
 

 

 University of Groningen

Dissolved aluminium and manganese in the polar oceans
Middag, Rob

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2010

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Middag, R. (2010). Dissolved aluminium and manganese in the polar oceans. [Thesis fully internal (DIV),
University of Groningen]. [s.n.].

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/06f31a90-6422-4bf9-a1dc-5ee9a3ccbc29


9 
 

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. 
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