn released by the melting sea ice, precipitation and subsequent 
loss from the surface layer can not be discounted. 

4.3.4. Mn in the deep Deep Basins 
The concentrations of Mn in the deep basins are low with concentrations decreasing below 0.1 
nM in the Eurasian Basin and even lower to about 50 pM in the Makarov Basin (see text section 
4.2.3.). Below the initial steep gradient from relatively high to subnanomolar concentrations in 
the upper 200 to 300 m the concentrations of Mn are relatively uniform in the remainder of the 
water column (Figure 10). Concentrations of Mn did tend to decrease slightly with depth from the 
concentrations observed below the surface layer to the lowest concentrations in the deepest 
layers. Within the deep basins, usually no increase towards the sediments was observed, 
indicating no sedimentary flux in the deep basins.  

However, this distribution of slightly decreasing concentrations of Mn with depth below the 
surface layer was not observed near the continental slope due to input of Mn from the shelf seas 
(see text section 4.3.2.). Moreover, 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 sections 4.2.3. 
and 4.2.5.). 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. 

The Gakkel Ridge is an ultraslow-spreading ridge, but has numerous known sites of 
hydrothermal activity (Edmonds et al., 2003). Edmonds et al. (2003) located nine primary vent 
sites along the Gakkel Ridge, of which the most easterly at 85°39’N, 84°50’E was located closest 
to the observed hydrothermal plume in transects 3 (see text section 4.3.3.). To locate the vent site, 
Edmonds et al. (2003) used Miniature Autonomous Plume Recorders that recorded temperature 
and light scattering. The latter is, like the light transmission here reported, indicative of 
suspended particles. Besides the physical parameters light scattering and temperature anomalies, 
also some samples were taken for total dissolvable Mn by Edmonds et al. (2003). The depth and 
the depth range (Between 2000 and 3000 m) at which the plume detected at 85°39’N, 84°50’E 
based on the light scattering and Mn by Edmonds et al. (2003, their figure 4) was remarkably 
similar to what was observed for the most profound plume of Mn at 85°55’N, 91°07’E (Figure 
9a) presented here. The vertical profiles of total dissolvable Mn had a higher background 
concentration (~0.1-1 nM) and exceeded 10 nM in the plume compared to the background 
concentrations and the maximum value of 5 nM dissolved Mn here reported. The higher 
background concentrations of Mn confirm the remark of Edmonds et al. (2003) that some portion 
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of the total dissolvable Mn signal could result from leaching of Mn oxide coatings off suspended 
particles. At the station on top of the Gakkel Ridge with the highest Mn elevation observed in 
transect 3, also higher concentrations of dissolved Fe and anomalies of potential temperature and 
transmission were observed (see text section 4.2.3. and Figure 9). This confirms the hydrothermal 
source of the elevated concentrations of Mn that could be traced throughout the Eurasian basin 
around the 2500 m depth level.  

In transect 5 also maxima of Mn were observed over the deep Gakkel Ridge. The least 
profound maximum was located around 2500 m and therefore most likely originated from the 
hydrothermal vent site passed in transect 3 (See text above and text section 4.2.3.). The second, 
more profound maximum was located between 3000 and 3300 m depth and corresponded with a 
transmission anomaly, as well as a potential temperature anomaly (see figure 12a and 12b). 
Unfortunately this particular region was not visited with the Miniature Autonomous Plume 
Recorders reported by Edmonds et al. (2003). However, the depth range at which the Mn 
maximum and transmission anomaly here reported were observed, is consist with the depth range 
for which an additional hydrothermal plume was observed at the closest and several other 
locations sampled by Edmonds et al. (2003). Furthermore, a maximum of dissolved Mn was 
observed throughout the Eurasian basin in the 3000-3300 m depth range. 

The maxima of Mn of hydrothermal origin that were observed in the entire Eurasian Basin 
could be related to the enclosed nature of this ocean basin. But at the very least, 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 
model of Weiss (1977) predicted. The extend of the hydrothermal effect on the distribution of Mn 
in other deep ocean basins remains to be studied in more detail but appears to be much greater 
than expected thus far. 

When plotting the maxima of Mn around 2500 m in the Eurasian basin versus the distance 
from the station in transect 3 on the Gakkel Ridge with the highest concentration of Mn observed 
(Figure 8), an exponential decrease with distance is observed. When assuming only turbulent 
mixing is responsible for the dispersion of the Mn plume, i.e. the water mass itself is stagnant, the 
horizontal plume dispersion from its origin is given by the following equation: 

Cx = Co*e-Ax   (Weiss, 1977)  (eq. 1) 

Where Cx is the concentration of Mn at a distance x, Co is the concentration of Mn on the Gakkel 
Ridge with the highest concentration of Mn observed (x=0) and  

A= (ψ/KH)1/2 

Where ψ is the first order scavenging rate constant and KH is the horizontal eddy diffusivity 
which is assumed to be 5*106 cm2/s (Weiss, 1977). 
The residence time τ can be calculated by 

τ= 1/ψ 

When calculating τ from the exponential relations observed by plotting the maximum of Mn 
versus the distance gives 2 and 0.4 years for transects 1 and 2 combined and transect 3, 
respectively. These residence times are much shorter than the 51 years found by Weiss (1977), 
therefore the assumption that eddy diffusion is the only process of influence for the plume 
expansion is not correct. This suggests that also deep water circulation has to be taken into 
account. The shorter residence time derived from transect 3 compared to the one derived from 
transect 1 and 2 together shows the direction of the deep water circulation is more towards 
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transect 1 and 2 than along transect 3. However, the short residence time derived from transect 1 
and 2 together indicates the circulation pattern is no direct route from the plumes origin towards 
the Eurasian shelf site of the basin, but actually takes a longer route, leading to the 
underestimation of the residence time. For transect 3 the actual route must be even longer to lead 
to the greater underestimation of the residence time. These observations are consistent with 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). 
Besides the deep basin circulation it must also be considered that there are multiple active 
hydrothermal vent sites (Edmonds et al., 2003). This further complicates the process which can 
therefore not be described solely by a simple turbulent mixing and scavenging model. However, 
the observed distribution of Mn around 2500 m at various distances from the Gakkel Ridge in a 
specific direction can be described with an exponential equation without accounting for currents 
or multiple sources. This suggests that scavenging removal of Mn plays a major role. 

4.4 Conclusions 
This comprehensive study of dissolved Mn in the Arctic Ocean shows elevated concentrations in 
the surface layer with concentrations up to 6 nM. Highest concentrations of Mn were observed in 
the shelf seas, notably the Laptev Sea with concentrations over 20 nM. In the deep basin the 
concentrations of Mn decreased steeply from the surface values to very low background 
concentrations of just below 0.1 nM in the Eurasian Basin and even lower at about 50 pM in the 
Makarov Basin. The general profile shape is consistent with the three previous studies about 
dissolved Mn done in the Artic Ocean, although the absolute concentrations of the previous 
studies appear to be slightly higher.  

The elevated concentrations of Mn in the surface layer have a fresh water source and show a 
negative relation with salinity. Both fluvial input and sea ice melt have to be taken into account 
as fresh water and Mn source, but fluvial input appears to be the most important in both volume 
and concentration of Mn. By extrapolating the Mn-salinity relation observed in the surface layer 
of the deep basin it is confirmed a large portion of the Mn delivered by the Arctic rivers is 
removed in the shelf seas and does not pass into the central basins. 

In the shelf seas a mid depth minimum was observed, indicating a benthic source. From the 
shelf seas Mn is exported along the continental slope into the deep basin and this process results 
in higher concentrations of Mn and lower light transmission along the slope. The effect of this 
Mn input from the slope faded out with distance into the basin and was not observed beyond the 
continental slope. 

In the deep basins the lowest concentrations of Mn were observed. The concentrations of Mn 
tended to decrease slightly with depth below the initial decrease in the first 200 to 300 m, but 
were overall quite uniform within the deep basins. The higher concentrations in the Eurasian 
Basin might be related to the observed input from the shelf seas, but also hydrothermal input 
plays a role. Distinct hydrothermal activity and Mn input was observed over the deep Gakkel 
Ridge. The hydrothermal plume of dissolved Mn could be seen in a clear Mn maximum around 
2500 m depth throughout the Eurasian Basin and a smaller plume was observed around 3200 m. 
The Mn concentration at the 2500 m maximum decreased exponentially with distance from the 
Gakkel Ridge which is consistent with a first order scavenging model (eq.1). However, using the 
first order scavenging model to calculate the residence time suggests also the deep basin 
circulation has to be considered to explain the hydrothermal Mn plume dispersion.
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Chapter 5 
 
Aluminium, Iron and Manganese show 
more, less and no relation with the Silicon 
cycle in the North East Atlantic Ocean 
 
Abstract: 
The dissolved trace elements Aluminium (Al), Iron (Fe) and Manganese (Mn) and major 
nutrients Silicate (Si) and Nitrogen oxides (NO2 + NO3) were measured simultaneously at 
GEOTRACES station in the North East Atlantic Ocean. For Al two more stations were sampled 
along a transect to the north. The vertical profiles of all three trace metals agree well with 
previously reported data in the same region. The concentration of dissolved Al in the surface 
ocean increased along the transect in a southward direction, most likely due to closer proximity to 
the Saharan dust source. A maximum of Al was observed that corresponded with the core of the 
Mediterranean Overflow Water (MOW). The maxima of Al, salinity and potential temperature 
associated with the MOW increased when approaching the source of latter MOW at the Gibraltar 
Strait. The concentrations of dissolved Al correlated well with the concentrations of Si above and 
below the MOW but not within the MOW. For Fe the first ever open ocean correlation was 
observed with Si. This correlation was observed above and below the MOW and indicates that 
more than 60% of the remineralised Fe is removed from the water column. Both Al and Fe 
appeared to be relatively enriched with respect to Silicate in the upper water column above the 
MOW. The concentrations of dissolved Mn were not correlated with Si as they showed a distinct 
surface maximum and decreasing concentrations with depth. Assuming that the enriched 
concentrations of Al, Fe and Mn in the upper water column all three come from a common 
source, then this source most likely is direct local atmospheric dust input. Although scavenging is 
an important process for both Mn and Fe, we suggest that Fe is more vulnerable to scavenging in 
the MOW. The concentrations of Al in the MOW are most likely controlled by mixing. The Al-Si 
and Fe-Si relations in the North Atlantic Deep Water suggest a fractionation of metal-nutrient 
ratio’s with the aging of biogenic particles. For the deepest water mass, Low Deep Water, the 
observed low concentrations of Fe and Mn can be attributed to the influence of Antarctic Bottom 
Water. 

 
This chapter is based on: R. Middag, M. Klunder, C.-E. Thuróczy, L.J.A. Gerringa, H.J.W. de 
Baar, K.R. Timmermans and P. Laan. Aluminium, Iron and Manganese show more, less and no 
relation with the Silicon cycle in the North East Atlantic Ocean.  
Submitted to Deep-Sea Research I. 
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5.1. Introduction 
GEOTRACES (www.geotraces.org) aims 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). 
At three deep ocean stations in the North East Atlantic Ocean off Portugal during the 
GEOTRACES cruise aboard R.V. Pelagia the Titan Ultra-Clean sampling system (De Baar et al., 
2008) was deployed. The main goal of the cruise was to assess the trace metal distributions of 
this ocean region with the newly constructed second Titan Ultra-Clean sampling system. The 
North East Atlantic Ocean surface ocean is influenced by input of atmospherically transported 
dust, originating from the Sahara desert. This brings trace metals as well as other nutrients to the 
open ocean (e.g. Kramer et al., 2004; Baker et al., 2006; Measures et al., 2008). In the deeper 
water parts of the water column several water masses with different origins can be found. The 
Mediterranean Overflow Water enters the North East Atlantic Ocean from the Gibraltar Strait and 
can be found at intermediate depths (Ambar et al., 2008). Deeper, the North Atlantic Deep Water 
is observed. This water mass consists of various components that are formed in several regions in 
the north and spreads southwards through the Atlantic Ocean (Smethie et al., 2000). The deepest 
water mass, Low Deep Water (LDW), is characterised by low salinity, low potential temperature 
and high concentrations of nutrients, which is most likely due to the contribution of Antarctic 
Bottom Water (AABW) (Van Aken, 2000).  

 
Figure 1 Chart showing the three deep water stations 14, 11 and 9 of cruise (64 PE 267) aboard R.V. 
Pelagia, 11-04-2007 to 26-04-2007. The displayed isobaths are 1000, 2000, 3000, 4000 and 5000 m 
depth. Station positions are: 14 (39°44’N, 14°10’W); 11 (42°02’N, 12°34’W); 9 (44°49’N, 10°33’W). 
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The different water masses will have different trace metal compositions depending on the area of 
formation and the dispersion and mixing after formation. Another source of trace metals for the 
North East Atlantic Ocean is the continental margin as shown for the Bay of Biscay. However, 
this input usually does not extend to the open ocean (Laës et al., 2007). The assessment of 
multiple trace metals and nutrients simultaneously allows differentiating between the trace metal 
input sources for the North East Atlantic Ocean. 

Here we report results of dissolved (<0.2 μm filtered) trace elements Aluminium (Al), Iron 
(Fe) and Manganese (Mn), as well as major nutrients Silicate (Si) and nitrogen oxides (NO2  and 
NO3). Also concentrations of Fe in the unfiltered fraction as well as organic ligand concentrations 
were measured from the same sampling system on this cruise. This data is presented in Thuróczy 
et al. (under revision).  

5.2. Material and Methods 
Samples were collected aboard R.V. Pelagia between April 11 and April 26, 2007, during the 
GEOTRACES cruise in the North East Atlantic Ocean off the coast of Portugal (Figure 1). 
Samples of the water column for trace metals were collected at three stations, where at the 
GEOTRACES station 14, six consecutive hydrocasts were performed for trace metals and 
nutrients (cast numbers 1, 4, 5, 7, 18 and 20). This station 14 with six hydrocasts was to validate 
the reproducibility of the Titan Mk. II system in conjunction with the shipboard analyses. See 
Chapter 2 for the remaining Material and Methods description. Below the analysis of Fe is 
described. 

5.2.1. Analysis of dissolved Iron 
For shipboard analysis of dissolved Fe the method as described by De Jong et al. (1998), was 
used with minor modifications, as described below. The samples were collected in 60 mL LDPE 
bottles, cleaned according to the procedure Chapter 2. The samples were acidified to 0.024 M 
HCL (pH ~1.8) using 12 M ultraclean HCl (Baseline® Hydrochloric Acid, Seastar Chemicals 
Inc.) and were left for at least 12 h before analysing. The method analyses Fe (III).We add 60 µL 
of a 1 ‰ hydrogen peroxide (Merck suprapur 30%) solution at least 1 h before analysis to ensure 
oxidation of the Fe (II) present (Lohan et al, 2005).  

A 10-port autosampler valve (VICI, Switzerland) allowed measurements of ten different 
samples within one run. Samples of cast 18 (shipboard analysis) were buffered in-line to pH 4 by 
mixing with a 0.12 M acetate buffer. This buffer solution was made by diluting saturated 
ammonium acetate crystals (produced after Aguilar-Islas et al., 2006) and adjusting the pH to 6.5 
with ultraclean ammonium hydroxide.  

The sample was pre-concentrated over a Toyopearl AF-Chelate-650M (TosoHaas, Germany) 
column during 120 s. Subsequently the column was rinsed with MQ water for 60 s, after which 
Fe was eluted with 0.4 M HCl (Suprapur, Merck) for 120 s. A 4-port selection valve was used for 
switching between buffer/sample and MQ water passing over the pre-concentration column.  

The eluent mixed with 0.35 M hydrogen peroxide (Suprapur, Merck), a 0.3 mM luminol 
solution and 0.72 M ammonia (Suprapur, Merck), which resulted in a pH of 9.5. The 0.3 mM 
luminol solution was made by diluting 3 mL luminol stock solution and 60 µL TETA 
(triethylenetetramine, Merck) in 1 L MQ water. The luminol stock solution was made by diluting 
270 mg luminol (3-aminophtalhydrazide, Aldrich) and 500 mg potassium carbonate (to facilitate 
dissolution) in 15 mL MQ water. The mixture passed through a 5 m mixing coil in a 35°C water 
bath, and subsequently through the photon counter (Hamamatsu HC 135). A 6-port injection 
valve was used to switch between inflow of sample, rinsing MQ water over the column and 
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elution by HCl. The autosampler valve, both switching valves and the detector were controlled by 
an interface developed in LabView ™.  

From station 14 cast 18, the samples for Fe were measured by shipboard analysis. For station 
14 cast 20, the samples for Fe were acidified and stored in acid-cleaned 500 mL bottles in double 
plastic bags in plastic crates. The latter samples of cast 20 were measured by the same flow 
injection system as used on board in the clean room facilities at the NIOZ home institute. The 
only difference in the analytical procedure is that these samples were not buffered, after Lohan et 
al. (2005). 

5.2.2. Calibration  
The system was calibrated using standard additions of a 895 nM Fe stock solution (from 1000 
ppm AAS standard, Fluka Chemicals), where peak heights were used for calculation of the 
concentration. To take into account the matrix effects of sea salts on the system, this stock 
solution was added to filtered acidified surface seawater of low concentration of Fe (< 0.2 nM), 
collected in the research area. Additions were generally in the range of 0.1 – 0.9 nM, with 6 
measurement points.  

For the determination of Fe, two duplicate samples were taken. Upon analysis of one sample 
in triplicate, in the case of an outlier (caused by contamination in the sample bottle or during 
sample collection) the second sample was measured, also in triplicate. The standard deviation of 
triplicate measurements of one sample usually was lower than 5 %. 

The blank, i.e. the background concentration of Fe in the MQ water and chemicals is 
calculated from the amount of photons measured at 0 s pre-concentration time. Blank values were 
30 pM and 70-80 pM for cast 18 and 20, respectively. SAFe reference water D2 was measured 
for validation of the system; we found 0.89±0.01 nM (n=2) for SAFe D2. This corresponds well 
with the published value of 0.91±0.17 nM (Johnson et al., 2007) and the value of 0.923±0.029 
nM posted on the Geotraces website (www.geotraces.org/Intercalibration). 
5.3. Results 
The performance of the complete Titan Mk.II sampling system was monitored by scoring the 
number of GO-FLO samplers that did not close properly or that were visibly leaking. From the 
overall 169 individual GO-FLO sampler deployments 96 % was successful. Of all deployments 
1.2% (2 samples) did not close and another 2 samplers (1.2%) were not sampled due to visible 
leaking of the GO-FLO sampler upon recovery. From the remaining 165 deployments, 1.8% (3 
samplers) appeared to have closed at the wrong depth, based on discrepancy of the nutrient data 
for that given depth.  

5.3.1. Station 14 
5.3.1.1. Hydrography 
Station 14 (39°44’N, 14°10’W) was located closest to the Gibraltar Strait (Figure 1) and most 
extensively sampled during this cruise and therefore described in most detail. The hydrography as 
described below is comparable to that of the subsequent stations (Stations 11 and 9, text sections 
5.3.2. and 5.3.3. below). 

Several water masses at our station 14 can be recognised from the S-θ plot (Figure 2). The 
different water masses are summarised below. The salinity was relatively constant in the Surface 
Mixed Layer (SML) while the potential temperature decreased slightly (Figure 3a and 3b). Below 
the SML (50m), the salinity and potential temperature continued to decrease to a minimum 
around 500 m depth, within the North Atlantic Central Water (NACW). This NACW sub-ducts at 
a latitude between 40°N-48°N and then flows southwards. The NACW is separated from the 
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Mediterranean Outflow Water (MOW) by 
the salinity minimum (Van Aken, 2001) at 
~500 m at station 14 (Figure 3a). Below this 
salinity minimum, both salinity and 
potential temperature increased again with 
depth, but to separate maxima around 1100 
and 800 m depth respectively. The two 
separate maxima of salinity and temperature 
represent the lower and upper cores of the 
MOW (Amber et al., 2008). The salinity 
maximum was most pronounced (Figure 2 
and 3a). Below the MOW, the slope of the 
mixing line changed at about 2000 m depth 
and the NADW proper is found (Figure 2). 
This water is characterised by low salinity 
and potential temperature which both show 
a relatively constant decrease with depth. 
From ~4500 m downwards the decrease 
with depth weakened and a relatively 
constant low salinity (<34.91) and potential 
temperature (< 2.1°C) were observed for 
the deepest water mass, indicative of Low Deep Water (LDW) (Van Aken, 2000). The salinity, 
potential temperature and the high concentration of Si in this water are attributed to the influence 
of Antarctic Bottom Water (AABW).  
 

 
5.3.1.2. Salinity, potential temperature, nutrients and trace metals 
At station 14, six hydrocasts were taken on different days for dissolved trace metals. Of these six 
hydrocasts, five casts (1, 4, 5, 7, 18) were analysed for Al onboard, one cast (18) for Fe onboard 
and finally one cast (20) was sampled for Fe and Mn determination afterwards in the home 

Figure 3a Profiles of salinity versus depth (m) at 
six consecutive hydrocasts 1, 4, 7, 15, 18 and 20 
collected at consecutive days (April the 19th, 20th, 
21st, 23rd, 24th and 25th 2007 respectively) at 
station 14. 

Figure 3 Profiles of potential temperature (°C) 
versus depth (m) at six consecutive hydrocasts 1, 
4, 7, 15, 18 and 20 collected at consecutive days 
(April the 19th, 20th, 21st, 23rd, 24th and 25th 2007, 
respectively) at station 14. 

Figure 2 Property-property plot of potential 
temperature (°C) versus salinity for all data of six 
hydrocasts 1, 4, 7, 15, 18 and 20 at station 14. 
Abbreviations in alphabetical order: LDW: Low 
Deep Water; MOW: Mediterranean Overflow Water; 
NACW: North Atlantic Central Water; NADW: North 
Atlantic Deep Water; SML: Surface Mixed Layer. 
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laboratory. The major nutrients (nitrate, nitrite and silicate) were analysed in the home laboratory 
afterwards for all six hydrocasts of station 14. 

The six profiles of salinity (Figure 3a) varied slightly within and above the MOW but were 
almost identical below the MOW. The standard deviation between the casts increased to a 
maximum of 0.45% in the MOW water, but was always smaller than 0.03% below 2000 m depth. 
The six hydrocasts were started on exactly the same position every time but the hydrography 
shows some variations due to slight drifting of the ship and the underlying water masses. As a 
result the increased standard deviation indicates that the upper 1500 to 2000 m of the water 
column had greater small-scale spatial variability compared to the deeper layers, as usual. The 
salinity maximum just below 1000 m had values between 36.1 and 36.25. The potential 
temperature (Figure 3b) also showed greater small-scale spatial variability in the upper 1500 to 
2000 m of the water column, just like the salinity. 

The average profile of silicate (Figure 4) of all six casts showed increasing concentrations with 
depth. In the SML, the average concentration of Si was just over 1 μM and below the SML the 
average values increased quite steeply from around 1.5 μM at 100 m depth until about 7 μM at 
600 m depth, close to the depth of the salinity and potential temperature minima (Figure 3). 
Below the salinity and potential temperature minima the Si values kept increasing with depth, but 
less steep due to the mixing with the low Si MOW. Below the MOW (from 1750 - 2000 m 
downwards) the concentrations of Si started to increase with depth more steeply again in the 
NADW. The steep increase of Si with depth ceased around 4000 m and deeper down the Si only 
increased slightly in the remainder of the water column to an average value of 45.5 μM at 5000 m 
depth in the LDW. 

The average vertical profile of nitrogen oxides (NO3 + NO2) of all six casts (Figure 4) showed, 
like Si, very low concentrations in the SML (0.2 - 1.1 μM). Below the SML the concentrations 
were much higher and increased with depth from an average value of 2.5 μM at 100 m depth to 
almost 16 μM at 600 m depth where a small maximum in the nitrate plus nitrite concentration 
was observed (just) in the MOW. Below the MOW the concentrations of nitrate and nitrite only 
increased slightly with depth from an average value of 18.5 µM at 2000 m depth until almost 23 
μM at 5000 m depth. 

