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1. Summary 
 

The investigations carried out during this thesis research focused on the biological 
pump operative in two very contrasting areas, yet intimately linked towards the same goal. 
This objective is to estimate the role of these two environments in the global carbon cycle, 
notably assess their potential sink of atmospheric CO2 and the processes involved in this 
pump in the context of increasing atmospheric CO2. On the one hand, the work carried out 
in the North Sea contributes to the global assessment of the role of coastal seas in the 
carbon cycle, attempted by different international programs. On the other hand, the iron 
enrichment experiment carried out in the Southern Ocean together with the results of other 
iron enrichment experiments, allowed us to assess the role of Fe limitation in the biological 
utilization of DIC and major nutrients, and evaluate the ensuing uptake of CO2 from the 
atmosphere. 

 
The continental shelf pump of CO2 in the North Sea 

 
The hypothesis of a “continental shelf pump” for uptake of CO2 from the 

atmosphere with subsequent transport to the open ocean was assessed in a pilot study in the 
North Sea. The novel aspect of this work relies on the generation of a very comprehensive 
and accurate data set for the carbon dioxide system in the North Sea, based on four cruises 
of one month each, and carried out during four consecutive seasons. The major findings of 
this study allowed us to fulfill all the major scientific objectives elaborated in the project 
proposal. 
 

For carbon, a completely new field database was established. The North Sea was 
successfully covered during four seasons by an adapted 1º by 1º grid corresponding to 97 
stations. During late summer (Chapter 2), the bottom topography of the North Sea has a 
strong impact on the distributions of DIC and pCO2. The surface distributions of these two 
parameters showed a clear boundary located around 54°N. South of this boundary the DIC 
and pCO2 ranged from 2070 to 2130 µmol kg-1 and 290 to 490 ppm, respectively, whereas 
in the northern North Sea, values ranged between 1970 to 2070 µmol kg-1 and 190 to 350 
ppm, respectively. The vertical profiles measured in the two different areas showed that the 
vertical mixing regime of the water column was the major factor determining the surface 
distributions. The entirely mixed water column of the shallow southern North Sea was 
heterotrophic, whereas the surface layer of the stratified water column in the deeper 
northern North Sea was close to metabolic balance. During late summer, the southern North 
Sea acts as a source of CO2 for the atmosphere within a range of +0.8 to  
+1.7 mmol m-2 day-1, whereas the northern North Sea absorbs CO2 within a range of -2.4 to 
-3.8 mmol m-2 day-1. The North Sea as a whole acts as a sink of atmospheric CO2 of -1.5 to 
-2.2 mmol m-2 day-1 during late summer.  

The delineation of regions of coastal seas that may, or may not, show summer 
stratification, as a critical indicator if the shelf acts as a CO2 "pump" from the atmosphere, 
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is an important concept not previously highlighted in coastal seas. The North Sea is a 
unique open continental shelf where this can be shown. Here the large amount of data for 
the CO2 system acquired during this thesis has allowed us to compare efficiently the 
southern to the northern North Sea. A parallel exists with the water column properties 
observed in different outer estuaries. In stratified (microtidal) estuaries, the organic carbon 
produced by primary production can escape from the surface layer down across the 
pycnocline and the CO2 produced by degradation processes in the bottom is not readily 
available for exchange with the atmosphere (Borges, 2005). This is a similar process as in 
the northern North Sea and results in a sink of atmospheric CO2 in such outer estuaries. On 
the other hand, in permanently well-mixed (macrotidal) estuaries, the decoupling between 
production and degradation of organic matter does not occur across the water column 
(Borges, 2005). This is similar to the southern North Sea, and implies that these systems are 
sources of CO2 to the atmosphere or neutral, based on the data available to date. In open 
continental shelves and in outer estuaries, presence or absence of seasonal or permanent 
stratification appears to be a critical factor controlling air-water CO2 fluxes. 
 

