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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). 

Acknowledgements: The authors are grateful to the master, officers and crew of RV Melville 
and RV Polarstern for their excellent support during the SOFeX and the ANT XXIV/3 cruise, 
respectively. We thank B.S. Twining for permission to use his published results. This research 
was supported by International Polar Year grants 851.40.100 and 851.40.101 of the Netherlands 
Organisation for Scientific Research NWO.   

 
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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