When looking at the profiles of 
dissolved Al from the five casts (1, 4, 5, 7, 
18) together (Figure 5a), the greatest 
variability appeared in the MOW, just as 
for the salinity and potential temperature. 
Moreover, cast 7 deviated from the other 
casts in the upper 100 m. This may, in 
principle, be explained by the precipitation 
that fell in the night before this cast was 
taken. Five-day NOAA Hysplit air mass 
backwards trajectories from 21-04-2007 
confirm that the air at ~2000 m height 
originates from Northern Africa, indicating 
this precipitation carried Sahara dust. 
Below 100 m depth the profile of Al of 
cast 7 was very similar to the other four 
casts. Casts 15 and 18 had their Al 
maximum at 1250 m instead of at 1000 m 

 
Figure 4 Profiles of the average concentrations of 
silicate (µM, open circles) and NO2+NO3 (µM, closed 
circles) versus depth (m) of six hydrocasts at station 
14. Error bars indicate the standard deviation between 
the different casts. 
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Figure 6 Property-property plot of the 
concentration of dissolved Al (nM) versus 
potential temperature (°C) for all data of five 
hydrocasts 1, 4, 7, 15 and 18 at station 14. 

 

 

depth. When looking at the salinity profiles (Figure 3a) it appears that the salinity maximum was 
also located somewhat deeper for these casts 15 and 18 than in the previous casts. Below the 
MOW the profiles of Al were almost identical except for the 3500 m value for cast 1 that 
deviated somewhat from the other casts, indicating this is probably an outlier, risking rejection 
just for that. 

In the SML the average concentration of dissolved Al was the lowest (7 nM; Figure 5b). Below 
the SML the averaged concentrations of Al increased with depth to 18 nM at 600 m depth. Into 
the MOW water the concentrations of Al increased very steeply to a maximum of over 31 nM at 
1000 m depth. Below this depth the 
concentrations of Al decreased to a minimum of 
15 nM at 2000 m depth which coincided with the 
change in slope of the plot of potential 
temperature versus salinity (Figure 2). In the 
deeper NADW the concentrations of Al 
increased with depth from the minimum at 2000 
m depth to a value of almost 25 nM at 5000 m 
depth in the LDW. The maximum in the 
concentration of Al around 1000 m depth 
coincided with the maximum in salinity. 
Moreover this Al maximum had the greatest 
variability (standard deviation of 6.4% around 
1000 m) between the five hydrocasts, in keeping 
with the above mentioned greatest variability of 
salinity and temperature in the MOW.  

 
Figure 5a Profiles of the concentrations of 
dissolved Al (nM) versus depth (m) from the five 
consecutive hydrocasts 1, 4, 7, 15 and 18 
collected at consecutive days (April the 19th, 20th, 
21st, 23rd, 24th and 25th 2007 respectively) sampled 
for Al at station 14. Average standard deviation of 
triplicate analysis was <1%. 

 

 
Figure 5b Profile of the average concentrations 
of dissolved Al (nM) versus depth (m) of all five 
hydrocasts 1, 4, 7, 15 and 18 collected at 
consecutive days (April the 19th, 20th, 21st, 23rd, 
24th and 25th 2007 respectively) sampled for Al at 
station 14, excluding the upper 3 surface layer 
values of cast 7 because of elevated values related 
to precipitation. Error bars indicate the standard 
deviation between the different casts. 
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Figure 7 Concentrations of dissolved Al (nM) 
versus concentrations of dissolved Si (µM) in the 
SML and NACW (closed circles), MOW (closed 
squares), NADW (open circles) and LDW (closed 
triangles at station 14, all five hydrocasts 1, 4, 7, 
15 and 18.  

For the combined SML and NACW an apparent 
correlation of Al and Si was determined to be 
described by [Al][nM]=1.9[Si][μM]+4.9 with 
R2=0.97 n= 36 and P<0.0001. 

Correlation in the NADW was determined to be 
described by [Al][nM]=0.3 [Si][μM]+11.3 with 
R2=0.92 n=20 and P<0.0001. Abbreviations as in 
Figure 2. 

The concentration of dissolved Al is plotted 
versus the potential temperature (Figure 6) and 
versus the concentration of dissolved silicate 
(Figure 7). This shows that the concentration 
of Al is related to both the nutrient silicate and 
the water mass hydrography. The expected 
relationship of Al versus silicate is somewhat 
obscured in the MOW. However, when 
disregarding the MOW and subsequently 
plotting Al versus Si for the upper water 
column until 600 m depth (SML and NACW) 
and the deep water column from 2000 to 4000 
m (NADW), two very clear yet distinct linear 
correlations were found (Figure 7). In the 
upper 600 m the slope of the correlation was 
relatively steep ([Al][nM]=1.9[Si][μM]+4.9 
with R2=0.97 n= 36 and P<0.0001), indicating 
this part of the water column was relatively 
enriched in Al. In the water column below 
2000 m (NADW), the slope of the Al-Si 
relation was significantly (P<0.001; 2-tailed t-
test) less steep ([Al][nM]=0.3 [Si][μM]+11.3 
with R2=0.92 n=20 and P<0.0001). The deep 
(> 2000 m) data points are grouped more 
closely compared to the upper water column, 
due to the greater depth intervals sampled in 
combination with the smaller vertical gradients 
in the deeper water column. 

Mn (nM)

0.0 0.2 1.0 1.2

D
ep

th
 (m

)

0

1000

2000

3000

4000

5000

 
Figure 8a Profile of the concentrations of 
dissolved Mn (nM) versus depth (m) of station 14, 
cast 20. Average standard deviation of triplicate 
analysis was <2%. 
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Figure 8b Profiles of the concentrations of 
dissolved Mn (nM) versus depth (m) presented in 
this Chapter (open circles), Saager et al. 1997 
(closed squares) and Landing et al. 1995 (closed 
stars). Error bars represent standard deviation 
between different labs participating in the IOC 
intercomparison for trace metals (Landing et al., 
1995). 
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The profile of dissolved Mn (Figure 8a) is a typical Mn profile with a distinct maximum in the 
surface waters and consistent with reported profiles from the North East Atlantic Ocean (Saager 
et al. 1997; Statham et al., 1985) and the North Atlantic Ocean in general (Bruland and Franks, 
1983; Jickells and Burton, 1988; Landing et al., 1995). Concentrations of Mn were highly 
elevated in the upper surface with values over 1.1 nM and then dropped sharply to about 0.2 nM 
Mn at 200 m. Below this steep decrease, the 
concentrations of Mn decreased slowly with 
depth to about 90 pM at 5000 m depth in the 
LDW. In the MOW water there was a slight Mn 
maximum visible, but this was not very 
pronounced. No correlation was observed 
between the concentrations of Mn and Si. 

Two profiles of dissolved Fe are shown from 
different casts (cast 18 measured shipboard and 
cast 20 measured at the home laboratory, see 
text section 5.2.5) of the same station 14 
(Figure 9). The profiles of Fe are typically for 
Fe, with very low values (0.10-0.17 nM) in the 
SML and the lowest concentration (0.10 nM) at 
~50 m depth, most likely due to uptake by 
phytoplankton. Below the SML there is a steep 
increase in Fe-concentration, with maximum 
values (0.62-0.69 nM) at 500-600 m depth, 
coinciding with the nitrate maximum and salinity minimum. Below 600 m, due to mixing of the 
NACW with the underlying MOW the concentrations of Fe decreased to ~0.55 nM at about 1000 

m. Differences between the two casts at 800 m 
are attributed to contamination of the sample 
from cast 18. At 1250 m also a difference 
between the two casts is observed, most likely 
due to variable water properties at this depth as 
also observed for Al and salinity (Figure3 and 
6a). Below 2000 m in the NADW, there were 
relatively constant concentrations of Fe of ~ 
0.60-0.70 nM, until about 4000 m. Lower 
concentrations of Fe or ~0.52-0.55 nM were 
observed in the LDW.  

The upper water layers, SML and NACW, 
appeared to be relatively enriched in Fe with 
respect to silicate, compared to the NADW 
(Figure 10) as also observed for Al versus 
silicate. As a result, a correlation with a 
relatively steep slope was found in the 
SML/NACW ([Fe][nM]=0.09[Si][µM]+0.10 
with R2=0.87 n=13 and P<0.0001). From 600 
m depth downward, both iron and silicate 
showed a continuous increase with depth. The 
values between 600 and 1000 m showed a 

Figure 10 Concentrations of dissolved Fe (nM) 
versus concentrations of dissolved Si (µM) in the 
SML and NACW (closed circles), NADW (open 
circles) and LDW (closed triangles) at station 14. 
Correlation in SML and NACW was determined to 
be described by [Fe][nM]= 0.09[Si][µM]+0.10 
with R2=0.87 n=13 and P=0.0079. Correlation in 
NADW was determined to be described by 
[Fe][nM]=0.003[Si][µM]+0.54 with R2=0.62 
n=6 and P=0.064. Abbreviations as in Figure 2. 

 

 
Figure 9 Profiles of the concentrations of 
dissolved Fe (nM) versus depth (m) of cast 18 
(open circles) and cast 20 (closed circles) at 
station 14. Error bars reflect standard deviation 
of triplicate analysis. Data points between 
parentheses are suspected to be contaminated. 
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mixing trend between NACW with relatively high concentrations of Fe on one hand and MOW 
with somewhat lower concentrations of Fe on the other. In the NADW (~2000-4000 m), the 
relatively constant concentration of Fe correlated significantly (with α = 0.1) with the 
concentration of silicate ([Fe][nM]=0.003[Si][µM]+0.54 with R2=0.62 n=6 and P=0.06) (Figure 
10). The slope of latter correlation was significantly (P<0.001; 2-tailed t-test) less steep than the 
slope of the Fe-Si relation in the SML and NACW. Based on the difference in slopes of the Fe-Si 
relations, it appears that Fe was enriched with respect to Si in the NACW and SML in 
comparison to the deep NADW. Similarly, the shape of the Fe profile was also consistent with 
the vertical profiles of NO2+NO3 and Al (Figure 4 and 5) in the upper 600 m which resulted in a 
positive relationship of Fe with Al: (R2 =0.83, n=6, P<0.05) and of Fe with NO2+NO3 (R2 =0.95, 
n=13, P<0.0001). 

5.3.2. Station 11 
Station 11 (42°02’N, 12°34’W) was located further away from the Gibraltar Strait than station 
14. At this station one hydrocast was sampled for Al. The SML observed around 60 m depth 
(Figure 11), was slightly deeper than seen at station 14. As observed at station 14, the potential 
temperature and salinity decreased to a minimum (at 500 m) in the NACW. A salinity maximum 
was observed at 1000 m depth, but no maximum in potential temperature was found. The 
potential temperature decreased slightly in the 500 to 1000 m depth interval followed by a strong 
decrease below the MOW. For both salinity and potential temperature, lower values were 
observed in the MOW than at station 14. 

Within the SML there was a small Al maximum in the first 50 m (Figure 12). From the lowest 
value (5.2 nM) at 50 m depth the concentration of Al increased steadily with depth towards the 
maximum (30 nM) in the MOW water, except for what appeared to be an outlier at 200 m depth, 
subject to rejection just for that. The maximum of 30 nM in the MOW is slightly lower, as 
compared to the maximum concentration of Al in the MOW at Station 14, but consistent with the 
relatively lower salinity and potential temperature in the MOW. In the NADW, the 
concentrations of Al increased from 15 to 20 nM at the greatest sampled depth of 3000 m.  
  

Figure 11 Property-property plot of potential 
temperature (°C) versus salinity at station 11. 
Abbreviations as in Figure 2. 
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Figure 12 Concentration of dissolved Al (nM) 
versus depth (m) at station 11. Average standard 
deviation of triplicate analysis was <1%. 
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5.3.3. Station 9 
Station 9 (44°49’N, 10°33’W) was located furthest away from the Gibraltar Strait. Also at this 
station one cast was sampled for Al. The SML was shallower than at the previous stations as it 
extended to merely 25 m depth. The remainder of the water column (Figure 13) had similar 
hydrography to what was encountered at station 11 and 14. The salinity maximum in the MOW 
was observed around 1000 m depth, coinciding with a slight increase in the potential temperature. 
These maxima were the least profound as one would expect for the location furthest away from 
the Gibraltar Strait. 

There was a surface maximum for Al (2.6 nM), followed by a subsurface minimum (2.4 nM) 
at 50 m depth (Figure 14). Below 50 m the concentrations of Al increased steadily with depth 
towards the maximum concentration of Al (21 nM) in the MOW. This maximum is lower than 
the maximum concentrations of Al observed in the MOW at the other stations as was also 
observed for the salinity and potential temperature. In the NADW the concentrations of dissolved 
Al increased to the same level as observed in the core of the MOW. 

5.4. Discussion 
5.4.1. Dissolved Aluminium 
The profile of dissolved Al (0.2 μm filtered) at the here presented station 14 compares well with 
the profile of dissolved Al (0.4 μm filtered) at the somewhat further southward located IOC 
(International Oceanographic Committee) station 4 (34° 0.00’N, 13° 0.00’W) reported by 
Measures (1995). The Al maximum associated with the salinity maximum in the MOW was 
located between 1000 and 1250 m at station 14 which is just above the depth of the Al maximum 
observed at IOC station 4 (between 1190 and 1300 m). The maximum observed concentration of 
Al in the MOW was with 31.1 nM somewhat higher at station 14 than the maximum 
concentration of 26.9 nM at IOC station 4. This is consistent with the salinity of the MOW that 
was also higher at station 14 compared to the IOC station 4, indicating the MOW is less diluted at 
station 14. Below the MOW, in the deeper part of the water column, the two Al profiles were 
most similar, increasing from 15.4 nM at 2000 m to 24.8 nM near the bottom (5000 m) at station 
14 versus an increase from 17.5 nM at 1950 to 25.5 nM (4400 m) at IOC station 4. Yet at close 
inspection some differences can be seen between the two datasets, mainly in the upper parts of 

Figure 13 Property-property plot of potential 
temperature (°C) versus salinity at station 9. 
Abbreviations as in Figure 2. 
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Figure 14 Concentration of dissolved Al (nM) 
versus depth (m) at station 9. Average standard 
deviation of triplicate analysis was <1%. 
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the water column. Within the upper 114 m of the IOC station the average concentration of Al of 
9.9 nM is somewhat higher than the average value of 6.9 nM in the upper 100 m of our station 
14. The higher Al value at the IOC station was most probably due to the greater influence of the 
Sahara dust plume at the more southern location (Kramer et al., 2004) of IOC station 4. Besides 
the difference in the surface water, there was an Al maximum in the NACW at IOC station 4. At 
our station 14 this maximum was not observed, indicating local differences in the NACW.  

When Al is plotted versus salinity or potential temperature (Figure 6 and 7) clear mixing lines 
appear. This shows that the concentrations of Al can be explained by advective movement and 
mixing of the water masses as was previously demonstrated further south by Measures (1995). 
Between the water masses there were differences in the ratio values of Al to major nutrients, most 
likely due to the differences in origin and pathways of the water masses. When disregarding the 
MOW, the profile shape of Al compared best with the Si profile shape as they both showed a 
relatively steady increase with depth, also in the NADW (see above text section 5.3.1.2). In the 
NACW the slope of the Al-Si relation was steeper than in the NADW. The source of this relative 
Al enrichment in the upper water column in the open ocean is most likely atmospheric dust input. 
This also shows in the concentrations of Al of 7 nM in the SML. Without any significant dust 
input, the Al concentration in the SML would be lower in the range of 1 – 3.5 nM (Measures 
1999). Besides direct atmospheric dust input from above, conservative mixing of NACW with the 
underlying Al rich MOW is most likely also a source of Al for the NACW. The high 
concentrations of Al in the MOW reflect the high concentrations of Al in the Mediterranean Sea, 
also mainly due to dust input (Hydes et al., 1988). 

The surface concentrations of dissolved Al increased along the transect in southward direction. 
The higher concentrations of Al in the southward direction are most likely due to closer 
proximity to the Saharan dust source as was also observed by Kramer et al. (2004). An increasing 
trend in the southward direction is also observed in the maxima of dissolved Al, potential 
temperature and salinity associated with the MOW when approaching the entrance point of 
MOW into the North East Atlantic Ocean at the Gibraltar Strait. Moreover, this is consistent with 
increasing values in southward direction of dissolved Al in 0.4 µm filtered seawater in the upper 
1000 m at more westerly stations on a transect along 20oW reported by Measures et al. (2008).  

5.4.2. Dissolved Manganese 
Saager et al. (1997) reported dissolved Mn at various stations and one of these, a station at 
40°30’N, 20°03’W with a maximum sampling depth of 2000 m, is quite close to the station 14 
here presented. The concentrations of Mn reported by Saager et al. (1997) in the first 100 m show 
a wide range with values from 0.85 nM at the very surface to 2.71 nM at 20 m depth. However, 
when excluding the very high values and taking an average, the concentrations of Saager et al. 
(1997) were close to those reported here and by Landing et al. (1995) for IOC station 4. Below 
the high surface concentrations, the concentrations of Mn reported by Saager et al. (1997) 
decreased with depth and coincide very closely with the concentrations of Mn reported here with 
an average absolute deviation between their and our dataset of only 50 pM. The concentrations of 
dissolved Mn reported by different laboratories participating in the IOC intercomparison varied 
considerably (Landing et al., 1995). Nevertheless, the profile reported here for dissolved Mn at 
our station 14 falls within the range of the IOC intercomparison values.  

Elevated concentrations of Mn in the surface layer are common and have been attributed to 
photo-reduction of insoluble Mn oxides to soluble Mn ions (Sunda et al., 1983; Sunda and 
Huntsman 1988, 1994), but also atmospheric dust deposition has been shown as a source of Mn 
in the Atlantic (e.g. Statham et al., 1998). The concentration of Mn was slightly elevated in the 
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MOW. This is most likely due to the high atmospheric dust and river input, resulting in higher 
concentrations of Mn of 0.2-0.6 nM between 100-1500 m depth in the Mediterranean Sea near 
Gibraltar Strait (Statham et al., 1985). That the concentration of Mn was only slightly elevated 
(~30 pM) in the MOW indicates a large proportion of the Mn has precipitated as was found for 
Fe (Thuróczy et al., under revision). Low and quite uniform deep concentrations in the absence of 
any sources or sinks of Mn are typical for the deep distribution of Mn (Statham et al., 1998). 
Moreover, the observed concentrations of Mn below the MOW in the NADW (0.12-0.13 nM) 
match the suggested steady state background concentration of 0.15 nM of Statham et al. (1998) 
fairly well. Even lower concentrations of Mn (0.09-0.11 nM) were observed in the LDW, as was 
also seen for Fe (see text section 5.4.3. below), and are probably related to that water mass. 

5.4.3. Dissolved Iron 
The concentrations of dissolved Fe as reported here are reasonably comparable to Fe profiles 
found by Sarthou et al. (2007) and De Baar et al. (2008) more to the south, between Madeira and 
Gibraltar at their two deep stations at 31° 71’ N, 22° 00’ W and 30° 00’ N, 17° 50’W. However, 
both authors reported slightly lower values for the deep waters at the southernmost station 
compared to our findings. But, for their station situated in the deep Atlantic Basin, Sarthou et al. 
(2007) reported concentrations of dissolved Fe in the deep waters which agree well with those 
here presented (Figure 9). Our vertical profiles for Fe are also consistent with the profiles of 
Ussher et al. (2007) on a transect in the North East Atlantic Ocean (46°N, 8°W to 52°N, 4°E) and 
concentrations of dissolved Fe in 0.4 µm filtered seawater in the upper 1000 m at same latitude 
range 40-45oN at more westerly stations on a transect along 20oW reported by Measures et al. 
(2008). The observed Fe profiles here presented (Figure 9) also agree very well with profiles 
found by Laës et al. (2003) in the Bay of Biscay at 46°26’N, 6°59’W and 46°00’N, 8°00’W and 
by Martin et al. (1993) at 47°N, 20°W.  

The correlation between Fe and Al for the upper waters suggests an influence of atmospheric 
dust. Events of high input of trace metals by atmospheric dust are observed occasionally due to 
wet or dry deposition out of air originating from the Sahara desert (see text section 5.3.1.2.). The 
low Fe concentrations in the upper 50 meter of the water column suggest that the atmospherically 
derived Fe has been transported to deeper depths (>100 m) by scavenging and particle sinking. 
Indeed, from 100 to 200 m depth, Thuróczy et al. (under revision) report a threefold increase in 
the dissolvable Fe fraction (unfiltered) and only a twofold increase in the 0.2 μm filtered Fe 
fraction (Thuróczy et., under revision; their Table 2 and Figure 6). This implies that at ~200 m 
depth a larger part of the Fe is present in the dissolvable fraction (unfiltered) and a smaller part in 
the dissolved fraction (0.2 μm filtered). Besides particle sinking and scavenging, the low Fe 
concentrations (0.1-0.2 nM at 50 m) can also be explained by Fe-uptake by phytoplankton. This 
is confirmed by a strong fluorescence signal from 0-100 meter, with a maximum at 50 m 
(Thuróczy et al., under revision; their Figure 4).  

In the NACW, Fe concentrations increase steeply with depth till a maximum of 0.69 nM at 
~600 meter depth, most likely due to remineralisation. The depth of this maximum corresponds 
to the depth of the salinity minimum which separates the NACW from the underlying MOW 
(Van Aken, 2001). The steep slope of the Fe-Si relation in the upper water masses (SML and 
NACW) (Figure 10) indicates that these water masses are enriched in Fe by dust input. Moreover, 
remineralisation of Fe occurs (partly) in the upper 500 m while the strongest silicate 
remineralisation occurs further down, from about 2000 m depth, resulting in the less steep slope 
in the deep water masses (Figure 10). 
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Close to our station 14 (~6° further west), Measures et al. (2008) observed elevated 
concentrations of Al, but no elevated concentrations of Fe at 800-1000 m depth (MOW). They 
attribute these findings to the short residence time and larger remineralisation of Fe compared to 
Al. At our station 14, there appears to be mixing between NACW with relatively high 
concentrations of Fe and MOW with somewhat lower concentrations of Fe. Moreover, the MOW 
appears to be also slightly enriched in Mn (see text section 5.3.1.2.). This is most likely caused by 
the longer residence time relative to particle scavenging of Mn compared to Fe, as reported by 
Landing and Bruland (1987) for the Pacific Ocean. Based on results of Amber et al. (2008), 
Thuróczy et al. (under revision) have shown that the transit time from the Mediterranean to our 
sampling locations is in the order of several months. Therefore, we suggest that during the transit 
of the MOW the concentrations of Fe have been reduced due to scavenging, whereas this process 
seems slower and thus less significant for Mn. Further evidence of Fe scavenging in the MOW is 
found in the elevated concentrations of dissolvable Fe (unfiltered) (Thuróczy et al., under 
revision). 

The concentrations of Fe observed in the NADW are relatively constant. These constant Fe 
concentrations together with remineralisation of silicate in the NADW lead to an almost 
horizontal slope of the relation between these two elements (Figure 10).We find an average 
concentration of Fe of 0.65 ± 0.04 nM (n=6) for all values between 2000 m and 4000 m depth. 
This is in good agreement with the concentrations of dissolved Fe in NADW reported by Martin 
et al. (1993) and Laës et al. (2003). Our data in the deep waters is also in agreement with 
dissolved Fe concentrations reported by Ussher et al. (2007) at a transect considerably more north 
than our station, just south of Brittany, France. They reported concentrations of Fe between 0.60 
and 0.75 nM from 25 m downwards to the bottom.  

Moore and Braucher (2008) compiled all data on dissolved Fe and found an average value for 
deep (>500 m) waters of 0.76 ± 0.33 nM Fe for all stations more than 500 km off the coast in the 
North Atlantic Ocean. For the deep waters we found an average concentration of Fe of 0.61 ± 
0.06 nM (n=12), well within the range reported by Moore and Braucher (2008). 

A relatively high concentration of Si (>44 µM) and a slightly lower potential temperature and 
salinity (~2.1°C and 34.91 respectively) were observed in the LDW. Laës et al. (2003) and Van 
Aken (2001) reported similar values for these properties and attributes these to the influence of 
AABW on the LDW. At our station 14, the low concentrations of Fe (~0.5 nM) and Mn (~0.1 
nM) in the LDW are most likely also due to the influence of this AABW. The AABW in the 
South Atlantic has relatively low concentrations of dissolved Fe (<0.4 nM) and Mn (~0.12 nM) 
(Klunder et al., accepted; Chapter 7). It seems that during the transit of AABW to our sampling 
location in the North Atlantic, there is a small source of Fe, while Mn gets depleted.  