The annual air-sea exchange of CO2 for the whole North Sea calculated in chapter 
3 was obtained from the ~22,000 surface measurement of pCO2 obtained for each season, 
during the four consecutive cruises carried out during this thesis, thus constituting one of 
the most accurate estimates of the net annual air-sea flux of CO2 for a coastal sea to date. 
As mentioned above, because of the absence of stratification during summer, the southern 
North Sea (south of 54 ºN) is an annual weak source of CO2 for the atmosphere with a flux 
of 0.2 mol C m-2 yr-1. The northern North Sea (situated between 54º and 61ºN) is a strong 
sink of CO2 for the atmosphere with a flux of 1.7 mol C m-2 yr-1. The North Sea as a whole 
is an annual sink of CO2 for the atmosphere and takes up 1.4 mol C m-2 yr-1, from which 
approximately 93% are then transported to the deeper layer of the North Atlantic Ocean. 
The overall North Sea thus acts as a highly efficient continental shelf pump for the 
absorption of CO2 from the atmosphere. 
 

In chapter 4, the seasonally resolved dataset of DIC, pCO2 and inorganic nutrients 
was interpolated per month, to assess the abiotic and biological processes governing the 
monthly variations of DIC. The North Sea's regional variability was accounted for by using 
the 15-box scheme as proposed by the International Council for the Exploration of the Seas 
(ICES) (ICES, 1983). In the surface layer of the northern and central North Sea, autotrophy 
governs DIC changes from February to July and most of the organic carbon produced 
during this period is transported down into the deep layer and respired, mainly from April 
to July. During the remainder of the year, lateral and vertical advection and air-sea 
exchange of CO2 govern the monthly DIC changes.  

In the shallow southern North Sea, the biological processes govern the DIC 
variations during the whole year, with predominant autotrophy from February to July and 
predominant heterotrophy from August to January. The complete CO2 system dataset 
allowed the first estimate of the Net Community Production based on inorganic carbon 
(NCPC) in the different regions of the North Sea and chapter 4 highlights the regional 
variability for NCPC. Taking into account this variability, an annual NCPC of  
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4.3 ± 0.4 mol C m-2 yr-1 was estimated in the surface layer of the North Sea (513,000 km2), 
which based on the latest estimate of Gross Primary Production (GPP) in the surface layer 
of the North Sea of 17.5 mol C m-2 yr-1 (Gazeau et al., 2004), accounts for 20 to 30% of the 
GPP. In this chapter 4, we also calculate for the whole North Sea the NCPN based instead 
on utilization of inorganic nitrate. This was more than twofold lower because of the 
apparent overconsumption of carbon relative to nitrate and phosphate occurring in the 
central and the northern North Sea. This demonstrates that previous approaches in the 
central or whole North Sea, by NCP based on inorganic nutrient, seriously underestimated 
the NCP. For the whole North Sea as defined by ICES (513,000 km2), the annual NCPC is  
-0.10 ± 0.02 mol C m-2 yr-1. This system is close to metabolic balance, predominantly 
heterotrophic, although it is a rather strong sink for atmospheric CO2 as shown in chapter 3. 
 

In chapter 5, a one box carbon budget has been established for the North Sea. This 
shows that the gross carbon budget is dominated by the exchange across the northern North 
Sea; the Atlantic Ocean supplying more than 98% of the carbon, mostly as DIC but also as 
DOC. The net carbon budget is dominated by the carbon inputs from the atmosphere, the 
Baltic Sea and rivers, which represent 29%, 40% and 31%, respectively, of the overall 
enrichment of the carbon content of the North Sea waters. The total enrichment is  
2.73 1012 mol C yr-1, which is approximately 2% of the initial carbon content. Dividing 
latter total carbon pool into an inorganic and organic pool, the inorganic pool is also 
increased by “internal” conversion of DOC to DIC as also discussed in chapter 3. This 
increase in DIC due to the internal conversion of DOC is in the same proportions as the 
DIC increase due to uptake of atmospheric CO2. The one box carbon budget made in 
chapter 5 includes the Skagerrak area where community respiration exceeds gross primary 
production in the deep water column (Gazeau et al., 2004). The then 575,300 km2 covered 
by the North Sea is a sink for organic carbon of -0.50 ± 0.2 mol C m-2 yr-1, and thus can be 
characterized as a heterotrophic system. 