5.4.4. Metal-Si relations 
Both the concentrations of Al and Fe appeared to be coupled to the cycling of the nutrient Si as 
they show a relation in the SML + NACW and NADW. The slope of ~2·10-3 (mol/mol) of the Al-
Si relation in the waters of the NACW 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. Also the concentrations of Fe increased with depth in synchrony with the increasing 
concentrations of Si. This implies the Fe taken up by the phytoplankton in the surface layer gets 
remineralised along with the Al and Si in the subsurface NACW. Sarthou et al. (2005) reported a 
Si:C ratio of 0.11 for diatoms, which is in accordance with values reported by Brown et al. (2006) 
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for biogenic particles in the North Atlantic. With this value and a C:Fe ratio of 28·103 for diatoms 
(Sarthou et al., 2005), a Fe:Si ratio of 0.32·10-3 can be calculated. This is over three times more 
than the Fe/Si ratio derived from the slope of the Fe-Si relation (~0.09·10-3). The ratio derived 
from the slope is an overestimation for the Fe:Si ratio of the diatom community as also Fe from 
phytoplankton other than diatoms remineralises. This implies that by first order estimate, at least 
70% of the remineralised Fe will be removed from the water column whereas the Si remains in 
solution. The mechanism for this removal may be aggregation of dissolved iron and subsequent 
sinking. The strong increase of dissolvable (unfiltered) iron concentrations with depth (see text 
section 5.4.3) (Thuróczy et al., under revision) confirms this theory of aggregation.  

In the NADW both Al and Fe still increased with increasing depth and show a relation with Si, 
but the slopes of the metal-Si relations were less steep (see text section 5.3.1.2). Based on the 
increasing concentrations with depth, remineralisation appears to be the most significant process 
influencing the distribution of Al and Fe also in the deep. However, the less steep slope of the 
metal-nutrient relations implies that either the remineralising biogenic material has lower metal-
nutrient ratios or precipitation has a more significant influence on the Al and Fe distribution in 
the NADW than in the NACW. The concentrations of Mn did not correlate with Si and overall, 
showed a decrease in concentration with increasing depth, i.e. the concentrations of Mn are 
mostly influenced by removal processes and not by remineralisation. Within the NADW, 
however, concentrations of Mn are constant (see text section 5.4.2.) and the concentrations of Mn 
and Fe are affected by the same scavenging removal processes (Landing and Bruland, 1987). It 
therefore seems unlikely that the distribution of Fe is significantly influenced by scavenging 
removal whereas the distribution of Mn is not. This implies that the remineralising biogenic 
particles in the NADW have lower metal-nutrient ratios than the biogenic particles in the NACW, 
suggesting a fractionation of metal-nutrient ratio’s with aging of biogenic particles. 

5.5. Conclusions 
Trace metal concentrations measured along vertical profiles sampled with the Titan Ultra-Clean 
sampling system are consistent with published profiles in the North West Atlantic Ocean. The 
concentration of the nutrients Si and NO2+NO3 along depth profiles show very good 
reproducibility between the different hydrocasts at station 14. Furthermore, the reproducibility of 
Al for the five casts on station 14 is very good, in support of the notion that random inadvertent 
contamination of the sampling system is unlikely.  

The surface concentrations of dissolved Al increased along the transect in the southward 
direction, most likely due to the closer proximity to the Saharan dust source. A similar trend was 
observed in the maxima of dissolved Al, potential temperature and salinity associated with the 
Mediterranean Overflow Water when approaching the Gibraltar Strait. The observed close Al-Si 
and Fe-Si relations also support the overall quality of the data, in terms of both contamination-
free sampling and reliable chemical analyses. Based on the Al-Si correlation it appears the 
NACW and SML above the MOW were relatively enriched in Al compared to the NADW below. 
This may well be the result of local atmospheric dust input, or may be attributed to conservative 
mixing with the MOW or results from a combination of both processes. However, the NACW 
and SML were also relatively enriched in dissolved Fe with respect to Si compared to the 
NADW. This cannot be caused by conservative mixing with the MOW as the concentrations of 
Fe decreased by mixing between NACW and MOW. Furthermore, the concentrations of 
dissolved Mn also were strongly enriched in the NACW and most notably in the SML. 
Presumably Mn also has a strong atmospheric source. Upon deposition into the surface waters the 
Mn is quickly removed from these waters such that the dissolved Mn signal does not penetrate 
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much into the deeper water column below the SML. Our data points towards a common source 
for the enriched concentrations of Al, Fe and Mn in the NACW. This source most likely is direct 
local atmospheric dust input, which is supported by air mass back-trajectories and precipitation 
observations during the cruise. Within the MOW the concentrations of Al and Mn were elevated, 
whereas this was not observed for Fe. We suggest that Fe is scavenged in the MOW during 
transit from the Gibraltar Strait to our sampling location. For Mn this process is less significant 
than for Fe, but scavenging plays a major role as the concentrations of Mn in the MOW were 
only slightly elevated. For Al, mixing is most likely the most important factor in controlling the 
concentrations in the MOW. We suggest that the low concentrations of Fe and Mn in the LDW 
are due to the AABW influence. 
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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). 

SAF PF SB  ACC
WF

PFZSAZ AAZ

ACC Weddell Gyre

SSW
AASW

AAIW

NADW

UCDW

LCDW
WDW

WSDW

WSBW

South east Atlantic

Bouvet Triple Junction

Deep Weddell Basin

Maud 
Rise

WDW

WW



Dissolved Aluminium in the Southern Ocean 

111 
 

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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analysis. 
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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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Chapter 7 
 
Dissolved Manganese in the Atlantic 
sector of the Southern Ocean 
 
Abstract:  
This comprehensive dataset (492 samples) of dissolved Mn in the Southern Ocean shows 
extremely low values of 0.04 up to 0.64 nM in the surface waters and a subsurface maximum 
with an average concentration of 0.31 nM (n =20; S.D.= 0.08 nM). The low Mn in surface waters 
correlates well with the nutrients PO4 and NOx and moderately well with Si and fluorescence. 
Furthermore, elevated concentrations of Mn in the surface layer coincided with elevated 
concentrations of Fe and light transmission and decreased export (234Th/238U deficiency) and 
fluorescence. It appears that Mn is a factor of importance in partly explaining the HNLC 
conditions in the Southern Ocean, in conjunction with significant controls by the combination of 
Fe limitation and light limitation. No input of Mn from the continental margins was observed. 
This is ascribed to the protruding continental ice sheet that covers the shelf and shuts down the 
usual biological production, microbial breakdown and sedimentary geochemical cycling. The low 
concentrations of Mn in the deep ocean basins (0.07 to 0.23 nM) were quite uniform, but some 
elevations were observed. The highest deep concentrations of Mn were observed at the Bouvet 
Triple Junction region and coincided with high concentrations of Fe and are deemed to be from 
hydrothermal input. The deep basins on both sides of the ridge were affected by this input. In the 
deep Weddell Basin the input of Weddell Sea Bottom Water appears to be the source of the 
slightly elevated concentrations of Mn in this water layer. 

 

This chapter is based on: Middag, R., De Baar, H.J.W., Laan, P., Cai., P.H., Van Ooijen, J.C., 
2010. Dissolved Manganese in the Atlantic sector of the Southern Ocean. Deep-Sea Research II, 
accepted for publication. 
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7.1. Introduction 
Manganese (and other trace metals) can reach the open ocean via other pathways (see Chapter 1). 
For the remote Southern Ocean fluvial input is not of significance and atmospheric dust input is 
believed to be the main source of trace metals for the surface water of the open Southern Ocean 
(Sedwick et al., 1997). Atmospheric dust input can be direct (either dry (aeolian) or wet 
(precipitation)) dust deposition or indirect from dissolution of accumulated dust particles in 
melting sea-ice. Hydrothermal Mn input has been shown in the Bransfield Strait near the 
Antarctic Peninsula (Klinkhammer et al., 2001). Close to the Antarctic continent and the 
Antarctic Peninsula, reductive dissolution from (anoxic) sediments or land run off (i.e. ice melt) 
can be a source for dissolved Mn. Icebergs can transport entrained particles from the Antarctic 
continent and from accumulated atmospheric input, derived of other continents, into the Southern 
Ocean. The surface concentrations of dissolved Mn are known to be very low in the Southern 
Ocean (Klinkhammer and Bender, 1980, Martin et al., 1990; Westerlund and Öhman, 1991), but 
no comprehensive distributions over the entire basin have thus far been studied. The reason for 
the low concentrations of dissolved Mn in the Southern Ocean is believed to be its very limited 
input in combination with active removal by the Antarctic algal community (Sedwick et al., 
1997).  

 

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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The Southern Ocean is considered to be a so-called High Nutrient Low Chlorophyll (HNLC) 
ocean (De Baar et al., 1995), where despite the abundance of the major nutrients for 
phytoplankton relatively little primary production takes place. It has been shown that Fe is one of 
the limiting factors in the Southern Ocean by several iron fertilisation experiments in bottles 
(review by De Baar, 1994) and in situ (review by De Baar et al., 2005). Dissolved Mn has been 
suggested to be potentially (co-) limiting (Martin et al., 1990; Brand 1991) and this has been 
shown in lab experiments (Peers and Price, 2004) and to some extent in the field (Buma et al., 
1991; Coale, 1991a). However, the field experiments are ambiguous as a response to Mn addition 
is not always observed (Buma et al., 1991; Scharek et al., 1997; Sedwick et al., 2000) indicating 
that in some parts of the Southern Ocean the ambient concentrations of dissolved Mn are in 
adequate supply, ie. not limiting.  
  

 

Figure 2 Concentrations of dissolved Mn (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 with the 0.3 nM Mn isobar in the Bouvet region. Of the 495 samples 
analysed for Mn, 27 samples (5.5%) 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; SAF: Sub Antarctic Front; SAZ: Sub Antarctic Zone; SB ACC: 
Southern Boundary of the Antarctic Circumpolar Current; WF: Weddell Front. 
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To trace biological Mn uptake and subsequent export, a traditional tracer of particle export such 
as the disequilibrium between thorium-234 and uranium-238 (234Th/238U) could be used. The 
234Th/238U ratio is known to equal 1 at secular equilibrium while ratio values lower than 1 result 
from the removal of 234Th due to downward export of settling biogenic particles and hence 
indicative of particle export. The 234Th is produced from radioactive decay of the soluble 238U 
with a half-life of 4.47·109 years, while the half-life of the very particle reactive 234Th is only 24.1 
days. The resulting disequilibrium between the soluble parent 238U and the measured daughter 
234Th activity reflects the net rate of particle export from the upper ocean on timescales of days to 
weeks (Cai et al., 2008 and references therein). 

  

 

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 (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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7.2. Results 
Samples were collected in February-March 2008 aboard Polarstern during expedition ANT 
XXIV/3 at 22 trace metal (TM) stations and 30 regular stations (see Chapter 6 for the coordinates 
of the station positions) along a transect largely traversing the zero meridian (0o W), with an 
extension northeast towards Cape Town (Figure 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. Due to the water requirement of other cruise 
participants and the occasional malfunctioning of a GO-FLO sampler, 495 samples (instead of 
528 samples) were analysed for Mn from the 22 deployments at the TM stations (Figure 2). Of 
the 495 samples analysed for Mn, 27 samples (5.5%) were suspected outliers and therefore not 
further used in the data analyses and figures here presented.  

7.2.1. Hydrography 
Several fronts exist within the sampled region. In southward direction these are: 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, extending unbroken around the globe. 
Within the ACC the mentioned PF is found (Figure 1 and 3). The SB ACC is considered part of 
the ACC at the zero meridian (Klatt et al., 2005) and south of the ACC the sub polar cyclonic 
Weddell Gyre is found. More details on the water masses, fronts and their definitions can be 
found in Chapter 6. The most northerly TM station in the South East Atlantic Ocean was located 
north of the ACC, whereas the remaining three TM stations in the South East Atlantic Ocean (see 
text section 7.2.2.) and the five TM stations in the Bouvet triple junction region (see text section 
7.2.3.) were within the ACC. The thirteen TM stations in the deep Weddell Basin (see text 
section 7.2.4.) were south of the WF and therefore in the Weddell Gyre.  

Along the transect several major water masses were sampled, which are described in 
Whitworth and Nowlin (1987) and in Chapter 6 and briefly summarised here for the convenience 
of the reader. Between the Subtropical Front and the SAF (Sub Antarctic Zone; 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 (Polar 
Frontal Zone; PFZ) are marked by a steady decrease in surface values of temperature and salinity 
and in this paper are considered to be part of the SSW. South of the PF, in the Antarctic Zone 
(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 during the summer. In the deep South Atlantic Ocean the 
relatively saline North Atlantic Deep Water (NADW) that flows in from the north is found. 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 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 3).  

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 
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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). 

7.2.2. South east Atlantic Ocean 
Four TM stations were sampled in the South 
East Atlantic Ocean between Cape Town and 
the zero meridian, of which one was located 
within the SAZ (42°20'S, 9°E), two in the PFZ 
(46°S, 5°53'E and 47°40'S, 4°17'E) and one just 
south of the PF in the AAZ (50°16'S, 1°27'E) 
(Figure 2). A subsurface maximum of Mn was 
observed around 150 m depth and below this 
maximum the concentrations of Mn decreased 
with increasing depth. In the SSW above the 
subsurface maximum, the concentrations of Mn 
were around 0.2 nM. At the most northerly TM 
station at 42°20'S, 9°E concentrations of Mn 
decreased to about 0.12 nM in the NADW and 
remained constant until close to the sediments 
at about 4350 m depth. The TM station south of 
the SAF at 46°S, 5°53'E was somewhat 
shallower and extended only to about 3100 m 
depth. At this station, concentrations of Mn decreased to approximately 0.15 nM at 2000 m depth 
before increasing slightly to about 0.2 nM at the greatest sampled depth. This profile shape of a 
mid-depth minimum of approximately 0.15 nM and an increase towards the sediments in the 
LCDW was also observed at the two remaining TM stations within the South East Atlantic Ocean 
(47°40'S, 4°17'E and 50°16'S, 1°27'E). The increase in concentration of Mn in deep waters was 
most pronounced at the most southerly station (50°16'S, 1°27'E) with a concentration of 0.4 nM 
at the greatest sampled depth of 3500 m. 

7.2.3. Bouvet Triple Junction region 
Five TM stations were sampled with 1° resolution over the Bouvet Triple Junction ridge region 
on the zero meridian (Figure 2), of which four were in the AAZ (51°57'S, 53°S, 54°S and 55°S) 
and one was between the SB ACC and the WF (56°S). This Bouvet triple junction region, 
hereafter called Bouvet region, is 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 (Ligi et al., 1999). In this part of the transect the concentrations 
of Mn were elevated in both the surface and deep layers, but the latitude of the surface and deep 
maxima were offset (Figure 2). At the most northerly TM station along the zero meridian transect 
(51°57'S), the concentrations of Mn decreased from the subsurface maximum to a mid depth 
minimum (just below 0.15 nM) at approximately 1250 m depth. Below the mid-depth minimum, 
the concentrations increased to around 0.25 nM in the deepest layer within the LCDW. The TM 
station at 53°S also had a subsurface maximum at approximately 150 m depth and below this 
maximum the concentrations of Mn decreased to a mid depth minimum of 0.16 nM at 

Figure 4 Vertical depth profiles of dissolved Mn 
(nM) (circles), Fe (nM) (triangles) (Klunder et al., 
submitted) and Al (nM) (inverted triangles) (see 
Chapter 6) at the station at 54oS over the Bouvet 
region. Error bars represent standard deviation of 
triplicate measurement. 
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approximately 1000 m depth. Below this minimum the concentrations of Mn increased steeply to 
a maximum of 1.6 nM at approximately 1750 m depth and values remained over 1 nM until the 
greatest sampled depth of 2350 m over the ridge crest. The TM station at 54°S showed elevated 
concentrations of Mn in the surface layer (~0.5-0.6 nM) and no distinct subsurface maximum was 
observed. Below the surface layer the concentrations of Mn did decrease to a mid depth 
minimum at approximately 1000 m depth, but this minimum value was with 0.25 nM somewhat 
higher than seen at the previous stations (<0.17 nM). In the deepest part of the water column the 
concentration of Mn peaked at 3.2 nM at 1750 m depth before decreasing to 1.6 nM at the 
greatest sampled depth of 2400 m (Figure 4). Similarly, the shallowest TM station (55°S) 
exhibited elevated concentrations of Mn in the surface layer (~0.5 nM) and no subsurface 
maximum. Here, the concentrations of Mn decreased with depth to a minimum of just under 0.2 
nM at 1250 m depth. Deeper, the concentrations increased again, to over 0.4 nM at the greatest 
sampled depth of 1600 m. At the deepest TM station (56°S) between the SB ACC and the WF a 
subsurface maximum was observed again at 150 m depth. Below this maximum the concentration 
of Mn decreased through the WDW to approximately 0.15 nM at 1000 m depth. Deeper than 
1000 m depth, the concentration of Mn remained constant around 0.15 nM in the WSDW, except 
for a slight maximum of 0.2 nM at 2500 m depth.  

 

Figure 5 Concentrations of dissolved Mn (nM) over the entire water column at thirteen stations in 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 2. Of the 299 samples analysed for Mn, 17 
samples (5.7%) were suspected outliers and therefore not further used in the figures. 
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7.2.4. Deep Weddell Basin 
Another thirteen TM stations were sampled in the southernmost part of the zero meridian transect 
that crossed the deep Weddell basin and extended onto the Antarctic continental slope until the 
continental ice edge (Figure 5). This part of the transect was also sampled with 1° resolution. 
However, due to adverse weather circumstances and the edge of the continental ice sheet, two 
TM stations (66°30’S and 69°24’S) did not follow the 1° spacing. At the most northerly TM 
station in this part of the transect (58°S) a subsurface maximum was observed at 110 m depth. In 
the upper AASW of this station the concentrations of Mn were lower than in the surface layer of 
the Bouvet region, but still relatively high with a concentration of around 0.3 nM. Below the 
subsurface maximum the concentrations of Mn decreased through the WDW and WSDW to 
values below 0.15 nM except for a slight increase at 3000 m depth. One degree further south at 
59°S the subsurface maximum was observed at 100 m depth and the concentrations of Mn in the 
surface layer were below 0.15 nM. Deeper, the concentrations of Mn dropped to values around 
0.1 nM except for a similar maximum as observed at the previous station around 3500 m depth. 
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 surface layer in this part of the 
transect, the concentrations of Mn decreased to concentrations below 0.1 nM and the subsurface 
maximum was observed between 100 and 150 m depth. Deeper, the concentrations of Mn 
decreased into the WDW to values of around 0.1 nM and stayed relatively constant throughout 
the WSDW until about 4000 m depth. Below 4000 m the concentrations of Mn increased again 
towards the sediments to values of around 0.15 nM in the WSBW. Further south the basin 
becomes less deep on the flank of Maud Rise and the maximum sampled depth at 65°S was 3700 
m. The subsurface maximum was observed somewhat shallower at 75 m depth and the values in 
the surface layer were below 0.1 nM. Below the surface layer the shape of the profile was very 
similar to what was observed in the deepest part of the basin with concentrations of Mn 
decreasing to around 0.1 nM. Close to the sediments the concentrations of Mn increased slightly 
to 0.13 nM at the maximum sampled depth. The next three TM stations (66°30’S 67°S and 68°S) 
were deeper again with maximum sampled depths of about 4500 m. The subsurface maximum at 
these stations was observed at approximately 100 m depth and the values in the surface layer 
were below 0.1 nM, except at 66°30’S (0.11 nM). Below the subsurface maximum the 
concentrations of Mn decreased again to values around 0.1 nM in the WDW and WSDW and 
stayed relatively constant to about 3000 m depth. In the deepest part of the water column the 
concentrations of Mn increased slightly, to 0.23 nM at 66°30’S near Maud Rise and to values 
around 0.12 nM at the other two stations (67°S and 68°S). The latter concentration of 0.12 nM 
Mn is somewhat lower than what was observed in the deepest part of the basin in the WSBW 
north of Maud Rise (0.15 nM). The two most southerly stations of the zero meridian transect 
were sampled over the Antarctic continental slope with maximum sampled depths of 3300 m at 
69°S and 1900 m at 69°24’S, respectively. The shallowest station (69°24’S) was located as close 
to the edge of the continental ice sheet as possible, but not yet over the continental shelf. The 
subsurface maximum at this station was again observed around 100 m depth and the 
concentrations of Mn in the surface layer were below 0.1 nM, as was observed on all stations 
south of 60°S. The deepest station sampled on the continental slope at 69°S had a profile shape 
that was quite similar to what was observed in the deeper basin. Below the subsurface maximum 
the concentrations of Mn dropped to values of around 0.1 nM and stayed relatively constant to 
about 2500 m depth. Below that depth, however, there was a very slight increase at about 3000 
m, before the concentration of Mn before the concentrations of Mn decreased again at the 
maximum sampled depth of 3300 m. At the final station close to the continental ice edge at 
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69°24’S the concentrations of Mn decreased below the subsurface maximum to approximately 
0.12 nM at 1250 m. Deeper, the concentrations of Mn stayed relatively constant before the values 
increased slightly in the deepest 250 m to a maximum value of 0.22 nM at the maximum sampled 
depth of 1900 m. 

 

Figure 6 Concentrations of dissolved Mn (nM) (upper graph), the light transmission (%) (middle graph) 
and the fluorescence (lower graph) in the upper 250 along the entire transect. Note the different colour 
scale for Mn compared to the previous figures. Of the 163 samples analysed for Mn, 3 samples (1.8%) 
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; 
SAF: Sub Antarctic Front; SAZ: Sub Antarctic Zone; SB ACC: Southern Boundary of the Antarctic 
Circumpolar Current; WF: Weddell Front. 
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7.2.5.Mn and nutrients in the surface layer 
The concentrations of dissolved Mn in the upper surface layer (SASW and AASW) north of the 
PF and south of the WF (Figure 6) were generally below 0.2 nM (with the exception of the 52°S -
58°S region) and increased towards a subsurface maximum before decreasing with depth (see 
text section 7.2.2., 7.2.3. and 7.2.4.). This subsurface maximum of Mn coincided with a gradient 
in the potential density anomaly (σθ). North of 58°S the σθ of the surface water was relatively 
constant to a depth of about 100 m before a steep increase in σθ with depth was observed. The 
Mn subsurface maximum coincided with this pycnocline (Figure 7a). South of 58°S the σθ 
remained constant until a much shallower depth of about 30 m. Below this wind mixed layer the 
σθ increased with depth quite steeply until a depth between 70 and 150 m. Deeper, the σθ increase 
with depth was much less steep and the Mn subsurface maximum coincided with this reduction in 
the density gradient (Figure 7b). A relation was seen between the 234Th/238U ratio and the σθ 
gradient which was similar to the one observed for Mn. The 234Th/238U ratio was usually below 1 
in the wind mixed layer north of 58°S and south of 58°S the 234Th/238U ratio was usually below 1 
until the reduction in the σθ density gradient (Rutgers van der Loeff et al., submitted). At the four 
TM stations where thorium samples were obtained (47°40'S, 4°17'E; 53°S; 59°S and 69°24’S), 
depleted concentrations of Mn corresponded with low 234Th/238U ratios (Figure 7c) and the Mn 
subsurface maximum was observed at the depth at which the 234Th/238U ratio increased steeply to 
a value near or over 1. Moreover, the depleted concentrations of Mn corresponded with low 
concentrations of PO4 and at the depth where the Mn subsurface maximum was observed, also 
the concentrations of PO4 increased (Figure 7d). 

 
At the TM stations at 54°S and 55°S there was no subsurface maximum of Mn encountered and 
the concentrations of Mn in the surface layer were considerably higher than 0.2 nM with values 
up to 0.6 nM (Figure 6). North and south (from about 52°S until about 58°S) of these two stations 
the concentrations of Mn in the surface layer were also elevated but decreased with distance away 

 

Figure 7a Profiles of dissolved 
Mn (nM) (filled circles), dissolved 
oxygen (µM) (filled triangles) and 
σθ (kg·dm-3) over depth at the 
station at 53°S along the zero 
meridian transect.  
σθ = (density (kg·dm-3) -1)*1000). 
Error bars represent standard 
deviation of triplicate 
measurement. 

 

Figure 7b Profiles of dissolved 
Mn (nM) (filled circles), dissolved 
oxygen (µM) (filled triangles) and 
σθ (kg·dm-3) over depth at the 
station at 65°S along the zero 
meridian transect.  
σθ = (density (kg·dm-3) -1)*1000). 
Error bars represent standard 
deviation of triplicate 
measurement. 

 

Figure 7c Profiles of dissolved 
Mn (nM) (filled circles) and the 
234Th/238U ratio (filled inverted 
triangles) over depth at the 
station at 53°S along the zero 
meridian transect. Error bars 
represent standard deviation of 
triplicate measurement. 
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from the ~54°-55°S region to the very low Mn surface layer concentrations encountered in the 
remainder of the transect. The elevated concentrations of Mn in the ~52°-58°S region in the 
surface layer coincided with several parameters that indicated a decrease in biomass. Elevated 
light transmission values detected with the conventional CTD/Rosette system (Figure 6) indicated 
there were fewer particles in the surface waters, lower fluorescence in this region (Figure 6) 
indicated less phytoplankton and the higher 234Th/238U ratio in this region indicated less biogenic 
export (Rutgers van der Loeff et al., submitted). Furthermore, with the exception of the TM at 
54°S and 55°S, the concentrations of Mn showed a nutrient like profile in the surface layer 
(Figure 7d), correlated convincingly well with the nutrients PO4 and NOx (Figure 8a and b) and 
correlated moderately with Si and fluorescence (Figure 8c and d). For the relation between the 
Mn and the nutrient concentrations as well as the relation between Mn and fluorescence all data 
shallower than the Mn subsurface maximum was used (see text section 7.3.4).  

 

Figure 8 Concentrations of dissolved Mn (nM) versus concentrations of PO4 (µM), NOX (µM), Si (µM) 
and fluorescence above the Mn subsurface maximum north of 58°S (ACC, filled circles), South of 58°S 
(Weddell Gyre, open circles) and at the stations at 54°S and 55°S (filled triangles). Of the 91 samples 
analysed for Mn, 2 samples (2.2%) were suspected outliers and therefore not further used in the figures. 
See Table 1 for the regression equations. 
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 North of 58°S Std. Err. South of 58°S Std. Err. 
 Relation  R2 P value Slope  Relation R2 P value Slope 
Mn/PO4 Mn=0.36·PO4 - 0.34 0.87 <0.0001 0.025 Mn=0.39·PO4 - 0.60 0.90 <0.0001 0.020 
Mn/NOx Mn=0.022·NOx - 0.27 0.78 <0.0001 0.0021 Mn=0.026·NOx - 0.56 0.70 <0.0001 0.0025 
Mn/Si Mn=0.0023·Si + 0.20 0.79 <0.0001 0.00023 Mn=0.0067·Si - 0.29 0.38 <0.0001 0.0013 
Mn/Fl Mn=-0.29·Fl+ 0.35 0.40 <0.0001 0.064 Mn=-0.08·Fl + 0.18 0.26 0.0003 0.019 

Table 1 The correlations between the concentrations of Mn (nM) and the concentrations of the nutrients 
(μM) and between the concentrations of Mn (nM) and the fluorescence (Fl). Separate correlations are 
given for the surface layer north of 58°S (ACC) and south of 58°S (Weddell Gyre). The standard error of 
the slope is reported in the middle and last column.  

The samples collected using the torpedo (target depth of 1.5 m) south of 66°01’S (see text 2.1.), 
gave very similar results to the shallowest (10 m) samples from the all-titanium CTD sampling 
system (except for the station at 66°30’S) with almost all concentrations below 0.1 nM (Figure 
9). Surface samples were taken at every hour in transit between stations, resulting in about 2 to 4 
samples. The concentrations of Mn ranged from 50 to 110 pM with the highest values closest to 
the continental ice edge. However, between 67°S and 68°S another maximum of over 100 pM 
was observed which was not in the proximity of the continental ice sheet.  

  

 
Figure 9 Concentrations of Mn (nM) in the upper surface layer (target depth of 1.5 m) sampled with the 
towed torpedo (filled circles) and with the all-titanium CTD sampling system (filled triangles, 10 m depth) 
versus latitude south of 66° S. Error bars represent standard deviation of triplicate measurement. 
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7.3. Discussion 
7.3.1. Comparison with previously reported Mn in the Southern Ocean 
The complete section (Figure 2), combined with the torpedo data, is a comprehensive dataset 
(492 data points) of dissolved Mn in the Atlantic Sector of the Southern Ocean. Together with 
sections in the Weddell Sea and Drake Passage (See Chapter 9 and 11) this comprises almost 900 
new values of dissolved Mn. This new high quality, high resolution data set reveals interesting 
features of the distribution of Mn in the Southern Ocean such as the surface depletion of Mn and 
the correlation with nutrients as discussed below. Previously limited data has been available 
about the distributions of dissolved Mn in the Southern Ocean. Martin et al. (1990) had reported 
one profile in the South Drake Passage and observed a similar surface value of 0.08 nM 
compared to the surface values here presented. However, in the remainder of their profile until 
1400 m depth the concentrations of Mn slowly increase with depth to 0.3 nM, instead of the clear 
subsurface maximum that was observed in the data presented here. Nevertheless this increase 
with depth (Martin et al., 1990) is similar to what we observed in the south Drake Passage (see 
Chapter 11) on the later part of our expedition and is therefore most likely related to that region.  

Westerlund and Öhman (1991) have reported a larger dataset of dissolved Mn for the Weddell 
Sea with some stations in the deep Weddell basin (within the Weddell Gyre) somewhat west of 
the zero meridian transect here presented. Some, but not all of their stations in this region, do 
show a subsurface maximum. However, the sampling resolution over depth is much less and the 
sampled depths are not always consistent between stations and the Mn subsurface maximum that 
we have observed could therefore easily have been missed. Surface concentrations of Mn were 
higher than the concentrations here presented for the Weddell Gyre, but with depth the Mn values 
reach concentrations as low as 0.15 at 1600 m depth which is only slightly higher than the values 
of around 0.1 nM presented here. Overall, the values of Westerlund and Öhman (1991) are 
generally higher than in the Weddell Gyre along the zero meridian but the profile shapes are 
consistent. Perhaps the higher values observed previously can be attributed to lateral advection 
sources as suggested for the 52°S-58°S region (see text section 7.3.4) or are related to other 
regional differences. 

Concentrations of dissolved Mn in the shallow (350 to 800 m) part of the Ross Sea (Sedwick 
et al., 2000) were as low as 0.03 nM in the surface layer. The surface layer was relatively 
depleted in Mn at about half of the stations but a clear subsurface maximum was usually not 
observed. This is most likely related to the shallow water column depth and shelf water processes 
in this shelf sea. In the Australian sub-Antarctic region east and southeast of Tasmania subsurface 
maxima were encountered at about 150 m depth at 45°S and further south (Sedwick et al 1997). 
This depth of 150 m is similar to the depths at which the subsurface maximum was observed at 
similar latitudes in the dataset here presented. Furthermore, the surface layer concentrations of 
0.09 nM Mn are very similar to the surface layer concentrations presented here. Otherwise no full 
water column profiles were taken by Sedwick et al. (1997). 

7.3.2. Comparison with Mn in other ocean basins  
The general profile shape of dissolved Mn here presented and by Westerlund and Öhman (1991) 
for the Atlantic section of the Southern Ocean is different from the general profile shape of 
dissolved Mn in the other major ocean basins. 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; Statham and Burton, 1986), Indian Ocean (e.g. 
Saager et al., 1989; Morley et al., 1993) and Arctic Ocean (e.g. Yeats, 1988) the Mn generally 
shows elevated surface concentrations and low uniform deep values. Moreover, elevated 
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concentrations are associated with the oxygen minimum in the Pacific Ocean (e.g. Landing and 
Bruland, 1980, 1987) and the Indian Ocean (e.g. Saager et al., 1989; Morley et al., 1993). In the 
Southern Ocean, however, the Mn surface concentrations are depleted, followed by a subsurface 
maximum and generally low and uniform deep values with a slight increase in the deepest water 
layer. The low uniform deep concentrations of Mn appear to be an ocean wide phenomenon, most 
likely due to oxidative scavenging reactions, removing dissolved Mn as Mn oxide particles from 
the water column (Sunda et al., 1983; Sunda and Huntsman 1988 and references therein; Statham 
et al., 1998). Elevations in the deep concentrations of dissolved Mn are usually explained by 
hydrothermal input (e.g. Klinkhammer et al., 1977; Klinkhammer and Bender 1980, 
Klinkhammer et al., 2001), or related to low oxygen concentrations like in the Pacific Ocean and 
Indian Ocean (see above), or completely anoxic conditions like in the Black Sea (e.g. Haraldsson 
and Westerlund, 1988; Lewis and Landing, 1991; Yemenicioglu et al., 2006) and the Cariaco 
Trench (e.g. Jacobs et al., 1987; Percy et al., 2008). In the Southern Ocean a slight oxygen 
minimum occurred around 300-400 m depth, but contrarily, no coinciding Mn maximum was 
observed (Figure 7a and b). Moreover, elevated concentrations of Mn were observed in the 
WSBW (see text section 7.3.8.) that is newly formed and has relatively high concentrations of 
dissolved oxygen. This indicates oxidative scavenging is not the most important factor 
determining the distribution of Mn in the Southern Ocean. 

7.3.3. Sub-surface Mn Maximum 
The distinct subsurface maximum of dissolved Mn was observed just below the wind mixed layer 
in the ACC, with the exception of two stations (54°S and 55°S). At the these two stations there 
was an apparent recent atmospheric input of Mn that has led to higher Mn in the wind mixed 
layer such that the subsurface Mn is no longer a distinct maximum (see text section 7.3.4.). In the 
Weddell Gyre the wind mixed layer was very shallow and the Mn subsurface maximum 
coincided with the reduction in the density gradient (see text section 7.2.5.). At four stations 
(47°40'S, 4°17'E; 53°S; 59°S and 69°24’S) where also the vertical distribution of the 234Th/238U 
ratio was studied, the Mn subsurface maximum coincided with an increase towards values near or 
over 1 of the 234Th/238U ratio (see Figure 7c), indicating that biological removal occurs at 
shallower depths. It should be noted that the 234Th/238U ratios smaller than 1 are attributed to 
extra-cellular adsorption of 234Th onto settling biogenic particles (see text section 7.1.). 
Therefore, the similarity between the Mn depletion and the 234Th/238U ratio shows Mn is depleted 
in the surface layer by biological removal, but does not distinguish between intra-cellular uptake 
of Mn and extra-cellular adsorption of Mn onto settling biogenic particles. However, below (text 
section 7.3.4) we will argue that the depletion of Mn in the surface layer is most likely due to 
intra-cellular uptake. 

Below the subsurface Mn maximum the concentrations decreased with depth towards the low 
uniform deep concentrations of Mn. To account for the Mn subsurface maximum there has to be 
a source of Mn. The Mn subsurface maximum was observed as deep as 150 m and at this depth 
photo reduction can hardly be of significant importance. Therefore remineralisation of biogenic 
particles settling from above is the only plausible explanation for the observed Mn subsurface 
maximum. Moreover, a value of over 1 of the 234Th/238U ratio was observed at several stations 
(Rutgers van der Loeff et al., submitted) at similar depth as the Mn subsurface maximum. A 
value of over 1 of the 234Th/238U ratio is also indicative of particle remineralisation (Cai et al., 
2008 and references therein), providing additional evidence for the source of the Mn subsurface 
maximum being particle remineralisation. 
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7.3.4. Depletion of Mn and major nutrients in surface waters 
The high vertical and lateral resolution and accuracy of the datasets of Mn and nutrients reveal a 
strong correlation between Mn and the nutrients in the upper waters, as well as an inverse trend 
between Mn and fluorescence in the surface layer (Figure 8a, 8b, 8c and 8d and Table 1). 
Moreover the trends for dissolved Mn are consistent with the trends for the 234Th/238U ratio in the 
same upper waters. For the relation between the Mn and nutrient concentrations as well as the 
relation between Mn and fluorescence, all data shallower than the Mn subsurface maximum was 
used. The rationale behind this was that at the Mn subsurface maximum the 234Th/238U ratio was 
near or above 1, indicating no export but net remineralisation at this depth. The Mn and nutrient 
concentrations at this depth were therefore most likely not representative of the biological uptake, 
but of the remineralisation instead. To the best of our knowledge this is the first direct correlation 
between major nutrients and the trace metal Mn observed in the oceans. However, given these 
relationships (Table 1 and Figure 8) between dissolved Mn and phosphate in the surface waters, it 
is realized (Landing, pers. comm.) that similar trends may also exist in deep waters. When 
comparing the original published data of dissolved Mn in the south Pacific Ocean (Landing and 
Bruland 1987; 19°59.8’S, 155°59.3’W) with more recent measurements of dissolved phosphate 
(CLIVAR P16) one notices similar maxima at about 2800 m depth (not shown). Because these 
maxima around 2800m are bracketed by lower nutrient and lower Mn in (northwards flowing) 
waters above and below, this maximum around 2800m has to be supported by "nutrient 
regeneration". The change in Mn from above and below to the depth of the Mn maximum is 
about 80 pM. The similar change in phosphate is about 0.25 uM. The ensuing ratio is about 
0.3·10-3 mol·mol-1 and quite consistent with the ratio values here found in the surface waters 
(Table 1).  

Between about 52°S until about 58°S, the concentrations of Mn in the surface layer were 
elevated compared to the remainder of the transect. This coincided with elevated light 
transmission (Figure 6) i.e. less (biogenic) particles, lowered fluorescence (Figure 6) and lower 
export based on the 234Th/238U ratio (Rutgers van der Loeff et al., submitted). Besides elevated 
concentrations of Mn, also concentrations of dissolved Fe were elevated in the upper water 
column of this same 52°S -58°S region (Klunder et al., accepted). The higher concentrations of 
Mn and Fe in this region of apparent lower primary productivity, in combination with the strong 
correlation of Mn with the nutrients in the adjacent regions (at lower and higher latitudes), are a 
strong indication that Mn is an important trace nutrient for the plankton community in the 
Southern Ocean.  

A distinct difference was observed between the Mn-nutrient relations north and south of 58°S 
(Table 1). The concentrations of Mn in the surface layer north of 58°S were higher than the 
concentrations of Mn south of 58°S while the reverse holds for the nutrients, causing a difference 
in the offset of the two correlations. The general southward increasing trend of major nutrients, 
notably silicate but also nitrate and phosphate, is well known in the Antarctic Ocean and due to 
the relatively low uptake by phytoplankton (the High Nutrient Low Chlorophyll, HNLC, 
conditions) in combination with water mass circulation and mixing. We argue that the opposite 
trend of general northward increasing Mn in surface waters is due to the general closer proximity 
to land sources (e.g. Patagonia) of atmospheric dust input (Gehlen et al., 2003; Han et al., 2008; 
Li et al., 2008; Klunder et al., accepted).  

The Mn/PO4 ratio derived from the slope of the correlation between Mn and PO4 was 0.36·10-3 
mol·mol-1 north of 58°S and 0.39·10-3 mol·mol-1 to the south of 58°S but the difference in slopes 
was not significant (P=0.4, 2-tailed t-test after Zar 1999). The station at 56°S with relatively 
elevated Mn surface concentrations fell within the ACC whereas the first station in the deep 
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Weddell Basin at 58°S is located further south than the presumed location of the WF at 
56°22’30’’S. Therefore all but one station north of 58°S are part of the ACC and all stations 
south of 58°S are part of the Weddell Gyre. Based on the Mn-nutrient correlations it appears the 
surface layer of the station at 58°S is affected significantly by the ACC. The previously reported 
Mn/P elemental ratio measured with bulk analysis in natural phytoplankton assemblages as 
selected by Bruland et al. (1991) (also shown by Twining et al., 2004) ranges from values of 
0.34·10-3 mol·mol-1 (Collier and Edmond, 1984) to 0.38·10-3 mol·mol-1 and 0.39·10-3 mol·mol-1 
(Martin et al., 1976; Martin and Knauer, 1973, respectively). Cullen et al. (2003) found a 
somewhat higher ratio of 1.68·10-3 mol·mol-1. Elemental ratio values of Mn/P measured in 
individual plankton cells in the Southern Ocean by Twining et al. (2004) range from 0.14·10-3 
mol·mol-1 in heterotrophic flagellated cells to 0.42·10-3 mol·mol-1 in diatoms. The dissolved 
Mn/PO4 ratio values derived from the slope of the Mn-PO4 relation for the surface layer reported 
in this Chapter (Table 1), agree very well with the range for plankton reported in the literature, 
hence perfectly match the extended Redfield ratio value concept of Mn/P = ~0.4·10-3 mol·mol-1 
by Bruland et al. (1991). This is another strong indication the Mn depletion in the surface layer is 
due to intra-cellular uptake. This is further confirmed when using the average (of north and south 
of 58°S) observed Mn/PO4 ratio (0.38·10-3 mol·mol-1) and Mn/NOx ratio (0.024·10-3 mol·mol-1) 
and using these to calculate the N/P ratio. This results in a N/P ratio of ~15 which is a close 
match to the value of ~14 one would expect in Antarctic waters and the average value of ~15 for 
the ocean in general (De Baar et al., 1997). 

Peers and Price (2004) showed that diatoms under iron-deplete conditions require more Mn 
than diatoms under replete conditions. Moreover Twining et al. (2004) observed a decrease in the 
Mn/P ratio for diatoms from 0.42·10-3 mol·mol-1 to 0.28·10-3 mol·mol-1 after iron fertilisation. 
When looking at the concentrations of Fe in the surface layer from our section (Klunder et al., 
accepted), the concentrations of Fe are slightly lower (0.19 ± 0.08 nM) in the part of the transect 
south of 58°S (Weddell Gyre) compared to the northern part (0.24 ± 0.1 nM) (ACC). Diatoms 
were the dominant phytoplankton class in the ACC and Weddell Gyre (Alderkamp et al., 
submitted), thus the trend of a higher Mn/PO4 ratio (derived from the slope of the Mn-PO4 
relation) with lower Fe concentrations in the southern part of the transect could potentially be 
explained by the higher Mn requirement of the diatom community. 

In field or bottle experiments there is no consistent response to the addition of Mn (Peers and 
Price, 2004 and references therein; see text section 7.1.). This could be related to both the initial 
concentration of Mn and Fe, as the Mn requirement of diatoms increases under lower Fe 
conditions (Peers and Price, 2004). The surface concentrations of Mn in the surface layer here 
reported, in combination with the low concentrations of Fe would be stressful for especially the 
diatoms. Overall, based on the data and correlations here presented, Mn appears to be of high 
importance for the phytoplankton community, especially in the Weddell Gyre. 

At two stations at 54°S and 55°S the concentrations of Mn in the surface layer were extremely 
elevated and fell completely outside the ranges of the correlations between Mn and the nutrients 
PO4, NOx and Si at the other stations (Figure 8). This indicates that these high concentrations 
were not solely due to less uptake by the phytoplankton community, but that an additional source 
term is needed to explain these elevated values. At these two stations also the concentrations of 
dissolved aluminium (Al) (see Chapter 6) and dissolved iron (Fe) (Klunder et al., accepted) were 
elevated (Figure 4), indicating an atmospheric source for the elevated trace metals at these 
stations. This was further confirmed by Klunder et al. (accepted) based on air mass back-
trajectories using the NOAA HYSPLIT model. However, the average concentration of Mn in the 
surface mixed layer at 54°S (100 m, Klunder et al., accepted) was 0.57 nM. To take the lower 
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uptake by phytoplankton into account, the PO4 concentration and the Mn-PO4 relation can be 
used to calculate an expected concentration of 0.33 nM. This 0.24 nM enrichment of Mn in the 
surface mixed layer would need a first order estimate input of Mn of 1.8 g·m-2 (crustal abundance 
of Mn 0.072%, Wedepohl, 1995). This implies dust input in the range of 3-15 g·m-2 based on a 
range of 12-56% of Mn dissolving from dust (Baker et al., 2006; Mendez et al., in press). This is 
unrealistically high as the atmospheric dust input to the Southern Ocean derived from the global 
dust entrainment and deposition model is 0.29 g·m-2·yr-1 (Han et al., 2008). Furthermore, the 
concentrations of Mn were also relatively elevated below the surface mixed layer compared to 
the remainder of the zero meridian transect (Figure 2). Therefore lateral advection has also to be 
taken into account to explain the higher concentrations of Mn observed in the 52°S -58°S region. 
Elevated concentrations of Fe, and Mn have been attributed to advection from the plateaus of the 
Kerguelen (Bucciarelli et al., 2001) and Crozet islands (Planquette et al., 2007). However, Bouvet 
Island is more than 3° to the east (Figure 1 and Ligi et al., 1999) and thus ‘downstream’ of the 
ACC, making it an unlikely candidate. We suggest that next to atmospheric deposition, upwelling 
of water with elevated concentrations of Mn (perhaps of hydrothermal origin) and subsequent 
lateral advection is the only likely source of the observed elevated (surface and subsurface) 
concentrations of Mn in the 52°S-58°S region along the zero meridian. 

7.3.5. Mn supply from the edge of the continental ice-sheet 
There was no direct observed unambiguous influence of the proximity of the edge of the 
continental ice sheet on the concentrations of Mn (Figure 9). The continental ice sheet might be a 
source of Mn and other trace metals, but biological uptake, melting ice-bergs and melting sea-ice 
(with accumulated dust) in general would obscure any signal from the edge of the continental ice 
sheet that might be there. Atmospheric dust input and lateral advection appear to be locally 
important (see text section 7.3.4.) for explaining the distribution of Mn in the surface layer. 
Nevertheless, the highest fluorescence (indicating more phytoplankton biomass) was observed 
close to the ice edge (Figure 6) where the salinity was lower (Figure 3). This increase in 
phytoplankton biomass must have resulted in an increased uptake of macro- and micro-nutrients, 
among which Mn. At the station near the ice edge ~0.5 µg·L-1 chlorophyll a and at the station at 
66°30’S 0.25 µg·L-1 chlorophyll a was measured (Timmermans et al. in prep). This can be 
converted to mg Carbon (C) using 1 mg chlorophyll a = 20 mg C (Veldhuis and Timmermans, 
2007) to calculate the C uptake by the phytoplankton. Using the ratio C:P:Mn = 106:1:0.39·10-3 
to calculate a first order estimate of the uptake of Mn in the upper 25 m results in ~77 nmol 
Mn·m-2 for the ice edge station and ~38 nmol Mn·m-2 at 66°30’S. The concentrations of Mn in 
the upper 25 m at the the ice edge station and at 66°30’S were very similar (0.09 and 0.1 nM, 
respectively) and thus an additional source is needed to explain the difference of ~40 nmol  
Mn·m-2.The lower salinity near the ice edge compared to 66°30’S (Figure 3) indicates this ~40 
nmol Mn·m-2 difference could very well be due to melt water input from the continental ice edge. 
If only 1% of the total water volume in the upper 25 m would constitute input of melt water with 
a concentration of ~0.3 nM Mn, this would account for the ~40 nmol Mn·m-2 input. However, 
this estimate only accounts for the Mn uptake of the standing stock of phytoplankton at the time 
of sampling. To calculate the total input from the continental ice edge, production and export 
estimates for the entire growing season would be needed. 

7.3.6. Absence around Antarctica of a continental margin source of Mn 
Usually one finds elevated concentrations of Mn near the continental shelf (see Chapter 1) as was 
also observed near the Antarctic Peninsula (see Chapter 9 and 11). These elevated concentrations 
are related to biological activity over the continental shelves and subsequent input of organic 
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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. At our 
most southerly station at 69°24’S 
close to the continental ice edge 
the water depth to the seafloor still 
was 2005 m. The thick (~200 m) 
continental ice sheet covers the 
water column over the entire 
continental shelf and part of the 
continental slope (Figure 10). 
Therefore no surface ocean 
biology and subsequent export of 
organic matter to the sediments is 
possible over the continental shelf 
and slope. Some organic matter 
that was formed elsewhere might 
be deposited under the continental 
ice by currents. However, the data 
here presented shows only a minor 
elevation of Mn near the 
continental slope (Figure 5). This 
indicates that under the floating 
continental ice sheet hardly any 
Mn (and Fe) gets mobilised and 
transported from the shelf and 
slope sediments. Therefore, the 
usual input of Mn (and Fe) from 
the shelf seas is apparently absent 
at the Antarctic end of the zero 
meridian transect due to the 
protruding ice sheet that covers the 
shelf and shuts down the usual 
biological production, microbial 
breakdown and sedimentary 
reductive geochemistry. 
  