The NCPC estimates taking into account the regional variability of the North Sea 
proper (ICES area of 513,000 km2) in Chapter 4 and the one-box full carbon budget 
estimates for the North Sea including Skagerrak (area of 575,300 km2) in Chapter 5, show 
that these different areas are respectively, close to metabolism balance and heterotrophic. 
However, chapter 3 shows that these two areas are strong sink for atmospheric CO2, which 
confirms that the CO2 air-sea fluxes cannot be considered as a reliable indicator of the 
trophic state of an ecosystem. 

 
 

In-situ iron enrichment in the Southern Ocean 
 

The EisenEx experiment, demonstrated that iron is a limiting nutrient for 
phytoplankton growth in the Southern Ocean (Gervais et al., 2002). During this experiment, 
we managed to follow the evolution of DIC and inorganic nutrients under stormy spring 
conditions (chapter 6). The uptake of CO2 and inorganic nutrients and the algal growth 
signal were well correlated, confirming that the biological pump was responsible for the 
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decrease in CO2 in the surface waters of the patch compared to the outside control stations. 
We observed an uptake of CO2 within five days after the first Fe-addition. This uptake was 
strongly influenced by the changes in mixed layer depth due to the succession of storms and 
calm weather during the experiment. A maximum uptake of DIC of 15 μmol kg-1 in a 
mixed layer of 80 meters depth occurred 20 days after the first Fe-infusion, and was 
concomitant with a maximum uptake of fCO2 of 23 µatm and an increase in pH of 0.025 
units. A similar uptake of silicate was observed inside and outside the patch. Since silicate 
consumption by diatoms growing under Fe-depleted conditions is higher than for diatoms 
growing under Fe-replete conditions (Takeda, 1998; Brzezinski et al., 2003; Timmermans 
et al., 2004, their Table 2), the presence of diatoms outside the patch is likely to be 
responsible for the substantial silicate uptake outside the patch. In the surface waters of the 
patch, we found values of 82, 5.9, 12, 2.9, and 0.5 for the ratios C/P, C/N, N/P, C/Si and 
N/Si, respectively. These values are in good agreement with values reported previously for 
diatom blooms in the Southern Ocean (Fanning, 1992; De Baar et al., 1997). Diatoms 
produce a large quantity of lipid material, which results in lower C/P and C/N ratios 
(Takahashi et al., 1985; Hedges et al., 2002) than the classical Redfield proportions. 
Further, under Fe-replete conditions, diatoms will consume more nitrate and less silicate 
than under Fe-deplete condition (Franck et al., 2003; Timmermans et al., 2004), thus 
resulting in a higher N/Si ratio in the surface water of the patch observed during EisenEx. 
Moreover, the sudden availability of iron in surface waters rich in major inorganic nutrients 
might have created a state of luxury consumption, as suggested by Droop (1973). The 
above low ratios calculated were attributed to such a state of luxury consumption in 
combination with the high growth of diatoms. 

 
A preliminary computation of the overall consumption of carbon within the patch 

based on the DIC data set was attempted in chapter 6. In spite of the relatively modest 
observed changes in DIC, once integrated for the whole patch, these changes were 
equivalent to a significant uptake of 1.1 × 109 mol C after 20 days. We argued that the total 
C-uptake for the whole patch was larger than during previous Fe-fertilization experiments 
because of the large horizontal dispersion of the patch and the deep mixed layer in which 
the DIC uptake was observed. However, in collaboration with our colleagues from the 
different institutes involved in the EisenEx experiment, a more recent C-uptake budget 
based on the fCO2 and SF6 finalized dataset has been established for EisenEx (Chapter 7). 
The use of the finalized SF6 dataset for this approach allowed us to evaluate the impact of 
the horizontal dispersion on the changes in DIC and thus establish a more accurate budget 
for the whole iron enriched patch. We compared it to the one of the SOIREE experiment 
calculated with a similar approach (Chapter 7). The iron-enriched waters in EixenEx 
absorbed four times more atmospheric CO2 than in SOIREE between days 5 and 12, as a 
result of stronger winds enhancing the transfer coefficient for air-sea gas exchange. Since 
the SOIREE bloom was followed for only 13 days, results from the two experiments were 
compared on day 12. The total biological uptake of inorganic carbon across the patch was 
1389 ton C (±10%) in SOIREE and 1433 ton C (±27%) in EixenEx after 12 days. In 
chapter 7 we argue that this similarity probably reflects the comparable size of the iron 
additions, as well as algal growth at a similar near maximum growth rate in these regions. 
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The findings imply that the overall larger patch size due to stronger mixing regime (both 
vertical and lateral) of EisenEx versus SOIREE, leads to similar overall biological carbon 
uptake 13 days after the iron-enriched waters. On the other hand, for EisenEx the 
preliminary C-uptake budget of 13 ×103 ton C across the patch after 20 days calculated in 
chapter 6 exceeds by a factor four the one calculated in chapter 7 (2840 ton C) after 18 
days. This demonstrates how difficult it is to quantify the short-term biological carbon 
uptake upon iron fertilisation during an intensive field campaign. 
 
2. Perspectives 

 
Coastal seas: Sink or source of CO2 for the atmosphere? 

 
In the first Land-Ocean Interaction in the Coastal Zone (LOICZ) report in 1995 

(Kempe, 1995), Kempe concluded that the scientific community could not yet answer the 
question: “Do coastal seas act as source or sink of CO2 for the atmosphere?”. Since then, 
numerous studies have been carried out in many coastal seas of the world in order to 
answer this question (see Borges (2005) for overview). Our high spatial resolution study 
allowed derivation of one of the most accurate estimates of the net annual air-sea flux of 
CO2 for a coastal sea to date. Several other investigations with sufficient spatial and 
temporal coverage demonstrated that open continental shelves such as the Barents Sea 
(Kaltin et al., 2002), Baltic Sea (Thomas and Schneider, 1999; Kuss et al., 2004) Gulf of 
Biscay (Frankignoulle and Borges, 2001) and the Marginal Seas of the Pacific Ocean (Chen 
et al., 2004a) absorb atmospheric CO2. Moreover, all these coastal seas had an average 
uptake of CO2 in the same range as the flux calculated in this thesis for the North Sea. It is 
common practice to place a regional study in wider or global context. An extrapolation of 
the flux calculated in chapter 3 for the North Sea to the 25.2×106 km2 of continental 
margins, suggests that coastal seas would have a net CO2 uptake of 0.4 Pg C year-1, which 
is on the order of 20% of the global ocean’s net annual uptake of anthropogenic CO2  
(1.95 Pg C year-1 based on the cumulate uptake for the 1980-1999 period reported by 
Sabine et al. (2004). Similar global extrapolations have been made from direct pCO2 
measurement in the East China Sea and Gulf of Biscay (Tsunogai et al., 1999; 
Frankignoulle and Borges, 2001) and demonstrated a net annual uptake of atmospheric CO2 
and transport into the open ocean and provided strong support for the continental shelf CO2 
pump hypothesis.  

Modelling studies suggest that the pump of CO2 in open shelves would nowadays 
account for a net uptake of 0.6 Gt C yr-1 (Yool and Fasham, 2001), whereas the shelves 
were a source of CO2 before the industrial revolution (Andersson and Mackenzie, 2004). In 
his latest assessment of the global carbon cycle, Chen (2004b) concluded, based on the 
overall direct pCO2 measurement and mass balance approach, that taken together 
continental shelves are significant sinks for atmospheric CO2, absorbing 0.36 Pg C yr-1. 

The increasing number of data in different coastal areas have made possible robust 
extrapolations for the entire coastal zone and has allowed the scientific community to 



Summary and perspectives 

 197 

attempt answering the question formulated by Kempe (1995). The first goal of global 
extrapolations, and notably the one attempted in this thesis, is to yield robust estimates, in 
this case for the air-sea exchange of CO2 in the coastal ocean, based on robust dataset and 
in agreement with the latest findings in the literature. The second goal of such 
extrapolations is also to point out significant results in order to stimulate the debate in the 
scientific community. The findings of this thesis together with others investigations (Walsh, 
1991; Frankignoulle and Borges, 2001; Chen, 2004b; Ducklow and McCallister, 2005) 
have pointed out the significance of the coastal ocean, a biogeochemically highly active 
region of the biosphere, in the global CO2 cycle. The aim of the worldwide scientific 
community involved in the investigations of the CO2 cycle in the coastal ocean is to refine 
these extrapolations. The LOICZ was conceived to lead to a better understanding of the 
biogeochemical fluxes across the continental margins and coordinates the investigations of 
scientific groups working on different coastal ecosystems, thus resulting in numerous and 
frequent new findings. Recent investigations have demonstrated that, some coastal seas act 
as source of CO2 to the atmosphere in a range of 1.0 to 2.5 mol C m-2 yr-1 (Cai et al., 2003; 
Borges, 2005; Zhai et al., 2005). Since then, the global extrapolation of a continental shelf 
pump has been discussed and some authors agued that the diversity and geographic 
situation of the coastal seas should be taken into account.  