Figure 10 Thick continental ice sheet covers the continental 
shelf and part of the really steep slope; figure courtesy of A. 
Humbert. Upper figure shows a satellite image from MODIS 
(03 September 2003) from the Fimbul ice shelf region. 
Superimposed on the satellite image are the floating 
continental ice sheet and the bathymetry in colour scale. The 
colour scale represents the vertical water column thickness. 
Red dot is the most southerly trace metal station on the zero 
meridian transect, red crosses indicate locations of towed fish 
samples. Lower figure shows the cross section as indicated by 
the red line in the upper figure (along the flow line of the ice 
stream). The cross section shows the protruding continental ice 
sheet that covers the entire slope and part of the really steep 
slope. Ice sheet protrudes further to about 69°35’S at the zero 
meridian where the water column depth is also somewhat 
shallower than at the location of the cross section (upper 
figure). The red arrow indicates the latitude of the most 
southerly trace metal station on the zero meridian transect to 
the east (upper figure). Bathymetry (water column thickness) 
under the ice is from Nøst (2004), bathymetry north of the 
continental ice edge is from the GEBCO data base and the ice 
surface elevation and ice draft were compiled from different 
sources by A. Humbert from the University of Münster. 
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7.3.7. Hydrothermal Vent Supply over the Bouvet Triple Junction Ridge Crest 
The low and generally uniform concentrations of Mn in the deep basins were elevated at some 
locations along the transect. In the Bouvet region a distinct Mn maximum was observed in the 
1000-2400 m depth range with values as high as 3.2 nM (see text section 7.2.3.). These elevated 
concentrations of Mn coincided with elevated concentrations of Fe, while the concentrations of 
Al remained relatively constant (Figure 4). Elevated concentrations of Mn in the deep ocean near 
a mid ocean ridge are a clear indicator of hydrothermal input (e.g. Klinkhammer et al., 1985, 
2001; Coale et al., 1991b; Kawagucci et al, 2008). The highest deep concentrations of Mn were 
observed in this Bouvet region, but the hydrothermal influence is also visible in the South East 
Atlantic. There the deep concentrations of Mn were elevated towards the Bouvet region while 
still on the flank of the ridge (Figure 2). On the other side of the ridge, into the deep Weddell 
Basin the hydrothermal influence also shows in elevated concentrations of Mn that were observed 
between 3000 and 3500 m depth as far as 60°S (Figure 2 and 5).  

7.3.8. Deep Lateral Supply of Mn from the West with Weddell Sea Bottom Water 
The concentrations of Mn were slightly elevated to around 0.15 nM below 4000 m depth (Figure 
5 and text section 7.2.4.) in the WSBW between the Bouvet region and Maud Rise. The WSBW 
is relatively young and formed by cold dense winter water that sinks along the continental slope 
of the Weddell Sea into the deep Weddell Basin (Klatt et al., 2005 and references therein, see text 
section 7.2.1.). This water was recently in contact with the surface and continental sources, like 
land run off and melting ice and therefore is likely enriched in trace metals (Lannuzel et al., 
2008). This is confirmed by the trace metal concentration data collected in the continental shelf 
sea of the Antarctic Peninsula in the same cruise (see Chapter 9 and 11). Presumably the inflow 
of WSBW brings in elevated concentrations of Mn in the deep Weddell Basin. A similar increase 
in the concentrations of Al in the deep Weddell Basin was observed (see Chapter 6), providing 
additional evidence for this explanation. South of Maud Rise the concentrations of Mn were also 
slightly elevated close to the sediments, especially near Maud Rise, but also further south in the 
WSDW to concentrations around 0.12 nM (Figure 5 and text section 7.2.4.). This could be 
attributed to the influence of the WSBW on the WSDW (see text section 7.2.1.) and sediment 
resuspension as suggested in Chapter 6 based on elevated concentrations of Al near sea floor 
elevations. 

7.4. Conclusions 
The comprehensive section and dataset of dissolved Mn for the Southern Ocean here presented is 
internally consistent and either similar or somewhat lower than concentrations previously 
reported. The unprecedented high resolution and the quality of the data allowed for new insights 
to be revealed in the (biological) cycling of Mn in the Southern Ocean. The oceanographic 
consistency between two independent analysed tracers Mn and PO4 supports the overall quality of 
the data, in terms of both contamination-free sampling and reliable accurate chemical analyses. 
This is one of the first examples that demonstrate what the international GEOTRACES effort will 
be able to accomplish. Furthermore, it shows the importance of high resolution sampling and 
precise analysis of multiple parameters for a better understanding of the oceans. 

It is proposed that Mn is a factor of importance in partly explaining the HNLC conditions in 
the Southern Ocean, next to significant controls by the combination of light limitation and Fe 
limitation (De Baar et al., 2005). The concentrations of dissolved Mn in the surface layer were 
extremely low and correlate well with the nutrients PO4 and NOx and moderately well with Si 
and fluorescence, indicating intense involvement of Mn in the plankton biological cycle. The 
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observed Mn/PO4 ratio perfectly matches the extended Redfield ratio value concept of Mn/P = 
~0.4·10-3 mol·mol-1 (Bruland et al., 1991) and the N/P ratio calculated from the observed Mn/PO4 
and Mn/NOx ratios (~15) also matches previous observations (De Baar et al., 1997). Furthermore 
at other stations, the opposite observation of elevated concentrations of Mn in the surface layer 
coincided with elevated concentrations of Fe and light transmission and decreased export 
(234Th/238U deficiency) and fluorescence. The low concentrations of Mn and Fe in most of the 
surface waters would be especially stressful for diatoms, due to their increased Mn demand under 
low concentrations of Fe (Peers and Price, 2004). As the diatoms were the dominant 
phytoplankton class, the increased Mn demand under lower concentrations of Fe would also 
explain the trend of the higher Mn/nutrient ratios (derived from the slope of the dissolved Mn-
nutrient relations) in the southern part (Weddell Gyre) of the transect where ambient 
concentrations of Fe tended to be lower. This is indicative of co-limitation by Mn and Fe of 
phytoplankton growth in the Southern Ocean. 

Highest surface concentrations of Mn were observed at two stations at 54°S and 55°S. These 
values of Mn fell completely outside the ranges of the correlations between Mn and the nutrients 
PO4, NOx and Si at the other stations (see text section 7.2.5.). We suggest that the elevated 
concentrations of Mn at these two stations and the adjacent region (52°S-58°S) are due to 
atmospheric deposition in combination with upwelling (with elevated Mn, perhaps of 
hydrothermal origin) and subsequent lateral advection.   

The concentrations of Mn in the deep ocean basins were low and quite uniform around 0.1 
nM, but some elevations were observed. The highest deep concentrations of Mn were observed at 
the Bouvet Triple Junction region where three mid ocean ridges meet. The coinciding high 
concentrations of Fe without a matching elevation in the concentrations of Al points out 
hydrothermal input as the source of these elevated concentrations of Mn. The hydrothermal vent 
supply of dissolved Mn to the Southern Ocean is much more significant than hitherto realised and 
the deep basins on both sides of the Bouvet Triple Junction ridge were affected by this input. In 
contrast the extended ice-sheet of the Antarctic continent proper, largely prevents the usual 
reductive dissolution Mn supply from continental margin sediments, but by first order estimate it 
can be calculated there has to be a small flux of Mn from the continental ice edge to sustain the 
higher biomass encountered near this ice edge. The more extensive shelf region around the 
Antarctic Peninsula may be a more normal source of Mn from reductive sediments, which in 
combination with winter formation of deep waters and the general eastward flow of Weddell Sea 
Bottom Water is transported to the zero meridian section of the Weddell Basin. This explains the 
slightly elevated concentrations of Mn in this deepest water layer. 
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Chapter 8 
 
Redfield ratio of Manganese  
in the Southern Ocean 
 
Abstract:  
Manganese (Mn) is an essential trace nutrient, required in many enzymes (1, 2) in biological 
processes, notably photosynthesis. 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 we now show direct observations of dissolved Mn depletion in constant proportion to 
uptake of phosphate and nitrate by phytoplankton. Herewith we can extend with Mn the classical 
Redfield concept (3, 4) of uniform element ratio (stoichiometry) of carbon, nitrogen and 
phosphorus in ocean plankton ecosystems. In unravelling the High Nutrient Low Chlorophyll 
(HNLC) 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 (5). 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 chapter is to be submitted to a journal as:  
R. Middag, M.B. Klunder, P. Laan, P. Cai, M.M. Rutgers van der Loeff,  
H.J.W. De Baar, J.C. van Ooijen, R.M. Gordon,  K.H. Coale. Redfield ratio of Manganese in the 
Southern Ocean. 
This chapter was drawn from Chapters 7 and 9 to highlight the major findings and therefore 
shows considerable overlap with these chapters. 
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Several iron fertilisation experiments in bottles (6) and in situ (5) have shown that Fe and light 
are key limiting factors for phytoplankton growth in the Southern Ocean. Dissolved Mn has also 
been suggested to be potentially (co-) limiting (7) and this has been shown in laboratory 
experiments (8) and to some extent in bottle incubations in the field (9, 10). However, the latter 
shipboard bottle incubations in the Southern Ocean are ambiguous as a response to Mn addition 
is not always observed (9, 11, 12) indicating that in some parts of the Southern Ocean the 
ambient dissolved Mn concentrations are in adequate supply, i.e. not limiting. Recently it has 
been shown that Mn is essential in the superoxide dismutase (SOD) enzymes of marine diatoms 
(3, 8). 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 (8). 

Recent high accuracy determinations (13) of both Mn and nutrients (N, P, Si) in the Southern 
Ocean now for the first time show strong relationships driven by biology. These are breakthrough 
results of the GEOTRACES Program in the International Polar Year. Dissolved Mn in the upper 
surface layer along one Prime Meridian transect and one Weddell Sea transect (13) was generally 
below 0.2 nM (range 0.05-0.35 nM, average 0.15 nM) and increased with depth towards a sub 
surface maximum, then decreasing again at greater depth. This subsurface maximum of Mn 
coincided with a gradient in the potential density anomaly (expressed as σθ = (potential density -
1)*1000). In the Antarctic Circumpolar Current (ACC) the Mn subsurface maximum coincided 
with the pycnocline, indicative of the depth of the upper wind mixed layer, which was generally 
located at about 150 m depth (Figure 1a). In the Weddell Gyre (Figure 1b) the wind mixed layer 
was much shallower, only about 30 m deep, and the Mn subsurface maximum coincided with the 
depth of the winter mixed layer. Within the winter mixed layer that extended to a depth between 
70 and 150 m, there is a density gradient below which the σθ hardly increased with depth. The 
Mn subsurface maximum coincided with the depth of this density gradient change (Figure 1b). A 
similar relation as for Mn was observed between the 234Th/238U ratio (13) and the σθ gradient. 
The 234Th/238U ratio was usually below 1 until the depth of the σθ gradient at which depth the Mn 
subsurface maximum also was found. The 234Th/238U ratio is known to equal 1 at secular 
equilibrium while ratio values lower than 1 are due to scavenging of 234Th, hence represent 
removal of 234Th on settling biogenic particles (14). At stations where both Mn and the 234Th/238U 

Figure 1 (a) Vertical profiles of sigma theta (line), dissolved Mn (nM) (filled circles) and dissolved 
oxygen (µM) (filled triangles) at station 113 at 53°S 0°W along the Prime meridian; (b) sigma theta 
(line), dissolved Mn (nM) (filled circles) and dissolved oxygen (µM) (filled triangles) at station 144 at 
63°S 0°W along the Prime Meridian; (c) dissolved Mn (filled circles) and the 234Th/238U ratio (filled 
squares) at station 113 at 53°S 0°W along the Prime meridian. 
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ratio were measured, the depleted Mn 
concentrations corresponded with low 
234Th/238U ratios (Figure 1c). Moreover, at the 
same depth where the 234Th/238U ratio increased 
steeply to a value of 1 or more, also the Mn 
subsurface maximum was found. The similarity 
in the Mn and 234Th/238U ratio distribution 
shows that the low Mn concentrations in the 
surface waters and the subsurface Mn 
maximum are caused by biological removal, 
subsequent export from the surface layer, and 
dissolution by remineralisation (respiration). It 
should be noted that the 234Th/238U ratios 
smaller than 1 are attributed to extra-cellular 
adsorption of 234Th onto settling biogenic 
particles. Therefore, the similarity between the 
Mn depletion and the 234Th/238U ratio shows 
Mn is depleted in the surface layer by 
biological removal, but does not distinguish 
between intra-cellular uptake of Mn and extra-
cellular adsorption of Mn onto settling biogenic 
particles.  

Two stations at 54° S and 55° S in 
the ACC had extremely elevated 
surface concentrations of Mn, Fe and 
Al (aluminium), most likely due to 
atmospheric input as shown by air 
mass back trajectories (15). When 
disregarding these two stations, for all 
the remaining stations the dissolved 
Mn shows a nutrient-like vertical 
profile in the surface layer and 
correlates convincingly well with the 
nutrients PO4 and NOx (Figure 2 & 
Table 1), more moderately with Si and 
inversely with the fluorescence 
indicator of phytoplankton abundance 
(Table 1). To the best of our 
knowledge this is the first ever 
observed direct correlation between 
the trace metal Mn and major nutrients 
observed in the oceans. For the 
relationship between Mn and the 
nutrient concentrations as well as the 
inverse relation between Mn and 
fluorescence, all data shallower than 
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Figure 2 Concentrations of dissolved Mn (nM) 
versus concentrations of PO4 (µM) above the Mn 
subsurface maximum in the ACC (filled circles), 
Weddell Gyre along the Prime meridian (open 
circles), Weddell Gyre in the Weddell Sea (filled 
triangles) and at the stations at 54°S and 55°S 
(suspected dust input) in the ACC (filled squares). 
Of the 114 samples analysed for Mn, 3 samples 
(2.6%) were suspected outliers (13) and therefore 
not further used in the figures and relations. See 
Table 1 for the equations describing the 
correlations. 

 Mn-nutrient correlations 
 ACC Prime Meridian 
 Relation  R2 P value 
Mn/PO4 Mn=0.363·PO4 - 0.34 0.87 <0.0001 
Mn/NOx Mn=0.022·NOx - 0.27 0.78 <0.0001 
Mn/Si Mn=0.0023·Si + 0.20 0.78 <0.0001 
Mn/Fl Mn=-0.29·Fl+ 0.35 0.40 <0.0001 
 Weddell Gyre along Prime Meridian 
 Relation R2 P value 
Mn/PO4 Mn=0.387·PO4 - 0.60 0.90 <0.0001 
Mn/NOx Mn=0.026·NOx - 0.56 0.70 <0.0001 
Mn/Si Mn=0.0067·Si - 0.29 0.38 <0.0001 
Mn/Fl Mn=-0.06·Fl + 0.18 0.26 0.0003 
 Weddell Gyre in the Weddell Sea 
 Relation R2 P value 
Mn/PO4 Mn=0.391·PO4 - 0.60 0.90 <0.0001 
Mn/NOx Mn=0.032·NOx - 0.73 0.79 <0.0001 
Mn/Si Mn=0.0053·Si - 0.20 0.30 =0.0038 
Mn/Fl Mn=-0.22·Fl + 0.27 0.68 <0.0001 

Table 1 The correlations between the concentrations of Mn 
(nM) and the concentrations of the nutrients (μM) and the 
inverse relationships between the concentrations of Mn 
(nM) and the fluorescence (Fl). 
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the Mn subsurface maximum was used. The rationale behind this is that at the Mn subsurface 
maximum, when simultaneously measured, the 234Th/238U ratio was near or above 1, indicating 
no export or, in keeping with the local dissolved Mn maximum, net remineralisation at this depth. 
The Mn and nutrient concentrations at this depth were therefore most likely not representative of 
the biological removal, yet of the opposite process i.e. net remineralisation instead. A Mn 
subsurface maximum can occur at an oxygen minimum due to the resulting decrease of the Mn 
scavenging rate (16). However, the Mn subsurface maximum observed in the Atlantic sector of 
the Southern Ocean did not coincide with an oxygen minimum (Figure 1a and 1b), but coincided 
with the decrease in oxygen below the surface layer, confirming remineralisation at this depth. 

A distinct difference was encountered between the correlation in the ACC on the one hand and 
the correlations in the Weddell Gyre (along the Prime Meridian and in the Weddell Sea) on the 
other hand. The Mn concentrations in the surface layer in the ACC were higher than the Mn 
concentrations in the Weddell Gyre while the reverse holds for the nutrients, causing a difference 
in the intercept of the two correlations. The general southward increasing trend of major 
nutrients, notably silicate but also nitrate and phosphate, is well known in the Antarctic Ocean 
and due to the combination of relatively low uptake by phytoplankton (the High Nutrient Low 
Chlorophyll, HNLC condition) in combination with water mass circulation and mixing. We 
reckon that the opposite trend of general northward increasing Mn in surface waters is due to the 
general closer proximity to land sources (e.g. Patagonia) of aeolian dust input (17), supplying Mn 
and other trace metals such as Fe and Al.  

The Mn/PO4 ratio derived from the slope of the Mn-nutrient relation was 0.363·10-3 mol·mol-1 
in the ACC, 0.387·10-3 mol·mol-1 in the Weddell Gyre along the Prime Meridian and 0.391·10-3 
mol·mol-1 in the Weddell Sea. The slope of the correlation between Mn and PO4 is remarkably 
similar to the previously reported Mn/PO4 ratio as taken up by phytoplankton, a clear indication 
the surface Mn depletion is due to intra-cellular uptake of Mn. The previously reported Mn/P 
elemental ratio measured with bulk analysis in natural phytoplankton assemblages ranges from 
values of 0.34·10-3 mol·mol-1 (18) and 0.39·10-3 mol·mol-1 (19) to 1.68·10-3 mol·mol-1 (20). Ratios 
of Mn/P measured in individual plankton cells in the Southern Ocean range from 0.14·10-3 
mol·mol-1 in heterotrophic flagellated cells to 0.42·10-3 mol·mol-1 in diatoms (21). The here 
reported slopes of the correlations between dissolved Mn and PO4 for the surface layer agree very 
well with the range of the Mn/P reported for plankton in the literature. The average Mn/PO4 ratio 
(derived from the slopes of the Mn-PO4 relation) in the ACC and Weddell Gyre is 0.38·10-3 
mol·mol-1, which very closely matches the extended Redfield ratio stoichiometry concept (22) of 
C:N:P:Mn = 106:15:1:0.0004 in plankton biomass (23). The average slope of the Mn-NOx 
relation in the ACC and Weddell Gyre is 0.026·10-3 mol·mol-1. Combining these to verify versus 
the Redfield ratio of N:P yields a ratio value of N:P = 14.8 : 1, which is an excellent match for 
the Southern Ocean and Weddell Sea (24).  

In the Southern Ocean diatoms are generally the dominant phytoplankton class (5). In 
laboratorium experiments it has been shown (8) that diatoms under Fe deplete conditions require 
more Mn to activate the antioxidant enzyme superoxide dismutase (SOD). Moreover, a decrease 
was observed in the cellular Mn/P ratio for diatoms from 0.42·10-3 mol·mol-1 to 0.22·10-3 
mol·mol-1 after an in situ iron fertilisation experiment (SOFeX) in the Pacific sector of the 
Southern Ocean (21). Furthermore, in the natural situation in the Atlantic section of the Southern 
Ocean, the Fe concentrations in the surface layer were low in the Weddell Gyre compared to the 
ACC, whereas the Mn/PO4 ratio (derived from the slope of the Mn-PO4 relation) was higher in 
the Weddell Gyre compared to the ACC (Figure 3). The significant relationship (P<0.01) 
between the increasing Mn/PO4 ratio with decreasing concentrations of Fe (Figure 3) 
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demonstrates the higher Mn requirement of the diatom community under low Fe conditions, also 
in the natural world. The extremely low surface concentrations of Mn in the surface layer 
reported here, for the Atlantic section of the Southern Ocean, in combination with the low 
concentrations of Fe, would thus be stressful for diatoms. Supplying the diatoms with only 
additional Fe at this stage would alleviate only part of this co-limitation as Mn is still needed in 
photosynthesis, even if there is ample Fe. One realises that natural Fe fertilisation through 
atmospheric dust input coincides with Mn input, as Mn is another major crustal component of 
atmospheric dust. The Fe hypothesis of increased dust input during the Last Glacial Maximum (5, 
25) to be partly responsible for the lower CO2 concentrations during glacial maxima, would 
actually be a combined Fe and Mn fertilisation. 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 (26) of dust, from rivers, and from anoxic margin sediments 
(27). 
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Figure 3 The Mn/PO4 ratio plotted versus the ambient Fe concentrations. Data from Atlantic Sector 
(filled circles) is Mn/PO4 ratio derived from the slope of the Mn-PO4 relation for the Weddell Sea (highest 
ratio, lowest Fe), Weddell Gyre along the Prime Meridian (intermediate ratio and Fe) and the ACC along 
the Prime Meridian (lowest ratio, highest Fe). Data from the Pacific Sector (13) is in the upper Wind 
Mixed Layer (40-45m during SOFeX-South) without Fe fertilisation (filled triangle; highest ratio, lowest 
Fe) and with Fe addition (open triangle; lowest Mn/PO4 ratio at highest Fe). The Pacific Mn/P values are 
in phytoplankton cells (Twining et al., 2004). Alternatively, when focusing merely on the natural situation 
by excluding the data point after Fe fertilisation in the Pacific Sector (open triangle), the resulting 
alternative correlation is: (Mn/PO4) = 0.246 * Fe + 0.427 with R2=0.94 and P=0.030 for n=4 datapoints. 
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Supplementary Material 
Trace metal and nutrient data are from two different cruises, the recent IPY/GEOTRACES cruise 
to the Atlantic section in 2008 and the previous SOFeX cruise to the Pacific section in 2002.  

Nutrients and trace metals were sampled in the Atlantic section using an all-titanium frame 
with GO-FLO samplers (1) and analysed with high accuracy shipboard methods for nutrients, Mn 
and Fe. Samples for trace metals were filtered directly from the GO-FLO sampler over a 0.2 μm 
filter capsule under nitrogen pressure in a class 100 clean room environment. The trace metal 
data are internally consistent and results of the analysis of the SAFe D2 and S reference samples 
are 0.32 ± 0.02 nM for Mn (SAFe D2) and 0.101 ± 0.03 nM for Fe (SAFe S). This is in excellent 
agreement with published values (2, 3). The 234Th/238U ratios were determined from unfiltered 
seawater following procedures after Cai et al. (4). 

Trace metal concentrations in the Pacific section were sampled with GO-FLO samplers on a 
Kevlar wire and the samples were filtered over a 0.3 μm filter, acidified and measured and 
validated versus SAFe standards in the shore based laboratory. The Mn/PO4 ratios in the Pacific 
section as determined with synchrotron-based X-ray fluorescence were reported by Twining et al. 
(5). 
  

 
Figure S-1 Cruise track; Chart of the Atlantic sector of the Southern Ocean with station positions where 
the new high accuracy data of Mn, nutrients and Fe have been determined. 
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S-1 Methods for trace metals and nutrients  
Dissolved Mn in the Atlantic section 
The Low Density Polyethylene bottles (LDPE, Nalgene) used for the storage of reagents and 
samples were cleaned according to an intensive three step cleaning procedure (6). Samples were 
taken using 24 internally Teflon-coated PVC 12 litre GO-FLO Samplers (General Oceanics Inc.) 
mounted on an all-titanium frame which was connected to a Kevlar wire and controlled from 
onboard (1). Samples for trace metal analysis were collected from the GO-FLO bottles in a class 
100 clean room environment. The water was filtered directly from the GO-FLO sampler over a 
0.2 μm filter capsule (Sartrobran-300, Sartorius) under nitrogen pressure (1.5 atm). Therefore all 
data reported in this paper is dissolved Mn. The filtered seawater samples were taken in cleaned 
LDPE sample bottles (125 ml) from each GO-FLO bottle. All sample bottles were rinsed five 
times with the sample sea water. Analyses of dissolved Manganese (Mn) were performed on 
board with the method developed by Doi et al. (7) with a modification in buffering of the sample 
(see Chapter 2). 

Dissolved Fe in the Atlantic section 
The 3 average Fe values of the Atlantic sector shown in Figure 3 are part of a larger dataset of 
overall 906 dissolved Fe values collected in the same expedition ANT 24-3 along the Zero 
Meridian, in the Weddell Sea and across Drake Passage (Klunder, PhD thesis in preparation). 
Sample collection, bottles used and sampling filtration and acidification is identical as described 
above for dissolved Mn. The shipboard analysis method used is a flow injection method 
described in De Jong et al. (8). Here, some modifications to this method were applied as 
summarised below. 

Samples were left for at least 12 hours after acidification before analysing. The method 
analyses Fe (III); to ensure oxidation of the Fe (II) present, 60 µl of a 1 ‰ hydrogen peroxide 
(Merck Suprapur 30%) solution was added at least one hour before analysing. Samples were 
buffered in-line to pH 4 by mixing with a 0.12 M acetate buffer made by diluting a 2.0 M buffer 
solution. This 2.0 M buffer solution was obtained by ten times diluting saturated ammonium 
acetate crystals. The pH of the buffer was adjusted to 6.5 using ultraclean ammonium hydroxide. 
After buffering, samples were pre-concentrated for 120 secondes on a column containing 
chelating aminodiacetic acid (IDA, Toyopearl Toyopearl AF-Chelate-650M). The pre-
concentrated Fe was eluted from the column (60 seconds) with 0.4 M HCl (Merck suprapur) and 
mixed with 0.96 M ammonia, 0.35 M hydrogen peroxide and luminol solution before detection. 
The system was calibrated for every run using standard additions (0.1-1.5 nM range) of an 895 
nM Fe stock solution (from 1000 ppm AAS-standard, Fluka Chemicals) to filtered acidified 
seawater obtained from the subsurface minimum, with lowest Fe concentrations. The blank 
(amount of Fe (nM) in MQ and buffer solution) was measured from zero (0) seconds of pre-
concentration. The average blank was 0.031 ± 0.017 nM Fe (n=23), and the blank did not exceed 
0.060 nM. The detection limit was defined as three times the standard deviation of five analyses 
of 0 seconds loading of low-Fe seawater (subsurface minimum). The average detection limit was 
0.0064 ± 0.0027 nM Fe (n=7), and the detection limit did not exceed 0.01 nM Fe.  