Recently, Borges (2005) compiled the annually integrated air-water CO2 flux data 
in 44 coastal environments in order to answer the question: “Do we have enough pieces of 
the jigsaw to integrate CO2 fluxes in the Coastal Ocean?”. This study can be considered as 
the most complete evaluation of the CO2 air-sea exchange in the coastal ocean to date, to 
which the North Sea study presented in this thesis contributes significantly. Borges (2005) 
argues that a rigorous up-scaling of air-water CO2 fluxes in the coastal ocean is hampered 
by the poorly constrained estimate of the surface area of inner estuaries. Borges (2005) 
therefore considers two estimates, one excluding the estuaries and salt marshes, and a 
second one, which includes these ecosystems in the calculation. The first estimate, 
corresponds to an area of approximately 25×106 km2 similar to the one used in the 
extrapolation presented in the chapter 3 of this thesis. Considering this area, the air to sea 
CO2 flux in coastal ocean would be 0.37 Pg C yr-1 and would increase the oceanic uptake of 
1.56 Pg C yr-1 calculated by (Takahashi et al., 2002) by 24%. This in good agreement with 
the extrapolation discussed in chapter 3 and above. In fact, when excluding the estuaries 
and marshes from the calculation the open shelves situated between 30º and 60º such as the 
North Sea, are mainly responsible for the absorption of CO2 in coastal ocean with an air to 
sea CO2 flux of 0.31 Pg C yr-1. Moreover, open shelves situated between 60º and 90º absorb 
0.16 Pg C yr-1, whereas the open shelves between 30ºN and 30ºS have recently been 
reported to be a net source of CO2 for the atmosphere, but responsible for a very small air to 
sea flux of 0.03 Pg C yr-1 for the area. 

It appears nowadays evident that the coastal ocean, excluding estuaries and salt 
marshes, is a sink of CO2 for the atmosphere since all latest and most robust estimates 
indicate a consistent pattern and a flux of 0.3 to 0.4 Pg C yr-1. As mentioned by Borges 
(2005), the inclusion of estuaries leads to a reversal of the direction of air-water CO2 fluxes 
in the coastal ocean and it appears critical to evaluate the surface area of inner and outer 
estuaries. 
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Iron Fertilization: Does it accelerate the ocean biological pump of CO2? 
 

While contributing to a global estimate of the air-sea CO2 fluxes in the coastal 
North Sea, this thesis also aimed at testing the Fe limitation hypothesis of the Southern 
Ocean by an in situ Fe fertilization experiment. The Southern Ocean is among the major 
HNLC regions, together with the equatorial and subArctic Pacific Ocean constituting some 
40% of the open oceans. The major results concerning the CO2 system for the EisenEx 
experiment in which we took part in October-November 2000 have been detailed in 
chapters 6 and 7 and compared with the results from the SOIREE experiment previously 
carried out in the Southern Ocean and with the two pioneering experiments IronEx-1 and 
IronEx-2 carried out in the equatorial Pacific. Several more experiments have been carried 
out after the EisenEx experiment, starting by the Subarctic Pacific Iron Experiment for 
Ecosystem Dynamics Study (SEEDS) during summer 2001 (Tsuda et al., 2003). This was 
followed by the Southern Ocean Fe Experiment (SOFeX) in January –February 2002, 
during which two fertilizations were made in a north and south patch (Coale et al., 2004). 
During summer of the same year (July 2002), the Subarctic Ecosystem Response to Iron 
Enrichment Study (SERIES) was conducted at ocean station Papa (Boyd et al., 2004). 
Finally, the very recent Eifex experiment (2004) has been carried out in the Southern Ocean 
but results are not yet published. Here, I put in perspective the major conclusions from 
EisenEx presented in chapters 6 and 7 with the major findings from the latest Fe-
fertilisations.  
 

Implications of Fe-enrichment experiment. Overall, the experiments have three 
implications. Firstly they have shown that iron, as well as light, are the crucial co-
limitations of these HNLC regions in the modern ocean. Secondly, in the ~420,000 years 
Vostok ice core record of glacial/interglacial oscillations, the glacial maxima of Fe dust 
input into the Antarctic region may, by enhancement of CO2 utilization by algae, partly 
account for the glacial minima of atmospheric CO2. Thirdly, it has been suggested that 
intentional large scale iron fertilization may, similarly, be an option for mitigation of 
anthropogenic CO2, hence avoid the risk of future global warming. 
 

1) Limitation of HNLC regions in the modern ocean - From the combination of 8 
experiments it was demonstrated that the depth of the Wind Mixed Layer (WML), in 
regulating light availability, is the major factor controlling photosynthesis and therefore 
CO2 uptake in the High Nutrient Low Chlorophyll (HNLC) regions of the ocean (de Baar et 
al., 2005). In that respect, as highlighted in chapters 6 and 7 of this thesis, the EisenEx 
experiment was conducted in the least favorable conditions with deep and variable WML 
with a maximum of 100 meters at the end of the experiment, thus resulting in a 
predominant light-limitation during this experiment. As a comparison, the other extreme 
case would be the SEEDS experiment, conducted in very calm weather and favorable 
conditions, which allowed a virtually complete removal of nitrate and silicate and uptake on 
day 13 accompanied by record decreases in fCO2 (94 µatm) and DIC (61 mmol m-3) in a  
10 meters WML on the final day 13.  
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As mentioned (de Baar et al., 2005), a detailed comparison of carbon budgets 
among the 8 Fe experiments would be desirable, but the designs, implementations, weather 
conditions and actual evolution of these experiments have been quite different. Patch 
dilution has notably varied greatly and efforts to quantify this using the SF6 tracer have 
proven difficult. This also explains why a preliminary C-uptake budget has been attempted 
in chapter 6 before the patch dilution could be quantified more precisely using the SF6 
tracer (chapter 7). Thus, the C budgeting efforts for various experiments have used different 
approaches. This makes the comparison difficult and yields different estimates depending 
on the assumptions made for the patch dilution, the depth of the WML in the edge of the 
patch and the observed DIC drawdown in the WML, as highlighted in chapter 7 by the 
comparison of the two budgets made in this thesis for EisenEx. The uncertainty in the 
values becomes even larger if proxies such as chlorophyll are used for estimating carbon 
uptake. Accurate quantification of carbon export is even more demanding (Gnanadesikan et 
al., 2003). 

For EisenEx an effort has been made to evaluate the export of organic carbon into 
deeper waters (Riebesell et al., pers. comm.), by difference from the changes actually 
measured, larger terms in the budget. However, with export being only a small fraction of 
primary production and the changes in DIC and POC, and given the difficulty in assessing 
DOC and its changes, the calculated export signals hardly exceed the noise of the overall 
budget. For the SOFeX-north patch, the export of carbon as particles settling into deeper 
layers was determined to be significant by the 234Th deficiency technique, but modest with 
respect to regular estimates in the region (Buesseler et al., 2004). The difficulty in 
determining deep carbon storage upon iron fertilization and the low efficiency of carbon 
export are fundamental obstacles for quantification of the net carbon storage.  

As seen in chapters 6 and 7 of this thesis, the Antarctic Ocean is least favorable 
due to greater WML depths. However, only the Antarctic Ocean would yield long term CO2 
storage in deep waters by sinking of intermediate waters near the Subantarctic Front 
(Caldeira and Duffy, 2000; Bakker, 2004; Sabine et al., 2004). The Antarctic summation of 
SOIREE, EisenEx and SOFeX-South in high silicate high nitrate Antarctic waters yields an 
efficiency DIC/Fe = 4,347 (de Baar et al., 2005) and hinges largely on the most robust 
estimates presented in chapter 7 of this thesis. Assuming a 20% C-export (10% of primary 
production, the latter is twice the DIC removal), this would yield a C/Fe = 870 ratio for 
maximum conceivable uptake of CO2 from the atmosphere (De Baar et al., 2005). 
Alternatively, a more favorable C export of C/Fe = 3,257 has been reported for SOFeX-
South in austral summer (Buesseler et al., 2004). 
 