Nutrients in the Atlantic section 
Samples for nutrients were collected unfiltered from the all-titanium sampling system in High 
Density Polyethylene (HDPE) sample bottles which were rinsed three times with sample water. 
The samples for nutrients were stored in a refrigerator and analysed usually within 10 hours and 
always within 16 hours on a Technicon TrAAcs 800 autoanalyser following procedures after 
Grasshoff et al. (9). The reproducibility of an internal laboratory standard mixture of Si, PO4 and 
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NOX (NOX=NO2+NO3) was measured daily 
and typically within 0.7 % of its average value. 
This deviation from the average was used as a 
correction factor. Moreover, the MRI standard 
(10) was measured daily and the average 
standard deviation between runs was 0.943 
μM, 0.012 μM, 0.361 μM and 0.006 μM for Si, 
PO4, NOX (NOX=NO2+NO3) and NO2 
respectively. After the correction based on the 
deviation from our laboratory standard, the 
standard deviation of the MRI standard 
between runs decreased to 0.464 μM, 0.009 
μM and 0.222 μM for Si, PO4 and NOX, 
respectively. Furthermore, the deepest sample 
analysed of a station of 24 samples, was kept 
and re-analysed within the next run of the next 
station of 24 samples as another verification 
for variability between runs. 

Dissolved Fe in the Pacific section 
Samples for dissolved Fe were collected in a manner similar to those reported in S-1, except 30 L 
Teflon coated GO-FLO bottles were deployed on Kevlar hydrowire and tripped with a Teflon 
messenger. Samples were filtered through 0.3 micron polycarbonate membrane filters. Samples 
were acidified and returned to the laboratory for analysis. Pre-concentration of the dissolved 
seawater samples occurred via ion exchange and organic extraction methods described by 
Bruland et al. (11). Quantification of the trace element concentrations was achieved using an 
Element 2, Inductively Coupled Plasma Mass Spectrometer (ICPMS). This method has been 
subsequently validated via the international intercomparison exercise SAFe (3). 
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 Figure S-2 SOFeX Fe profiles; Vertical profiles 
of dissolved Fe at a natural background station 
(out-patch; filled triangles) and in the Fe 
fertilised patch (in-patch open triangles). Please 
notice overlapping points (filled triangles) at 20m, 
40m, 60m depth which all are indicating the 0.04 
nM detection limit 

SOFeX station In/Out patch Latitude Longitude Depth (m) Fe (nM) 
4 IN -66.335 -171.960 15 0.76 
4 IN -66.334 -171.961 30 0.25 
4 IN -66.335 -171.960 50 0.12 
4 IN -66.334 -171.961 100 0.10 
4 IN -66.334 -171.961 150 0.17 
36 OUT -66.034 -170.999 20 < 0.04 
36 OUT -66.034 -170.999 40 < 0.04 
36 OUT -66.034 -170.999 60 < 0.04 
36 OUT -66.034 -170.999 100 0.08 
36 OUT -66.034 -170.999 150 0.15 
6 OUT -66.612 -171.819 20 < 0.04 
10 OUT -66.594 -172.201 25 0.06 
20 OUT -66.311 -171.374 20 < 0.04 
20 OUT -66.318 -171.389 40 < 0.04 
20 OUT -66.311 -171.374 60 < 0.04 
20 OUT -66.318 -171.389 100 0.14 
20 OUT -66.318 -171.389 150 0.16 

Table S-1 Locations of the SOFex stations and measured concentrations of Fe (nM). 
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The two Fe values of the SOFeX South experiment are average values from the unperturbed 
control stations (out-patch) and from the Fe fertilized patch (in-patch) (Figure S-2 and Table S-1). 
The in-patch concentration is the average concentration of Fe in the upper mixed layer (0.51 nM 
Fe). The out-patch concentration is the average concentration of Fe in the upper mixed layer at 
four stations outside the patch. The out-patch concentration was generally below the detection 
limit of 0.04 nM with the exception of one measured concentration of 0.06 nM Fe. Thus the 
concentrations below the detection limit are somewhere in the range of 0.0-0.04 nM Fe. Taking 
the extremes (either 0.0 nM or 0.04 nM) as the actual concentrations of the samples below the 
detection limit to calculate the average concentration of Fe in the upper mixed layer, results in 
0.01 nM Fe or 0.044 nM Fe, respectively. The average of these two values (0.027 nM Fe) has 
been used to construct Figure 3. When using the two extreme calculated average Fe values (0.01 
nM or 0.044 nM), the resulting alternative equations would respectively become:  
(Mn/PO4) = -0.287*Fe + 0.430 (with R2=0.98 and P=0.001 for n=5 datapoints) or 
(Mn/PO4) = -0.303*Fe + 0.435 (with R2=0.99 and P<0.001 for n=5 datapoints) 
which both have a slope that is not significantly different (P=0.85 and P=0.83, respectively by 2-
tailed t-test after Zar (12)) from the equation 
shown in Fig. 3. Finally please notice that 
previously published preliminary dissolved Fe 
values for the control stations (out-patch; see 
table 7 in: B.S. Twining et al. (5)) are deemed 
invalid due to inadvertent contamination on 
shipboard as result of the Fe fertilisation effort 
(Z. Chase, pers.comm.; as confirmed by M. 
Gordon). 

S-2. Air mass back-trajectories 
Dust is an important trace metal source for the 
Southern Ocean (13, 14). Air mass back-
trajectories in the February 2008 period of our 
sampling using the NOAA-HYSPLIT model (15) 
are consistent with the transport of dust from 
Patagonia to the region of the sampling station at 
55°0.14`S and 54°S (Figure S-2), where high 
surface concentrations of dissolved Fe, Mn and 
Al were observed. In contrast, the other regions 
adjacent to the north and to the south with low 
concentrations of trace metals in surface waters 
have reconstructed air mass trajectories deriving from the open ocean or the ice-covered 
Antarctic continent which is by no means a dust source (Figure S-2). This different origin of air 
masses further confirms the above mentioned likely aeolian input of Fe and Mn at the 54°S - 
55°S region.  

S-3. Numerical values of the classical Redfield ratio 
The canonical Redfield stoichiometry is C:N:P=106:16:1 (16). Later on the first worldwide and 
first high accuracy Geosecs dataset was used by Fanning (17) to assess that the Redfield ratio 
exhibits more variability than commonly believed and that the real global average ratio N:P was 
about 15 : 1 instead of the canonical 16:1 ratio. In the main text we mention the realistic 15:1 
ratio value. For further details one is referred to the cited article by De Baar et al. (18).   

Figure S-3 Air mass back-trajectories. 
Air mass back-trajectories to the region of the 
sampling stations at 53°, 55° and 58°S at the 
date of sampling. Air mass back-trajectories 
were made using the NOAA-HYSPLIT model 
(15). 
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Chapter 9 
 
Fluxes of dissolved Aluminium and 
Manganese to the surface and deep 
Weddell Sea 
 
Abstract:  
A total of 188 samples of the Weddell Sea were analysed aboard R.V. Polarstern for both Al and 
Mn during expedition ANT XXIV/3 from 10 February until 16 April 2008 from Cape Town 
(South Africa) to Punta Arenas (Chile). Concentrations of Al were slightly elevated (0.23-0.35 
nM) in the upper surface layer compared to the subsurface minimum (0.07-0.21 nM) observed at 
an average depth of 80 m. Atmospheric deposition appears to be the main source of Al to the 
central Weddell Basin and the residence time of dissolved Al in the upper mixed layer is 
estimated to be in the order of 15 weeks. The continental margins affect the western Weddell Sea 
over the continental shelf and slope and a flux of about 16% of the total input of Al can be 
estimated. Highest concentrations of Al in the Weddell Sea Bottom Water (WSBW) are related to 
the formation of deep water and the associated flux in the range of 3-10 µmol Al m-2∙yr-1. The 
concentrations of Mn were depleted in the surface layer, most likely due to biological uptake as 
indicated by the correlation between Mn and the major nutrients and fluorescence. The 
significant negative relation between the Mn/P ratio and the concentration of iron suggests co-
limitation between iron and Mn. The flux of Mn from the continental margin is about 1.5 times 
greater than the atmospheric input. The flux of both Al and Mn from the continental margin 
indicates melting of continental ice or direct run off from land. The slightly elevated 
concentrations of Mn in the WSBW are due to a relatively small flux of 0.6 µmol Mn m-2∙yr-1 
associated with the WSBW formation.  
 
This chapter is to be submitted to a journal as: Middag, R., Van Slooten, C., De Baar, H.J.W., 
Laan, P.. Fluxes of dissolved Aluminium and Manganese to the surface and deep Weddell Sea.  
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9.1. Introduction 
The Weddell Sea is one of the most remote and inaccessible ocean regions in the world due to its 
ice cover and harsh climate. Therefore, the distribution of trace metals like Aluminium (Al) and 
Manganese (Mn) in the Weddell Sea have thus far not been studied extensively. Here the data of 
11 stations are reported with high vertical resolution along a transect in the Weddell Sea that 
allows a more detailed assessment of the distributions of Al and Mn.  
The oceanic distribution of dissolved trace metals is determined by the sources, sinks and internal 
cycling of these elements. Dissolved Al occurs in a wide range of concentrations (<0.1-174 nM) 
in the world oceans (e.g. Orians and Bruland, 1986; Hydes et al., 1988; Measures et al., 2005; 
Middag et al. 2009; Chapter 3) with a marked fractionation between the Atlantic and the Pacific 
Oceans (Orians and Bruland, 1985). In the surface Al has a relatively short residence time of only 
4 weeks to 4 years (Orians and Bruland, 1986) due to removal from the water column. This 
removal can be passive, inorganic sorption onto particle surfaces (e.g. Hydes 1979; Moore and 
Millward, 1984; Orians and Bruland 1985, 1986) or active uptake by diatoms (Stoffyn, 1979; 
Gehlen et al., 2002; Middag et al., 2009; Chapter 3). The main source of Al to the surface of the 
open ocean is atmospheric deposition and the concentration of Al in the surface layer can be 
related to the atmospheric input (Gehlen et al., 2003; Kramer et al., 2004; Han et al., 2008). The 
sediments of the continental margins act as a sink of Al when undisturbed, but sediments can also 
be a source when the sediments get resuspended (Mackin and Aller 1984; Moran and Moore, 
1991). In the deep ocean the residence time of the particle reactive Al is much longer, in the order 
of 50-200 years (Orians and Bruland, 1985, 1986), due to less scavenging. Additional input into 
the deep ocean has been suggested via diffusion from the sediments (Hydes, 1977), pressure 
dependent solubility of Al-containing particles (Moore and Millward, 1984) and shelf water input 
via deep slope convection (Measures and Edmond, 1992; Middag et al., 2009; Chapter 3). 

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

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

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

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

 
Figure 1 Trace metal sampling stations across the Weddell Sea (from east to west) during expedition 
ANT XXIV/3 aboard R.V. Polarstern. Stations were occupied from 15 March to 29 March 2008. The 
Weddell Gyre is schematically indicated by the black dashed arrow. 
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masses based on their potential temperature (θ) and salinity as described by, among others, 
Fahrbach et al. (2004) and Klatt et al. (2005) and briefly summarised here (Figure 2). The 
relatively fresh (salinity<34.6) Antarctic Surface Water (AASW) constitutes the upper water 
layer. The Winter Water (WW) is the even colder water layer that shows as a temperature 
minimum at the deep end of the AASW. The WW is a remnant from the last winter before the 
overlying water was warmed by the summer. The water in the Weddell Sea is largely replenished 
by water from the Antarctic Circumpolar Current, mainly Lower Circumpolar Deep Water. This 
Lower Circumpolar Deep Water is referred to as Warm Deep Water (θ>0.0°C, salinity >34.6; 
~200-1500m depth) after it separates from the Antarctic Circumpolar Current and enters the 
Weddell Gyre at intermediate depths. Underlying the WDW is the Weddell Sea Deep Water 
(WSDW) which is more saline and has a lower potential temperature (-0.7°C < θ <0.0°C; ~1500-
4000 m depth). The WSDW is believed to be formed by mixing between WDW and the 
underlying Weddell Sea Bottom Water (WSBW), but there is also evidence that WSDW is 
formed directly from surface waters and modified WDW (Klatt et al., 2005 and references 
therein). Close to the Antarctic continent over the shelves, the AASW gains density during sea 
ice formation by cooling and brine rejection and sinks along the continental slope to form the 
coldest (θ < -0.7°C) WSBW lying at the bottom.  

 
Figure 2 water masses and fronts along the entire transect (see figure 1). Salinity is represented in colour 
scale and isolines represent the potential temperature (°C). Upper panel shows the upper 1000 m, the 
lower panel the remainder of the water column. Abbreviations in alphabetical order: AASW: Antarctic 
Surface Water (salinity<34.6); WDW: Warm Deep Water (θ>0°C, salinity>34.6); WSBW: Weddell Sea 
Bottom Water (θ<0.7°C); WSDW: Weddell Sea Deep Water (-0.7°C < θ <0.0°C); WW: Winter Water (θ 
minimum). 
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9.2.2. Dissolved Aluminium 
The concentrations of Al were generally low 
(<0.5 nM) in the AASW (Figure 3). With 
increasing depth the concentrations of Al 
decreased to a subsurface minimum around the 
temperature minimum of the WW (Figure 4). 
Deeper than the subsurface minimum the 
concentrations of Al increased in the WDW 
and remained relatively constant in the upper 
parts of the WSDW (0.35-0.45 nM). From 
about 2500-3000 m onwards the 
concentrations of Al started to increase to the 
highest values of up to 1.5 nM in the WSBW 
(Figure 3 and 4). Lowest concentrations of Al 
in the AASW were observed at the five 
stations in the central Weddell Basin with 

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

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

 

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

 

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

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

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

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

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

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

9.3.2 Fluxes of Aluminium 
The atmospheric input of Al to the Weddell Sea is affected by the sea ice that accumulates the Al 
deposited which next is released again upon melting of the sea ice. Indeed, the concentrations of 
Al in the upper mixed layer correlated negatively with salinity, indicating melting sea ice is a 
source of Al. Also melting icebergs derived from the continents are potentially a source of Al, but 
at the time of sampling the transect was mainly covered with sea ice except near the Antarctic 
Peninsula. Icebergs can be calculated to be an insignificant source of Al which is only in the 
order of 2% of the atmospheric input for the Southern Ocean in general. The atmospheric dust 
input to the Southern Ocean derived from the global dust entrainment and deposition model is 
0.29 g∙m -2∙a-1 (Han et al., 2008). Assuming that continental dust consists for 7.96% of Al 
(Wedepohl, 1995) and that 5% of this Al dissolves (Han et al., 2008), the flux of Al to the 
Southern Ocean is 43 µmol Al m-2∙yr-1. Moran et al. (1992) calculated a flux of Al from 
continental ice to the surface waters of the Southern Ocean of 0.6 µmol Al m-2∙yr-1, assuming 



Chapter 9 

172 
 

0.09 nmol Al per gram glacial ice (based on Vostok and Dome C ice cores), 5% solubility and 
melting of 2∙1018 g of glacial ice into 1.5∙1013 m2 area. However, locally the influence of melting 
continental ice can potentially be of significance. Moreover, this estimate of Al input via 
continental ice does not include sediments incorporated in the ice due to erosion.  

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

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

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

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

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

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

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

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

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

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

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

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

Based on an atmospheric flux of 2.1 µmol Mn m-2∙yr-1 and a residence time of dissolved Mn of 
4 years in the upper mixed layer of the Weddell Basin, the flux from the Peninsula and/or its 
margins is about 1.5 times greater than the atmospheric flux. This indicates the influence of the 
continent and its margins is of importance for the distribution of Mn in the Weddell Basin, but 
this influence is masked by the biological uptake of Mn. Since both Al and Mn were elevated 
over the shelf and slope, at least part of the flux of these metals has to come from melting of 
continental ice or direct land run off as these can be a source for both metals. For Mn, but not for 
Al, also reducing shelf sediments can be a source, as indicated by lower concentrations of Mn 
going from generally more reducing shelf sediments to less reducing slope sediments.  
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In the intermediate water column the concentrations of Mn were low and decreased slightly with 
increasing depth as is typical in the open ocean. However, in the WSBW the concentrations of 
Mn were elevated, most likely by deep water formation as was also suggested for Al. The flux of 
Mn to the WSBW was relatively small (~0.6 µmol Mn m-2∙yr-1) compared to the fluxes to the 
surface ocean especially considering the deep water formation flux originates from the surface 
ocean over the shelf. The relatively small flux and decreasing concentrations of Mn during deep 
slope convection are most likely caused by ongoing (microbially mediated) oxidation and 
subsequent precipitation and loss from the water column combined with mixing with 
intermediate water with relatively low concentrations of Mn. For the particle reactive Al on the 
other hand, these processes decrease the scavenging intensity and combined with the pressure 
dependent solubility of Al, appear to cause increasing concentrations of Al with deep slope 
convection. 
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Chapter 10 
 
The effects of continental margins and 
water mass circulation on the distribution 
of dissolved Aluminium in Drake Passage 
 
Abstract:  
A total of 232 samples were analysed for dissolved Al in Drake Passage aboard R.V. Polarstern 
during expedition ANT XXIV/3 from 1-13 April 2008. Concentrations of Al were extremely low 
in the surface layer of the middle Drake Passage with a concentration of 0.31 nM (S.D. 0.11 nM) 
in the upper 25 meter, followed by a subsurface minimum of 0.18 nM (S.D. 0.05 nM) at about 
100 m depth. Elevated concentrations of Al near the edge of the South American continental 
shelf (>14 nM) are related to land run off, whereas elevated concentrations (>1 nM) near the 
Antarctic Peninsula are most likely related to sediment re-suspension from the shelf and the 
related input of dissolving trace metals. Re-suspension of sedimentary particles influences the 
distribution of Al over the continental slopes on both sides of Drake Passage. The influence of the 
continental margins and accumulated dust input potentially explains the higher concentrations of 
Al observed eastward in the Atlantic section of the Southern Ocean along the zero meridian. In 
the deep southern Drake Passage, the concentrations of Al increased to >1 nM near the sea floor. 
The relatively high deep concentrations are most likely the result of particle re-suspension and 
the subsequent partial dissolution associated with the inflow of Weddell Sea Deep Water. In the 
deep northern Drake Passage concentrations of Al increased with increasing depth up to 1.3 nM 
between 2000 and 3000 m depth, which is several hundreds of meters above the sea floor. This 
maximum in the concentration of Al is suggested to be caused by the influence of North Atlantic 
Deep Water. 
 
This chapter is to be submitted to a journal as: Middag, R., De Baar, H.J.W., Laan, P.. The effects 
of continental margins and water mass circulation on the distribution of dissolved Aluminium in 
Drake Passage.  
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10.1. Introduction 
Drake Passage is the only direct, natural connection between the Pacific and Atlantic Oceans. It is 
the narrowest part of the Southern Ocean and 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 (ACC) to 
flow eastward and unbroken around the globe. The opening of Drake Passage has been estimated 
to have occurred between 49 and 17 million years ago, establishing the complete circumpolar 
pathway (Scher and Martin, 2006). The hydrography of Drake Passage is reasonably well studied 
due to its important role 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 thus far understudied region extensively. Here 
is presented a comprehensive study into the distribution of dissolved Aluminium (Al) over the 
entire water column in Drake Passage.  

Dissolved Al occurs in a wide range of concentrations in the open ocean and distributions of 
Al are markedly different between ocean basins. In the central North Pacific, for example, 
concentrations are 8 to 40 times lower than at corresponding depth in the central North Atlantic 
(Orians and Bruland, 1985). In the Arctic Ocean the concentrations of Al have recently been 
shown to correlate with the concentrations of Si (Middag et al., 2009; Chapter 3) as has been 
reported before in the Mediterranean Sea (Hydes et al., 1988; Chou and Wollast, 1997). 
However, the actual concentrations are very different as in the deep Mediterranean the 
concentrations of Al are up to 174 nM (Hydes et al., 1988) while the concentrations in the deep 
Arctic Ocean are up to 28 nM (Middag et al., 2009; Chapter 3). The fractionation of Al between 
ocean basins is the result of differences in input and removal and the relative short residence time 
of Al compared to the ocean circulation (see Chapter 6).  

 
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. 

Elephant 
Island

Antarctic 
Peninsula

South 
America

Weddell Sea

Drake Passage

226
230

236
238

241
244

249
250

251
252



The effects of continental margins and water mass circulation on the distribution of dissolved 
Aluminium in Drake Passage 

183 
 

Partial dissolution of shelf sediments can be a source in the ocean adjacent to the shelf, especially 
in a relatively narrow channel like Drake Passage. In the deep Drake Passage the waters of the 
ACC are influenced by both Pacific and Atlantic Ocean waters. However, due to the close 
proximity of South America, dust input has to be considered as a surface source of Al for Drake 
Passage. The combination of these different processes affecting the distribution of Al in the 
relatively narrow region of Drake Passage, make this one of the most challenging and therefore 
interesting ocean regions to assess trace metal distributions. 

10.2. Hydrography 
Several fronts exist in the relatively narrow Drake Passage, in southward direction the Sub 
Antarctic Front (SAF), the Polar Front (PF), the 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 1). 

 
Figure 2 Concentrations of dissolved Al (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 Al, 18 samples (7.8%) 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 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 (Figure 2 and 3). 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.  

 
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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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.  

Station/Cast Date Latitude Longitude Depth (m) TM/Regular 
PS71/225-1 01.04.08 60° 42.49' S 53° 36.93' W 1463.2 Regular 
PS71/226-2 01.04.08 60° 37.61' S 53° 49.75' W 2775.0 TM 
PS71/227-1 02.04.08 60° 32.04' S 54° 5.41' W 2977.7 Regular 
PS71/228-1 02.04.08 60° 26.71' S 54° 19.12' W 3177.7 Regular 
PS71/229-1 02.04.08 60° 16.19' S 54° 47.79' W 3268.5 Regular 
PS71/230-6 03.04.08 60° 6.12' S 55° 16.35' W 3515.2 TM 
PS71/231-2 03.04.08 59° 54.95' S 55° 44.76' W 3575.7 Regular 
PS71/232-1 03.04.08 59° 45.02' S 56° 14.20' W 3636.2 Regular 
PS71/233-2 04.04.08 59° 33.50' S 56° 39.91' W 3579.5 Regular 
PS71/234-1 05.04.08 59° 21.47' S 57° 8.61' W 3557.2 Regular 
PS71/235-1 05.04.08 59° 9.42' S 57° 37.90' W 3647.5 Regular 
PS71/236-3 05.04.08 58° 58.23' S 58° 8.32' W 3787.7 TM 
PS71/237-1 06.04.08 58° 39.20' S 58° 47.45' W 3933.7 Regular 
PS71/238-2 06.04.08 58° 18.10' S 59° 28.62' W 3077.0 TM 
PS71/239-1 07.04.08 58° 5.93' S 60° 0.24' W 4069.5 Regular 
PS71/240-1 07.04.08 57° 52.55' S 60° 27.94' W 3986.5 Regular 
PS71/241-6 07.04.08 57° 37.63' S 60° 53.80' W 3424.2 TM 
PS71/242-1 08.04.08 57° 30.57' S 61° 7.78' W 3900.5 Regular 
PS71/243-1 08.04.08 57° 24.38' S 61° 24.12' W 3739.2 Regular 
PS71/244-3 08.04.08 56° 55.16' S 62° 23.72' W 4095.5 TM 
PS71/246-1 09.04.08 57° 7.09' S 61° 58.32' W 3773.2 Regular 
PS71/247-1 10.04.08 56° 40.17' S 62° 49.13' W 4069.2 Regular 
PS71/248-1 10.04.08 56° 25.06' S 63° 18.26' W 3983.5 Regular 
PS71/249-3 10.04.08 56° 7.16' S 63° 45.44' W 4302.0 TM 
PS71/250-6 11.04.08 55° 42.06' S 64° 25.67' W 3798.0 TM 
PS71/251-3 12.04.08 55° 20.01' S 65° 10.68' W 1631.0 TM 
PS71/252-1 12.04.08 55° 7.70' S 65° 32.00' W 408.5 TM 
PS71/253-1 12.04.08 55° 13.83' S 65° 21.29' W 1053.5 Regular 
PS71/254-1 13.04.08 55° 28.21' S 64° 57.20' W 2576.7 Regular 
PS71/255-1 13.04.08 55° 35.61' S 64° 44.55' W 3619.7 Regular 
PS71/256-1 13.04.08 55° 53.33' S 64° 15.52' W 3877.2 Regular 
PS71/258-1 13.04.08 56° 0.67' S 64° 0.51' W 3985.2 Regular 

Table 1 Station and hydrocast number, date, position and water column depth of 10 trace metal (TM) 
stations and 22 regular CTD/Rosette hydrocasts in Drake Passage. 
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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 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). 