2) Iron fertilization in the southern Ocean during the Last Glacial Maxima  
(LGM )- The implications of above DIC/Fe ratio values for the last deglaciation (17,000-
11,000 y BP) are reported in detailed elsewhere (de Baar et al., in prep). Briefly, during the 
Last Glacial Maximum (LGM) the Fe dust input into the Antarctic region was 11-fold the 
modern dust flux (Edwards et al., 1998). After this dust flux terminated, the atmospheric 
CO2 has risen initially with 80 µatm and eventually with 90 µatm to the pre-industrial value 
of 280 µatm. Taking an export efficiency C/Fe = 870 combined with a factor 10 in Fe dust 
flux, 30% wet deposition of which 14% dissolves, and a 3 month austral summer growth 
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season, yields an Fe fertilization effect which can account for only 0.5% of the observed 
rise of atmospheric CO2. Taking the more favourable export ratio C/Fe=3257 after 
Buesseler et al. (2004), the Fe effect would be higher but still only 2% of the observed rate 
of atmospheric CO2 increase. Hence, due to the low C/Fe efficiencies in the Antarctic 
Ocean, the termination of Fe dust input into the Antarctic region after the LGM may 
account for only 0.5% to 2% of the observed initial ~80 µtm rise of atmospheric CO2 in the 
ice core record. 
 

3) Intentional fertilization for mitigation of anthropogenic CO2 - Extrapolation of 
the above export efficiency C/Fe = 870 to the current anthropogenic fossil fuel CO2 
emission rate of about 6.6 Petagram C per year (0.55 1015 mol C yr-1) (Sabine et al., 2004) 
would lead to a required Fe fertilization of 3×1012 mol yr-1 or 35×109 kg yr-1, i.e. 35 million 
tons Fe per year. This is 37-fold more Fe than originally hypothesized (i.e. ~2.2-fold 
430,000 tons Fe to remove 3 PgC yr-1, (Martin, 1990)). Alternatively, extrapolation of the 
most favourable C export of C/Fe = 3,257 for only SOFeX-South in austral summer 
(Buesseler et al., 2004) to the fossil fuel CO2 emission rate would yield a lower required Fe 
fertilization of 0.17×1012 mol yr-1 or 9.3×109 kg yr-1. This is 9.3 million tons Fe per year, or 
10-fold than originally hypothesized (Martin, 1990). Considering the cost of large scale Fe 
fertilization and the very low C/Fe efficiency, it is evident that continuous large scale Fe 
fertilization is not economically an option to reduce the atmospheric CO2 concentration. 
Moreover accountability of the exact deep ocean storage of CO2 is very poor. 

From an environmental point of view, large scale Fe fertilization may have 
potential side effects that could even more alter the efficiency of such experiments. The 
increases in algal growth, carbon export, and remineralisation upon iron addition, would 
upon carbon export and sub-surface respiration, reduce oxygen levels in subsurface waters. 
Long-term or large-scale fertilization could create conditions with zero oxygen 
concentration (‘anoxic conditions”) at intermediate depth (Fuhrman and Capone, 1991; 
Sarmiento and Orr, 1991). In the modern ocean, the greenhouse gases nitrous oxide (N2O) 
and methane, (CH4), which, per molecule, are 275 and 62 times more potent greenhouse 
gases than CO2 over a 20-year time scale (IPCC, 2001) are produced in anoxic regions. 
Low oxygen levels and anoxic conditions upon iron fertilization are likely to promote 
production of nitrous oxide and methane. In terms of greenhouse gas warming potential for 
these given gases, the negative effects of N2O and CH4 release to the atmosphere would 
counteract and possibly outweigh the benefits of the atmospheric CO2 sequestration from 
iron addition (Fuhrman and Capone, 1991; Jin and Gruber, 2003). Iron fertilization may 
also modify the marine production of important gases, such as dimethylsulphide (DMS), 
halocarbons, and alkyl nitrates. Changes in the marine source of these gases following iron 
fertilization could have feedbacks on atmospheric chemistry and global climate (Fuhrman 
and Capone, 1991; Lawrence, 2002). Iron has a wide range of observed and potential side 
effects. These effects require further study before any Large-scale scheme is undertaken. 