10.3. Results and Discussion 
Samples were collected in March 2008 aboard R.V. Polarstern during expedition ANT XXIV/3 at 
10 trace metal stations and 22 regular stations along a transect that crossed Drake Passage (Figure 
1 and table 1). Due to the water requirement of other cruise participants 232 samples (instead of 
240 samples) were analysed for Al from the 10 deployments at 24 depths at the trace metal 
stations (Figure 2). Of the 232 samples analysed for Al, 18 samples (7.8%) were suspected 
outliers and therefore not further used in the data analyses and figures here presented (See 
Chapter 2 for criteria).  

Among others, also the distributions of iron (Fe) (Klunder et al., accepted) and manganese 
(Mn) (see Chapter 7, 9 and 11) were assessed at the trace metal stations during this expedition, as 
well as the speciation of Fe (Thuróczy et al., accepted) at selected stations. The 22 regular 
stations were sampled with the regular CTD/Rosette for nutrients and other variables (Table 1). 

10.3.1. Surface Ocean 
The crossing of Drake Passage started 
just east of Elephant Island near the 
Antarctic Peninsula. Ten trace metal 
stations were sampled on the transect 
towards the south east tip of Tierra del 
Fuego, Argentina (Figures1 and 2). 
Surface concentrations of dissolved Al 
were generally slightly elevated in the 
upper surface and followed by a 
subsurface minimum. Towards the 
Antarctic Peninsula and over the South 
American shelf, however, the surface 
concentrations were elevated (Figure 2 
and 4). Near Elephant Island in the 
WSCZ (station 236), the concentrations 
of Al were above 1 nM in the upper 20 
m. At the trace metal station at the edge 

Figure 4 Concentrations of dissolved Al (nM) averaged 
over the upper 25 m along the transect. Error bars 
represent the standard deviation of the averaged 
concentrations of 10 and 25 m depth, each measured in 
triplicate. 
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of the South American continental shelf (station 252), concentrations in the surface were 
extremely elevated to over 14 nM. When excluding the trace metal station over the South 
American shelf and the one closest to the Antarctic Peninsula, the average concentration of Al in 
the upper 25 m of the remaining 8 stations was 0.39 nM (S.D. 0.21 nM; n=8). Just north of the 
SACCF (station 238), the surface concentration was elevated to 1.28 nM (0.85 nM in upper 25 
m) which is similar to the surface concentration near Elephant Island (Figure 4). However, at this 
station just north of the SACCF (at 58° 18.1’S) the concentrations of Al decreased steeply with 
depth to a subsurface minimum of 0.23 nM at 100 m, while concentrations near Elephant Island 
remained around 1 nM with increasing depth. A similar surface enrichment was observed for 
dissolved Fe at the station north of the SACCF (Klunder et al., in prep), indicating an 
atmospheric source. When also excluding this station with its relatively high surface 
concentration, the average decreases to 0.31 nM (S.D. 0.11 nM; n=7) with a considerably lower 
standard deviation.  

A subsurface minimum was observed around 100 m depth (95±33m), except at the two most 
southerly trace metal stations near Elephant Island (stations 236 and 230) and the most northerly 
trace metal station (station 252) over the South American shelf. When excluding these three 
stations, the average concentration of Al at the subsurface minimum was 0.18 nM (S.D. 0.05 
nM). The relatively elevated surface concentrations of Al compared to the subsurface maximum, 
indicate either a surface source, or increased scavenging by particles at the depth of the 
subsurface minimum. The latter appears not to be the case as two indicators of particle 
abundance, the fluorescence maximum and the transmission minimum, both are located at 
shallower depths (See figure 5 Chapter 11). The only known surface source of Al to the open 
ocean is atmospheric dust input (Measures and Vink 2000; Measures et al., 2005). 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. However, 
even though the surface concentrations of Al are relatively elevated with respect to the subsurface 
minimum, they are lower than most reported concentrations of Al in other ocean regions with 
known low dust input. In the Pacific Ocean for example, 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 up to 8 nM. Also 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) (Middag et al., 2009; Chapter 3). However in the subarctic 
gyre of the North Pacific Ocean, Measures et al. (2005) reported surface water concentrations of 
Al were lower with <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).  

In the Southern Ocean along the zero meridian also low surface concentrations and a 
subsurface minimum were observed (see Chapter 6), but both the concentration of Al in the upper 
25 m and at the subsurface minimum are higher (0.5 ±0.15 nM and 0.33 ± 0.13 nM respectively) 
compared to Drake Passage. This seems inconsistent with the notion that surface concentrations 
of Al are related to dust input as the modelled dust input in Drake Passage is higher than in the 
more remote Southern Ocean around the zero meridian (Li et al., 2008, their Figure 9) due to the 
south-easterly pathway of the dust flux from Patagonia. However, the concentration of dissolved 
Al is not only depending on the dust input, but also depends on Al removed again by scavenging 
(Orians and Bruland, 1986). The lower concentrations of Al while dust input is higher in Drake 
Passage compared to the zero meridian suggest a shorter residence time for Al in Drake Passage, 
consistent with model simulation results of Han et al. (2008, their Figure 7). 
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Moran and Moore (1992) suggested a first order dependence between oceanic scavenging rate 
constants for Al and 234Th and suspended particle concentrations. The 234Th is produced from 
radioactive decay of the soluble 238U with a half-life of 4.47∙109 years, while the half-life of the 
very particle reactive 234Th is only 24.1 days. The resulting disequilibrium between the soluble 
parent 238U and the measured daughter 234Th activity reflects the net rate of particle export from 
the upper ocean on timescales of days to weeks (Cai et al., 2008 and references therein). The 
234Th distribution and depletion (with respect to 238U) was, however, similar between Drake 
Passage and the zero meridian (Rutgers van der Loeff, in review). Thus the lower concentrations 
of Al in Drake Passage cannot be attributed to more intense scavenging based on the 234Th 
distribution and depletion. However, to compare Al and 234Th the residence times of Al in the 
surface layer (4 weeks to 4 years, see Chapter 1) should be similar to the residence time of 234Th 
(days to weeks) in both Drake Passage and in the Southern Ocean along the zero meridian. 
Otherwise the distribution of Al could be affected by scavenging on a longer timescale than the 
distribution of 234Th. Moreover, Al is not only scavenged, but also taken up by diatoms in the 
siliceous frustules (see Chapter 3 and 6). Therefore the 234Th might not be as suitable as a proxy 
for Al scavenging by particles due to the different behavior of the two elements and more intense 
scavenging for Al in Drake Passage cannot be excluded. 

Alternatively, there was little dust input in the period prior to sampling or the modelled dust 
input to Drake Passage is over estimated, i.e. the prevailing winds are from the South Pacific 
Ocean and thus there is little dust input in Drake Passage. Similarly, there are virtually no 
dissolved Al sources in the South Pacific Ocean and with the prevailing eastward flow of the 
ACC this means that the initial concentrations of Al (i.e. the concentrations of Al without the 
local dust input) are low in Drake Passage. In contrast, the easterly region along the zero 
meridian, downstream of the ACC and Weddell Gyre, received the accumulated dust deposition 
(i.e. the dust deposited upstream) from Patagonia as well as Al input from the continents and the 
continental margins of the Antarctic Peninsula and South America. This influence was also 
shown by Hegner et al. (2007) with the neodymium isotopic composition, indicating Patagonia 
and the Peninsula provide material that 
is transported east with the ACC and 
Weddell Gyre. 

The elevated concentrations of Al 
over the South American continental 
shelf appear to be related to land run-off. 
The concentrations of Al increased 
where the salinity decreases (Figure 5a) 
and dissolved Al and salinity were 
inversely correlated in the fresh (salinity 
< 34) upper 150 m (Figure 5b), 
indicating conservative mixing in the 
upper water column. Moreover, the 
concentrations of Al correlated with the 
concentrations of Mn in this upper water 
layer (Figure 5c), which is also a tracer 
of river input (Aguilar-Islas and Bruland, 
2006; Chapter 4). Although this land 
run-off input resulted in very high 
concentrations of almost 15 nM Al in the 

Figure 5a Concentrations of Al (nM) and salinity as 
vertical profiles versus depth over the South American 
continental shelf. Standard deviation of the triplicate 
analysis of Al were on average 3.6% and therefore not 
visible on this scale. 
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upper surface over the shelf, but at the 
station over the continental slope, 
concentrations of Al in the upper surface 
have decreased below 0.4 nM. The 
concentrations of Al over the shelf also 
decreased steeply with depth over the 
shallow water column (~400 m) to 
merely 0.45 nM at 375 m depth (Figure 
5a). This is consistent with the reported 
behaviour of Al brought into the oceans 
with land run-off. The Al precipitates in 
the estuary due to flocculation and 
formation of authigenic aluminosilicate 
formation and when the shelf sediments 
are not re-suspended, dissolved Al is 
consumed at the sediment water 
interface (Mackin and Aller, 1984a; 
1984b, 1986). This would explain the 
low concentrations of Al observed near 
the sediments of the South American 
shelf (Figure 5a). 

Higher concentrations of Al were 
observed near the sediments of the 
continental slope, indicating these 
sediments are subject to re-suspension 
and subsequent dissolution of Al. This 
was confirmed by elevated 
concentrations of Mn (presumably 
emanating from reducing pore waters) 
and decreased light transmission (see 
Chapter 11). Just south of the SAF 
(station 250), a maximum of Al of 0.9 
nM was observed around 900 m depth 
that coincided with a maximum in the 
concentration of Mn and a slight light 
transmission decrease was also observed 
around this depth (see Chapter 11). 
Apparently there is a flux of particles and trace metals due to sediment re-suspension from the 
continental slope into the ACC on the South American side of Drake Passage. The sediments of 
the shallow shelf sea on the other hand appear to be a sink (Figure 5a) and the influence of land 
run-off did not extend beyond the upper surface layer of the shelf sea on this transect. 

Concentrations of Al were also elevated in the upper surface near the Antarctic Peninsula, but 
to much lower concentrations (~1nM) than on the South American site (Figure 2). Also surface 
salinity was much higher (>34, not shown), thus land run-off was apparently not a significant 
process near the Antarctic Peninsula. The vertical profiles of Mn, Al and light transmission 
together for the trace metal station just north of the SB ACC (see Chapter 11), suggest a flux of 
trace metals and particles from the Peninsula extending into the ACC, similar to the South 

Figure 5b Concentrations of Al 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 Al (nM) = -11.46*salinity + 389.7 with 
R2=0.99; n=11 and P<0.001. 

Figure 5c Concentrations of Al versus the concentrations 
of Mn in the upper 150 m of the water column over the 
South American continental shelf (station 252). The 
relation is described by Al (nM) = -6.87*Mn (nM) - 1.2 
with R2=0.9992; n=10 and P<0.001. 
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American side of Drake Passage. Apparently, sediment re-suspension and the related input of 
dissolving trace metals into the ACC is an important process in Drake Passage. The geographical 
extent of this influence does not appear to reach very far from the continental margins on this 
transect crossing Drake Passage. However, with the flow direction of the ACC being more or less 
perpendicular to this transect, the actual extend downstream might be much greater than can be 
concluded from this study. 

10.3.2. Deep and intermediate 
distribution 
In the southern Drake Passage, beyond 
the influence of the Antarctic Peninsula, 
the concentrations of Al increased 
gradually with depth below the 
subsurface minimum (Figure 6). In the 
deepest part of the water column, 
however, concentrations increased 
relatively steeply to values over 1 nM 
with the highest concentration observed 
at the greatest sampled depth. This deep 
water column distribution is similar to 
that of dissolved Mn as the 
concentrations of Mn were also elevated 
in the deepest samples in the same 
region were WSDW is of influence. The 
concentrations of Al observed in the 
WSDW in the Weddell Sea (see Chapter 
9) were lower, in the range of 0.3-1 nM. 
Therefore just the influence of WSDW 
is not the only process responsible for 
the elevated concentrations of Al in the 
deep southern Drake Passage. Concentrations of Al in the same range as observed in the deep 
southern Drake Passage were observed in the Weddell Sea Bottom Water (WSBW) in the 
Weddell Sea which are most likely related to the recent contact of WSBW with continental 
sources (see Chapter 6). However, there is no evidence suggesting a significant influence of 
WSBW on the deep southern Drake Passage. Even if this influence would be there, the WSBW 
would only be a fraction of the water present in the deep southern Drake Passage and the 
dissolved Al concentration diluted accordingly and unable to cause the elevated concentrations of 
Al observed. Therefore, it appears that during the transport of WSDW along the continental slope 
(Sudre et al., submitted) particles are getting re-suspended and the subsequent partial dissolution 
of these particles is then the most likely source of the elevated concentrations of Al. This partial 
dissolution was also suggested as the source for elevated concentrations of Mn and decreased 
transmission in the same area (see Chapter 11). 

In the northern Drake Passage also the concentrations of Al increased gradually with depth 
below the subsurface minimum. However, highest concentrations (up to 1.3 nM) were usually not 
observed at the greatest sampled depth, but between 2500 and 3000 m depth, several hundreds of 
meters above the sea floor (Figure 7). Deeper than the maximum around 3000 m depth, usually 
also an increase at the greatest sampled depths towards the sediments was observed. This increase 
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Figure 6 Concentrations of Al as vertical profile versus 
depth in the southern Drake Passage (station 236, south 
of the SACCF). Error bars represent standard deviation 
of triplicate measurements. 
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towards the sediments corresponded 
with an increase in Mn and a decrease in 
light transmission and was suggested to 
be caused re-suspending of particles 
from the sea floor by the strong currents 
of the ACC through Drake Passage (see 
Chapter 11). The deep maximum was 
found around 3000 m depth at the most 
northerly stations and south of the PF 
the maximum was observed shallower, 
around 2500 m depth. Even further 
south, from around the SACCF 
southwards, a less profound maximum 
was observed around 1750 m depth 
(Figure 6). The depths of these maxima 
of the concentration of Al correspond 
with the depth range of LCDW as 
reported by Sudre et al., (submitted). In 
the ACC along the zero meridian, also 
maxima in the concentration of Al were 
observed in the LCDW and 
corresponded with the salinity 
maximum of the LCDW that is caused 
by the influence of North Atlantic Deep Water (NADW). This NADW is known to have high 
concentrations of dissolved Al and has therefore been suggested to be the source of the maxima 
of Al in the ACC along the zero meridian (see Chapter 6). In Drake Passage, the maxima of Al 
were observed below the salinity maximum and were much lower than the maxima of up to 6 nM 
observed along the zero meridian. The lower maxima in the concentrations of Al are not 
surprising as the influence of NADW is less in Drake Passage, showing in lower salinity in Drake 
Passage LCDW than along the zero meridian. The fact that the maxima in the concentration of Al 
and the maxima in salinity are vertically resolved could be related to the concentrations of Al in 
the overlying UCDW and underlying SPDW. Concentrations of Al were much lower in the 
UCDW than in the deepest SPDW (Figure 2). When the LCDW with high concentrations of Al 
(due to NADW influence) mixes with overlying UCDW (low concentrations of Al) and with the 
underlying SPDW (relatively high concentrations of Al), the resulting maximum concentration of 
Al will be found towards the deeper part of the LCDW, closer to the SPDW than the UCDW. 
This fits the observed distribution of Al in the deep Drake Passage, indicating the maxima in the 
concentrations of Al in the deep Drake Passage, although vertically resolved from the salinity 
maximum, are related to the NADW influence. 

10.3.3. Previously reported data 
Very little data has been reported thus far on concentrations of dissolved Al in Drake Passage. 
Hewes et al., (2008) report averaged concentrations of dissolved Al of the upper water column 
for different water zones in the Weddell-Scotia Confluence. Hewes et al. (2008) used and epoxy-
coated aluminium rosette frame with GO-FLO bottles and report an average concentration of Al 
of 2.0 nM (± 0.4 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 
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Figure 7 Concentrations of Al as vertical profile versus 
depth in the northern Drake Passage (57° 38' S, just south 
of PF). Error bars represent standard deviation of 
triplicate measurements. 
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this study, the concentration of Al is with 0.95 nM (± 0.11 nM) much lower. In Drake Passage 
south of the PF, an average concentration of Al of 1.2 nM (± 0.3 nM) was reported for the upper 
150 m (their water zone 1A). This is also considerably higher than the average concentration 
calculated from the results here reported for the upper 150 m of 0.25 nM (± 0.08 nM) between 
the PF and the onset of the Antarctic continental slope. There appears to be an offset of about 1 
nM between the concentrations of Al reported by Hewes et al. (2008) and the data from this 
study. Such an offset could be related to temporal and spatial differences or events like dust input 
but this remains speculation. Otherwise, this apparent offset stresses the importance of using a 
non-aluminium sampling system and the rigorous use of standard reference samples such as the 
GEOTRACES or SAFe reference samples, as was done in this study 
(www.geotraces.org/Intercalibration).  

Van Bennekom et al. (1991) report a vertical profile of unfiltered Al in the Scotia Sea 
somewhat further east (at 57°S, 49°W), collected by GO-FLO bottles on a coated stainless steel 
rosette frame. The general trend of the reported profile reported is an increase with depth from 
relatively low surface values to higher concentrations in the deep. However, the actual 
concentrations are much higher in the range of 1 - 3 nM compared to the range of 0.1- 1.5 nM 
found in this study. Higher concentrations for unfiltered samples are expected, but this difference 
is thought to be in the order of 10 % (Measures, 1999). A large part of the discrepancy is most 
likely also explained by the precision and blank (0.3 nM and 0.8 nM respectively) reported by 
Van Bennekom et al. (1991) for their method used.  

The concentrations of Al observed in Drake Passage are slightly lower than reported for the 
ACC further east along the zero meridian (see Chapter 6) and comparable to the Pacific Ocean 
(Orians and Bruland, 1986). The shape of the vertical profiles for dissolved Al in the Pacific 
usually showed a mid-depth minimum, unlike the profiles observed in Drake Passage. This 
indicates that although the concentration range is similar, different processes control the 
distribution of Al in Drake Passage compared to the Pacific Ocean. The profile shapes observed 
in Drake Passage and in the ACC along the zero meridian are more similar. However, surface 
concentrations in the ACC along the zero meridian were slightly higher than in Drake Passage 
(see section 10.3.1.) and the NADW influence was less profound in Drake Passage. This 
indicates similar processes control the distribution of Al in Drake Passage as in the Southern 
Ocean more to the east, but local differences like for example scavenging intensity and variability 
in the concentrations of Al in source waters and input sources remain.  

10.4. Conclusions 
The shape of the vertical profiles of Al in Drake Passage is different from what is observed in 
other ocean basins, but more similar to the Atlantic section of the ACC. Concentrations of Al 
reported in this study are lower than previously reported studies in or near Drake Passage, 
perhaps due to differences in sampling or analytical techniques. This issue stresses the 
importance of the use of both ultraclean (aluminium-free) sampling methods as well as standard 
reference water such as the GEOTRACES or SAFe standards, as were used in this study. 

The distribution of Al in Drake Passage is influenced by fluxes from the continental margins, 
by water masses and their origins and perhaps by scavenging intensity in the surface layer. The 
highest concentrations of Al were observed in the upper surface close to South American 
continent and are related to land run-off. However, these elevated concentrations disappear with 
depth over the water column and with distance into Drake Passage. This shows the land run-off is 
only of influence over the shelf and does not affect the distribution of dissolved Al in the ACC in 
Drake Passage. Over the South American slope, re-suspension of sedimentary particles influences 
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the distribution of Al. Near the Antarctic Peninsula, the elevated concentrations of Al also appear 
to be caused by re-suspension of sedimentary particles from the shelf. The influence of these 
fluxes from the continental margins into Drake Passage was only visible near the continental 
slopes. However, with the perpendicular flow direction of the ACC through Drake Passage, the 
actual extend downstream might be greater than can be concluded from this one section study. 
The higher concentrations of Al observed eastward along the zero meridian might partly 
represent this effect in combination with accumulated dust input. 

Higher concentrations of Al were observed in the deepest part of Drake Passage due to 
sediment re-suspension from the deep Drake Passage sediments, inflow from WSDW in the south 
and the influence of NADW on the LCDW from the north. In the deep southern most Drake 
Passage, elevated concentrations of Al appear to be caused by sediment re-suspension during 
transport of the WSDW along the continental slope. From the north, the NADW brings high 
concentrations of Al to the Drake Passage and this shows in elevated concentrations in the 
LCDW. This influence is most profound in the northern most Drake Passage.  
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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. 

SB  ACCSACCFPFSAF

PFZ

AAZ

WSCZ

ACC

252 251 250 249 244 241 238 236 230 236



Signature of Pacific hydrothermal vents visible in the distribution of dissolved Manganese in 
Drake Passage 

203 
 

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. 
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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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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.  



Chapter 12 

216 
 

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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Chapter 13 
 
Nederlandse samenvatting (Dutch summary) 
Opgelost aluminium en mangaan in de 
polaire oceanen 
 
Spoormetalen in de oceaan 
De ecosystemen van de aarde worden gedreven door fotosynthese. Fotosynthese is het 
biochemische proces dat koolstofdioxide (CO2) en water omzet in glucose (suiker) en zuurstof. 
Hierbij is zonlicht strikt noodzakelijk als energiebron. Organismen die in staat zijn tot 
fotosynthese, foto-autotrofe organismen zoals planten en bomen, vormen de basis van het 
voedselweb. Alle andere organismen zijn uiteindelijk afhankelijk van hen. Fotosynthese is dus de 
basis van het leven op aarde. In de oceanen zijn algen de foto-autotrofe organismen die de basis 
van het voedselweb vormen. Uitzondering op deze regel zijn de chemo-autotrofe organismen die 
in de diepe oceaan leven zonder licht en afhankelijk zijn van anorganische verbindingen voor hun 
energiebehoefte. De foto-autotrofe algen, ook wel fytoplankton genoemd, leven dicht onder het 
oppervlak in de oceaan, waar het zonlicht doordringt. Dieper, in de donkere oceaan leven geen 
foto-autotrofe organismen.  

Naast water, koolstofdioxide en licht, heeft fytoplankton ook nog andere voedingsstoffen 
nodig. De meest belangrijke zijn fosfor en stikstof. Een bijzondere groep algen binnen het 
fytoplankton zijn de diatomeeën (kiezelwieren), die ook nog silicium nodig hebben voor hun 
externe kiezelskelet. Oceanografen hebben ontdekt dat fytoplankton de voedingsstoffen in een 
bepaalde, min of meer constante verhouding opneemt, de zogenoemde Redfield stoichiometrie 
(Redfield et al., 1963): 

 C:N:P = 106:16:1 

Later werd ontdekt dat phytoplankton ook bepaalde metalen als spoorelementen nodig hebben, 
in het bijzonder ijzer, zink, koper, mangaan, nikkel en cobalt, alsmede soms ook cadmium. 
Spoormetalen zijn essentieel voor de groei en vitaliteit van fytoplankton, omdat ze gebruikt 
worden als co-factor. Een co-factor is een component van een enzym dat nodig is voor het 
vervullen van de functie van het enzym, met andere woorden, zonder de co-factor werkt het hele 
enzym niet. IJzer en mangaan zijn bijvoorbeeld essentieel voor de enzymen in de fotosynthese, 
maar ook voor mensen is ijzer van levensbelang; een gebrek aan ijzer resulteert in bloedarmoede.  

In de afgelegen open oceaan komen de spoormetalen slechts in hele lage concentraties voor en 
van ongeveer 40% van de oceanen (waaronder de Zuidelijke Oceaan) wordt aangenomen dat de 
groei van fytoplankton daar belemmerd wordt door een gebrek aan ijzer. Deze gebieden staan 
bekend om relatief hoge concentraties aan voedingsstoffen als fosfor en stikstof terwijl er maar 
weinig fytoplankton voorkomt. Er is voorgesteld om deze gebieden kunstmatig te ‘bemesten’ met 
ijzer om de groei van fytoplankton te stimuleren. Dit zou een gunstig effect op het 
koolstofdioxide (CO2) gehalte van de atmosfeer kunnen hebben omdat fytoplankton CO2 gebruikt 
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in de fotosynthese. Nadat deze algen het CO2 hebben opgenomen en aan het eind van hun 
levensloop zijn gekomen, zinkt een gedeelte van hen naar de diepe oceaan waar de resten worden 
afgebroken door bacteriën. Het CO2 is dan voor lange tijd opgeslagen in de diepe oceaan. 
IJzerbemesting van de oceaan wordt daarom genoemd als een mogelijkheid om de 
klimaatverandering tegen te gaan door de boosdoener CO2 weg te vangen. Dit blijft echter een 
controversieel onderwerp, omdat de effectiviteit van ijzerbemesting (hoeveelheid CO2 die 
daadwerkelijk opgeslagen wordt in de diepe oceaan) ter discussie staat en omdat de complete 
effecten op het ecosysteem en de oceaan grotendeels onbekend zijn. 

GEOTRACES en het IPY 
Dit promotieonderzoek is gedaan binen het GEOTRACES programma (www.geotrace.org) en 
het programma van het internationale pooljaar (www.ipy.nl). GEOTRACES is een internationaal 
onderzoeksprogramma dat zich tot doel heeft gesteld de wereldwijde biogeochemische 
kringlopen van belangrijke spoorelementen en hun isotopen in kaart te brengen en beter te 
begrijpen. Hierdoor kunnen de gevolgen van klimaatverandering op deze kringlopen en de 
gevolgen voor de wereldwijde koolstofkringloop beter worden voorspeld en begrepen. Twee van 
deze belangrijke spoorelementen in het GEOTRACES programma zijn aluminium (Al) en 
mangaan (Mn).  

Opgelost Al is een spoormetaal dat in hele lage concentraties in de Stille Oceaan voorkomt, 
maar in relatief hoge (meer dan twee ordes van grootte verschil) concentraties in de Atlantische 
Oceaan. De concentraties van opgelost Al in het oppervlaktewater van de open oceaan worden 
sterk beïnvloed door de hoeveelheid stof afkomstig van het land. Fijne stofdeeltjes kunnen 
enorme afstanden afleggen in de hoge atmosfeer en op die manier de open oceaan bereiken. De 
hoeveelheid opgelost Al in het oppervlaktewater van de oceaan is potentieel een indicator voor de 
hoeveelheid ijzer die daar met het atmosferisch stof terecht gekomen is. Van Al zelf is geen 
biologische functie bekend voor processen in de cel, maar het is aangetoond dat diatomeeën Al in 
hun kiezelskeletten inbouwen. Dit maakt deze skeletten minder oplosbaar in zeewater en dus 
duurzamer. Opgelost Mn is slecht oplosbaar in het zuurstofrijke zeewater van de open oceaan. 
Dicht aan het oppervlak is Mn echter beter oplosbaar door de invloed van zonlicht op de 
redoxstaat van Mn. Opgelost Mn kan gebruikt worden als een indicator voor de aanwezigheid 
van onderzeese vulkanen of zuurstofarm sediment in de omgeving. Net zoals Al kan Mn gebruikt 
worden om te kijken waar het ijzer op de open oceaan vandaan komt, omdat ijzer en Mn 
gemeenschappelijke bronnen hebben. Daarnaast is Mn zelf een belangrijk spoorelement voor 
fytoplankton. 

Het internationale pooljaar is een groot wetenschappelijk programma met een focus op de 
poolgebieden. Ondanks de naam duurt een pooljaar langer dan een jaar en het afgelopen pooljaar 
liep van maart 2007 tot maart 2009. De poolgebieden zijn sterk verbonden met de rest van de 
wereld en worden gezien als barometers van wereldwijde veranderingen, zoals 
klimaatverandering. De poolgebieden zijn dus bij uitstek geschikt om de gevolgen van 
klimaatverandering op de kringlopen van spoormetalen te bestuderen. Er waren tot nog toe echter 
maar weinig betrouwbare gegevens over spoormetalen in de polaire oceanen door de slechte 
toegankelijkheid en de zware omstandigheden in deze gebieden. Het is daarom belangrijk om 
betrouwbare gegevens in de polaire oceanen te krijgen om toekomstige veranderingen te kunnen 
opmerken.  
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Dit promotieonderzoek had vanuit GEOTRACES en IPY de twee volgende doelen: 

1. Nauwkeurig de concentraties van Al en Mn in de polaire oceanen meten en de huidige situatie 
in kaart brengen, zodat eventuele toekomstige veranderingen opgemerkt kunnen worden. 

2. De aanvoer, afvoer en interne kringlopen van Al en Mn te bestuderen om meer inzicht te 
verkrijgen in de processen die deze kringlopen reguleren. 

Onderzoeksresultaten 
Aluminium 
Een totaal van 1733 monsters is gemeten voor Al in de Arctische, Atlantische en Zuidelijke 
Oceaan. Van deze 1733 monsters zijn er 91 (5.3%) aangemerkt als verdachte punten en niet 
verder gebruikt in de figuren en interpretaties gepresenteerd in dit proefschrift. Tegelijkertijd met 
de nauwkeurige metingen van Al, zijn ook ander parameters gemeten waaronder silicium (Si). 
Dit heeft geleid tot nieuwe inzichten in de wereldwijde kringloop van Al. 

Living apart together: de LAT relatie van Al en Si in de Oceaan 
In de oceanen blijken de kringlopen van Al en Si gedeeltelijk aan elkaar gekoppeld door het 
inbouwen van Al in de kiezelskeletten van diatomeeën en/of het binden van opgelost Al aan de 
buitenzijde van biogene silicaat deeltjes. Duidelijke correlaties tussen Al en Si zijn gevonden in 
de Atlantische (hoofdstuk 5) en Arctische Oceaan (hoofdstuk 3), maar niet in de Zuidelijke 
Oceaan (hoofdstuk 6). De hellingshoek van de lijn van de relaties die is gevonden in de ondiepe 
wateren van de Atlantische en Arctische Oceaan zijn consistent met het concept dat de 
diatomeeën Al en Si in deze verhouding opnemen. Als de kiezelskeletten naar de diepere delen 
van de Atlantische en Arctische Oceaan zinken, lossen de skeletten op en de Al:Si verhouding 
van deze minuscule skeletten wordt vertegenwoordigd in de opgeloste Al/Si verhouding 
(verkregen van de hellingshoek van de Al-Si relatie). Dit mechanisme kan echter beïnvloed 
worden door andere bronnen van Al, zoals convectie van koud water met sedimentdeeltjes uit de 
randzee langs de continentale helling naar de diepe oceaan (hoofdstuk 3), of heel veel aanvoer 
van atmosferisch stof. Als er daarentegen heel weinig Al aanwezig is, zoals in de Zuidelijke 
Oceaan, is er geen relatie zichtbaar tussen Al en Si (hoofdstuk 6). In dit geval wordt bijna al het 
weinige beschikbare opgeloste Al opgenomen door de diatomeeën. De kiezelskeletten bevatten 
dan weinig Al en als deze skeletten oplossen in de diepere waterlagen komt er nauwelijks extra 
Al vrij en het Al/Si signaal is niet detecteerbaar tegen de lage achtergrondconcentraties van Al en 
de hoge achtergrondconcentraties van Si. 

De kringloop wordt dus beïnvloed door de biologische kringloop met Si, in combinatie met de 
toevoer van Al vanaf het land en de kustzeeën naar de open oceaan. De gemiddelde levensduur 
van een Si atoom in de oceaan ligt tussen de 16 en 20 duizend jaar. Aangezien diep oceaanwater 
ongeveer elke duizend jaar wordt ververst, betekent dit dat elk Si atoom, nadat het in de oceaan 
terecht gekomen is, ongeveer 16 tot 20 keer gerecycled wordt in de cyclus van opname door 
diatomeeën en afbraak in de diepe oceaan. In de diepe oceaan is Si inert en blijft in oplossing tot 
het atoom het oppervlaktewater van de oceaan weer bereikt. Vervolgens wordt het Si atoom hier 
opgenomen door een diatomee en zinkt dan vervolgens weer naar de diepte waar het Si atoom 
van het skelet oplost voor de bodem van de oceaan bereikt is. Maar na gemiddeld ongeveer 16 tot 
20 keer door deze kringloop gegaan te zijn, lost het Si atoom niet op tijd op en wordt met het 
skelet begraven in het sediment op de bodem van de oceaan. In tegenstelling tot Si, is Al niet 
inert en gaat Al gemakkelijk aan deeltjes vast zitten. Daardoor blijft Al niet oneindig in oplossing 
in de diepe oceaan en zinkt Al gebonden aan deeltjes naar de bodem van de oceaan. Een opgelost 
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Al atoom heeft hierdoor een gemiddelde levensduur van 50 tot 200 jaar in de diepe oceaan. Diep 
water dat na ongeveer duizend jaar weer aan de oppervlakte komt bevat hierdoor weinig Al. De 
toevoer van Al naar de oceaan is dus afhankelijk van externe bronnen, terwijl Si ook door 
opwelling van diep water het oppervlaktewater van de oceaan kan bereiken. Door deze 
verschillen tussen Al en Si wordt in de diepe oceaan de Al-Si relatie verstoord omdat Al dus snel 
verdwijnt naar de bodem van de oceaan terwijl Si inert is en achterblijft. 

Al als indicator voor stofaanvoer 
De concentraties van Al in zeewater die tot nog toe zijn gebruikt voor de stofaanvoer modellen en 
de resulterende concentraties van de omgekeerde modellen zijn hoger dan de gemeten 
concentraties voor de polaire oceanen in dit proefschrift (hoofdstuk 3 en 6). Deze modellen 
kunnen nu dus aangepast worden, zodat ze een betere weergave van de werkelijkheid kunnen 
geven. Men dient zich echter te realiseren dat in de polaire oceanen, die jaarlijks met ijs bedekt 
zijn, het stof niet direct in het zeewater terecht komt, maar dat dit pas gebeurt als het ijs smelt. 
Een meting (of modelresultaat) op een specifiek moment op een specifieke plek hoeft dus niet 
representatief te zijn voor de hele regio. Bovendien, deeltjes met Al die normaal gesproken de 
open oceaan niet zouden bereiken kunnen samen met het ijs hierheen getransporteerd worden 
(hoofdstuk 8). Afgezien daarvan, hoeven de concentraties van Al in een bepaald gebied niet 
noodzakelijkerwijs representatief te zijn voor de lokale atmosferische aanvoer van stof. Dit kan 
ook het resultaat zijn van de aanvoer van atmosferisch stof elders dat met de stroming naar het 
betreffende gebied gebracht is (hoofdstuk 9).  

In de Arctische Oceaan is geen relatie gevonden tussen de concentraties van ijzer en Al, omdat 
de aanvoer van zowel ijzer als Mn (hoofdstuk 4) via de rivieren de dominante bron was. In de 
Zuidelijke Oceaan daarentegen is ondanks de lage concentraties wel een relatie gevonden tussen 
de concentraties van ijzer en Al (zie het proefschrift van M.B. Klunder). Dit bevestigt dat de 
aanvoer van atmosferisch stof naar de Zuidelijke Oceaan zeer beperkt is, maar desalniettemin in 
deze regio een belangrijke bron van spoormetalen is. 

Convectie langs de continentale helling als bron van Al 
In zowel de Arctische als de Zuidelijke Oceaan zijn verhoogde concentraties van Al gevonden in 
de diepe oceaanbekkens. Van deze gebieden is het bekend dat hier water uit de ondiepe 
randzeeën langs de continentale helling naar de diepe oceaan zinkt, ook wel convectie genoemd. 
Dit wordt veroorzaakt doordat de dichtheid van het water in de winter toeneemt door afkoeling en 
de vorming van zee-ijs. Bij de vorming van zee-ijs komt een groot gedeelte van het zout dat 
aanwezig is in het zeewater namelijk niet in het ijs, maar in het onderliggende water terecht, 
waardoor de dichtheid van dat water toeneemt. Daarnaast neemt de dichtheid van het zeewater 
ook toe door de afkoeling van het zeewater in de winter. De concentraties van Al waren meestal 
vrij laag in de randzeeën. Echter, door het contact met de atmosfeer, het ijs en het sediment bevat 
dit water wel veel deeltjes die ook Al bevatten. Als het water zoveel in dichtheid is toegenomen 
dat het langs de continentale helling begint te zinken, worden ondertussen de biologische deeltjes 
afgebroken en komt het Al vrij. Daarnaast worden waarschijnlijk extra sedimentdeeltjes 
opgedwarreld langs de continentale helling door de ontstane stroming (hoofdstuk 3 en 9). Echter, 
door de biologische afbraak en menging met diep water, dat weinig deeltjes bevat, neemt de 
deeltjes concentratie toch weer af. Voor een element als Al dat snel neerslaat op deeltjes betekent 
dit dat er minder deeltjes zijn om op neer te slaan, dus dat de oplosbaarheid groter wordt. Voor de 
diepe Weddell Zee kon een flux van Al met convectie worden berekend (hoofdstuk 8). Dit proces 
van convectie langs de continentale helling blijkt een belangrijke invloed te hebben op de 
hoeveelheid Al in de diepe oceaan. 
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Mangaan 
Een totaal van 1732 monsters is gemeten voor Mn in de Arctische, Atlantische en Zuidelijke 
Oceaan. Van deze 1732 monsters zijn er 63 (3.6%) aangemerkt als verdachte punten en niet 
verder gebruikt in de figuren en interpretaties gepresenteerd in dit proefschrift. Tegelijkertijd met 
de nauwkeurige metingen van Mn, zijn ook ander parameters gemeten zoals de 
voedingselementen fosfor, nitraat en silicium. Dit heeft geleid tot nieuwe inzichten in de 
wereldwijde biologische kringloop van Mn. 

Aanvoer van mangaan door onderzeese vulkanen 
In de Arctische Oceaan, nabij de onderzeese Gakkel bergrug, zijn verhoogde concentraties van 
Mn waargenomen die overeenkwamen met hogere concentraties van ijzer, een iets hogere 
temperatuur en lagere lichttransmissie (lichtdoorlaatbaarheid) (hoofdstuk 4). Dit wordt 
veroorzaakt door onderzeese vulkanische activiteit, zogenaamde hydrothermale bronnen 
(hydrothermal vents in het Engels). Op deze plekken bevindt het magma zich dicht onder het 
aardoppervlak. Zeewater dat in contact komt met dit hete magma wordt verrijkt in allerlei 
elementen, waaronder ijzer en Mn. De verhoogde concentraties van Mn konden tot op grote 
afstand gevolgd worden als een pluim die uit een schoorsteen komt. Door in twee richtingen de 
intensiteit van de pluim te meten aan de hand van de concentraties van Mn, kon de 
stromingsrichting van het water in het diepe oceaanbekken worden afgeleid (hoofdstuk 4). 

In de Zuidelijke Oceaan zijn ook verhoogde concentraties van Mn en ijzer waargenomen bij 
een knooppunt van drie onderzeese bergruggen, de Bouvet driesprong (hoofdstuk 7). Ook hier 
lijken zich dus hydrothermale bronnen te bevinden en de pluim van Mn was zichtbaar tot ver in 
de diepe oceaanbekkens aan beide zijdes van de bergrug. In de Drake Passage zijn verhoogde 
concentraties van Mn waargenomen in een watermassa die uit de Stille Oceaan komt. Deze 
watermassa kan worden geïdentificeerd op basis van verhoogde δ3He waardes. De verhoogde 
δ3He waardes zijn afkomstig van hydrothermale bronnen in de Stille Oceaan. Deze 
hydrothermale bronnen zijn ook een bron van Mn. Er werd dan ook een relatie gevonden tussen 
de δ3He waardes en de concentraties van Mn. Dit toont aan dat zelfs als er geen (bekende) 
hydrothermale bronnen in de buurt zijn, de concentraties van Mn beïnvloed kunnen worden door 
hydrothermale bronnen die zich in een andere oceaan bevinden. 

Aanvoer van mangaan door rivieren 
In de Zuidelijke en Atlantische Oceaan werden geen aanwijzingen gevonden voor de aanvoer van 
Mn door rivieren, behalve vlakbij de zuidelijkste punt van Zuid-Amerika in de Drake Passage 
(hoofdstukken 5, 7, 8 en 10). In de Arctische Oceaan daarentegen, was aanvoer door rivieren de 
dominante bron van Mn naar het oppervlaktewater van de oceaan (hoofdstuk 4). Daardoor was er 
een verband tussen de relatief hoge concentraties van Mn in het oppervlaktewater met het 
zoutgehalte en het berekende PO4

* concept (hoofdstuk 4). Deze PO4
* waardes kunnen gebruikt 

worden om te achterhalen wat de oorsprong van het water is, bijvoorbeeld de Stille of Atlantische 
Oceaan, of uit een rivier. De tegengestelde relatie tussen Mn en het zoutgehalte wijst op aanvoer 
van Mn met zoeter water. Met behulp van deze twee indicatoren kon worden vastgesteld dat in 
het gehele gebied van de Arctische Oceaan dat bemonsterd is, rivieraanvoer van invloed was. 
Verder kon worden gezien dat het water in het oceaanbekken dat het dichtst bij de Stille Oceaan 
ligt (Makarov Basin) van zowel de Stille als de Atlantische Oceaan afkomstig was, terwijl het 
water in het bekken dat het dichtst bij de Atlantische Oceaan ligt (Eurasian Basin) voornamelijk 
van Atlantische herkomst was. Door het verband tussen Mn en het zoutgehalte te extrapoleren 
naar een zoutgehalte van nul kan een schatting gemaakt worden van de concentratie Mn in 
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rivierwater. Aangezien dit veel lager is dan daadwerkelijk waargenomen in rivierwater, kan 
worden bevestigd dat een groot gedeelte van het Mn dat wordt aangevoerd door de Arctische 
rivieren verwijderd wordt in de randzeeën en niet in de open oceaan terecht komt.  

Aanvoer van mangaan van het continentaal plat 
Verhoogde concentraties van Mn zijn gevonden in de randzeeën en over de continentale helling 
van de beide polaire oceanen, uitgezonderd bij de ijsrand aan het eind van het nul meridiaan 
transect (hoofdstukken 4, 5, 7, 8 en 10). De randzeeën bevinden zich boven het continentaal plat. 
Verhoogde concentraties van Mn in de buurt van het continentaal plat worden meestal 
veroorzaakt door opdwarrelend sediment en de afbraak van biologisch materiaal in het sediment. 
Door biologische afbraak in het sediment wordt zuurstof verbruikt waardoor reducerende 
omstandigheden ontstaan die bevorderlijk zijn voor het oplossen en mobiliseren van Mn en ijzer 
uit het sediment. Echter, de dikke Antarctische ijslaag (~200 m) bedekt het Antarctisch 
continentaal plat en een gedeelte van de continentale helling. Hierdoor komt er geen biologisch 
materiaal in het sediment van het continentaal plat waardoor er geen gunstige omstandigheden 
ontstaan voor het oplossen en mobiliseren van Mn en ijzer uit het sediment van het continentaal 
plat. Een kleine verhoging in de concentraties van Mn is gemeten dichtbij de continentale helling 
en dat duidt er op dat er door de stroming wel wat sediment opdwarrelt waarvan Mn oplost. 

In de Arctische Oceaan zijn vlak bij de continentale helling wel sterk verhoogde concentraties 
van Mn gemeten die overeenkwamen met verminderde lichttransmissie (= meer deeltjes in het 
water) (hoofdstuk 4). Dit duidt er op dat Mn en deeltjes vanuit de randzeeën naar de open oceaan 
getransporteerd worden. Echter, zowel de concentratie van Mn als de concentratie van de deeltjes 
wordt snel minder boven de continentale helling en bereiken het diepe oceaanbekken niet. De 
concentraties van Mn waren wel hoger in het gebied waar ook de concentraties van Al en barium 
hoger waren door de invloed van water dat uit de randzeeën naar het diepe oceaanbekken zinkt 
(zie resultaten aluminium hier boven). Ook in het diepe Weddell bekken in de Zuidelijke Oceaan 
waar dit proces van convectie plaatsvindt werden verhoogde concentraties Mn en Al gevonden. 
Voor de diepe Weddell Zee kon een flux van Mn met het zinken van water uit de randzee worden 
berekend (hoofdstuk 8). Dit duidt er op dat niet alleen het oppervlaktewater van de oceanen 
wordt beïnvloed door het continentaal plat, maar dat ook de diepe oceaanbekkens door deze bron 
van Mn beïnvloed worden.  

In het diepe deel van de zuidelijke Drake Passage werden ook verhoogde concentraties Mn 
waargenomen (hoofdstuk 10) die gerelateerd bleken te zijn aan de invoer van water uit het 
Weddell bekken. Het lijkt erop dat tijdens het transport van dit water langs de continentale 
helling van het Antarctisch schiereiland, sediment opdwarrelt waarvan Mn oplost. Naast dit 
proces wordt er misschien ook zinkend water uit de randzeeën meegevoerd. De verhoogde 
concentraties Mn in het diepe deel van de zuidelijke Drake Passage laten zien dat diepe 
oceaanbekkens ook door de continentale helling (en het continentaal plat) beïnvloedt kunnen 
worden, zelfs als er locaal geen water langs de continentale helling zinkt. 

Mn als indicator voor ijzeraanvoer 
Voor het oppervlaktewater van de Arctische Oceaan was rivieraanvoer de belangrijkste bron van 
Mn en ijzer (hoofdstuk 4). Deze gemeenschappelijke bron was zichtbaar in een relatie tussen de 
concentraties van ijzer en Mn (zie proefschrift M.B. Klunder). De aanvoer van Mn van het 
continentaal plat dat zichtbaar was in de Arctische en Zuidelijke Oceaan (hoofdstuk 4, 8 en 10), 
kwam overeen met de concentraties ijzer in dezelfde gebieden (zie proefschrift M.B. Klunder). 
Bovendien kwamen de verhoogde concentraties Mn door hydrothermale bronnen overeen met 
verhoogde concentraties ijzer (hoofdstuk 4 en 7). Behalve als indicator van ijzeraanvoer van het 
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continentaal plat of hydrothermale bronnen, kan Mn dus ook gebruikt worden als indicator van 
ijzeraanvoer uit rivieren. 

Biologische opname van mangaan 
Mn is een essentieel spoorelement dat in vele enzymen gebruikt wordt, met name in de 
fotosynthese. Onlangs is aangetoond dat Mn ook van belang is bij het afbreken van vrije 
radicalen in diatomeeën. Voornamelijk als er minder ijzer beschikbaar is en de fotosynthese 
minder efficiënt wordt, vormen zich meer vrije radicalen, en is Mn van belang als antioxidant om 
die radicalen snel af te breken (hoofdstukken 7, 8 en 9). Tot nog toe was de biologische opname 
van Mn niet waargenomen in de open oceaan. Door de verbeterde nauwkeurigheid van zowel de 
Mn metingen, als de metingen van fosfor en stikstof, kunnen nu de eerste directe waarnemingen 
van Mn-afname, in een constante verhouding met fosfor- en stikstof-opname door fytoplankton 
gerapporteerd worden in dit proefschrift (hoofdstuk 7 en 8). Hierdoor kan dus het Redfield 
concept van een uniforme stoichiometrie (verhoudingen van de elementen) in fytoplankton kan 
nu accuraat worden uitgebreid met Mn. De verlaging van de concentratie Mn samen met fosfor 
en stikstof in het oppervlaktewater van de Zuidelijke Oceaan is te onderscheiden door de bijna 
volledige afwezigheid van externe bronnen van Mn. Dit is niet het geval in ander oceanen waar 
de Mn-opname door fytoplankton meer dan gecompenseerd wordt door aanvoer van Mn. In de 
Zuidelijke Oceaan waar tot nog toe werd aangenomen dat de groei van fytoplankton wordt 
belemmerd door gebrek aan ijzer en licht, moet nu ook rekening gehouden worden met het 
essentiële spoorelement Mn. Dit heeft gevolgen voor de eventuele effectiviteit van 
ijzerbemesting, aangezien niet alleen ijzer maar ook Mn toegevoegd moet worden om de 
fytoplankton groei te bevorderen. Hoogstwaarschijnlijk houdt het hier echter niet op aangezien na 
toevoeging van ijzer en Mn waarschijnlijk een ander spoorelement de beperkende factor wordt. 
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