Taking into account the low efficiency of Fe fertilization in exporting carbon to 
deeper layer of the ocean, the side effects of such approach, and the ambiguity in 
quantifying the net export preventing accountable CO2 credits bookkeeping, other venues 
are advisable. Thus, other approaches for mitigation would have to be considered, such as 
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direct injections of CO2 in the deep ocean (Brewer, 2004) or engineering CO2 sinks on land 
(Smith, 2004). However, rather than mitigation by seeking speculative storage modes, it 
would appear more feasible and economical to reduce CO2 emissions. The more obvious 
and by far most economical approach would be to improve fuel economy. 
 
3. Recommendations for future research 
 

Analytical techniques 
 

During this thesis research, the DIC measurements have been performed by the 
coulometric technique. Although the accuracy and precision of this technique have been 
particularly satisfactory and allowed us to acquire a very large dataset for this parameter, 
some improvement could be made. Thus, the time necessary per sample is ~ 7 minutes  
(~ 25 minutes for 3 replicates) and the machine requires constant attention from the analyst. 
Although reducing the measurement time for each sample seems difficult for the 
coulometric technique, developments towards a more automated technique would be 
necessary and would facilitate the work of the analyst. Very recently, developments 
towards faster analytical technique for the measurement of DIC have been published 
(Kaltin et al., 2005). These authors present a technique based on continuous gas extraction 
of acidified seawater that is pumped through an extraction chamber at a constant flow rate 
and a determination with a NDIR gas analyzer. This method allows 12 measurements per 
hour with similar accuracy and precision as the coulometric technique. Moreover, our 
laboratory has recently acquired a new extractor unit, which allows the determination of 
alkalinity and dissolved inorganic carbon from the same sample in parallel. In the future, 
these development of new methods will massively help the scientific community to acquire 
comprehensive data set for the carbon dioxide system with improve spatial and temporal 
resolution. 
 

CO2 in coastal seas 
 

The large dataset acquired for the carbon system and related parameters in the 
North Sea during this thesis together with numerous other investigations in the coastal seas 
worldwide have been a major advancement for the assessment of the CO2 air-sea exchange 
in the coastal ocean. However at a global scale, data on the coastal CO2 system are still 
sparse for the lower latitude regions. Moreover, future research should concentrate on 
constraining air-ice CO2 fluxes, which are currently assumed to be zero (Borges, 2005). 
The evaluation of the inter-annual variability of air-water CO2 fluxes in coastal ecosystems 
in relation to El Niño-Southern Oscillation (ENSO) or North Atlantic Oscillation (NAO) 
will surely constitute one of the major tasks in future research. This will require a 
tremendous effort as for the shiptime and sampling, in that sense, the development of faster 
techniques to measure the CO2 system parameters will be very helpful. Finally, recent 
efforts to acquire datasets for the CO2 system in the coastal seas have been complemented 



Chapter 8 

 202

by the development of models, which are able to account for the high variability for the 
CO2 system in coastal environments, notably in the North Sea (Gypens et al., 2004, Elkalay 
et al., 2005). The future improvement of these models will furthermore allow to assess the 
temporal variability of the coastal CO2 air-sea fluxes as well as to implement the CO2 air-
sea fluxes in Global Circulation Models. 

 
Iron fertilization experiments 

 
The fertilisation experiments have allowed the scientific community to verify the 

observations made in bottles incubation and have led to significant results concerning the 
drivers and internal mechanisms of the plankton physiology and the associated CO2 uptake. 
Indeed, the results obtained for the C utilization and storage efficiencies will now be used 
in ecosystem simulation models for HNLC regions in the present and past oceans. In this 
thesis, evidence has been provided that quantification of overall carbon uptake is difficult 
(chapters 6 versus 7). Advancements in the tracer techniques and budgeting the carbon 
export are necessary before attempting any large scale Fe-enrichment experiment. This 
would rely on more intensive sampling. Similar problems exists with the addition, 
budgeting, and fate of the iron fertilizer as discussed elsewhere (de Baar et al., 2005). 




