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Chapter 5 
 
Aluminium, Iron and Manganese show 
more, less and no relation with the Silicon 
cycle in the North East Atlantic Ocean 
 
Abstract: 
The dissolved trace elements Aluminium (Al), Iron (Fe) and Manganese (Mn) and major 
nutrients Silicate (Si) and Nitrogen oxides (NO2 + NO3) were measured simultaneously at 
GEOTRACES station in the North East Atlantic Ocean. For Al two more stations were sampled 
along a transect to the north. The vertical profiles of all three trace metals agree well with 
previously reported data in the same region. The concentration of dissolved Al in the surface 
ocean increased along the transect in a southward direction, most likely due to closer proximity to 
the Saharan dust source. A maximum of Al was observed that corresponded with the core of the 
Mediterranean Overflow Water (MOW). The maxima of Al, salinity and potential temperature 
associated with the MOW increased when approaching the source of latter MOW at the Gibraltar 
Strait. The concentrations of dissolved Al correlated well with the concentrations of Si above and 
below the MOW but not within the MOW. For Fe the first ever open ocean correlation was 
observed with Si. This correlation was observed above and below the MOW and indicates that 
more than 60% of the remineralised Fe is removed from the water column. Both Al and Fe 
appeared to be relatively enriched with respect to Silicate in the upper water column above the 
MOW. The concentrations of dissolved Mn were not correlated with Si as they showed a distinct 
surface maximum and decreasing concentrations with depth. Assuming that the enriched 
concentrations of Al, Fe and Mn in the upper water column all three come from a common 
source, then this source most likely is direct local atmospheric dust input. Although scavenging is 
an important process for both Mn and Fe, we suggest that Fe is more vulnerable to scavenging in 
the MOW. The concentrations of Al in the MOW are most likely controlled by mixing. The Al-Si 
and Fe-Si relations in the North Atlantic Deep Water suggest a fractionation of metal-nutrient 
ratio’s with the aging of biogenic particles. For the deepest water mass, Low Deep Water, the 
observed low concentrations of Fe and Mn can be attributed to the influence of Antarctic Bottom 
Water. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

 

 

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

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

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

 

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

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

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

The concentration of dissolved Al is plotted 
versus the potential temperature (Figure 6) and 
versus the concentration of dissolved silicate 
(Figure 7). This shows that the concentration 
of Al is related to both the nutrient silicate and 
the water mass hydrography. The expected 
relationship of Al versus silicate is somewhat 
obscured in the MOW. However, when 
disregarding the MOW and subsequently 
plotting Al versus Si for the upper water 
column until 600 m depth (SML and NACW) 
and the deep water column from 2000 to 4000 
m (NADW), two very clear yet distinct linear 
correlations were found (Figure 7). In the 
upper 600 m the slope of the correlation was 
relatively steep ([Al][nM]=1.9[Si][μM]+4.9 
with R2=0.97 n= 36 and P<0.0001), indicating 
this part of the water column was relatively 
enriched in Al. In the water column below 
2000 m (NADW), the slope of the Al-Si 
relation was significantly (P<0.001; 2-tailed t-
test) less steep ([Al][nM]=0.3 [Si][μM]+11.3 
with R2=0.92 n=20 and P<0.0001). The deep 
(> 2000 m) data points are grouped more 
closely compared to the upper water column, 
due to the greater depth intervals sampled in 
combination with the smaller vertical gradients 
in the deeper water column. 
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Figure 8a Profile of the concentrations of 
dissolved Mn (nM) versus depth (m) of station 14, 
cast 20. Average standard deviation of triplicate 
analysis was <2%. 
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Figure 8b Profiles of the concentrations of 
dissolved Mn (nM) versus depth (m) presented in 
this Chapter (open circles), Saager et al. 1997 
(closed squares) and Landing et al. 1995 (closed 
stars). Error bars represent standard deviation 
between different labs participating in the IOC 
intercomparison for trace metals (Landing et al., 
1995). 
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The profile of dissolved Mn (Figure 8a) is a typical Mn profile with a distinct maximum in the 
surface waters and consistent with reported profiles from the North East Atlantic Ocean (Saager 
et al. 1997; Statham et al., 1985) and the North Atlantic Ocean in general (Bruland and Franks, 
1983; Jickells and Burton, 1988; Landing et al., 1995). Concentrations of Mn were highly 
elevated in the upper surface with values over 1.1 nM and then dropped sharply to about 0.2 nM 
Mn at 200 m. Below this steep decrease, the 
concentrations of Mn decreased slowly with 
depth to about 90 pM at 5000 m depth in the 
LDW. In the MOW water there was a slight Mn 
maximum visible, but this was not very 
pronounced. No correlation was observed 
between the concentrations of Mn and Si. 

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

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

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

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

 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

5.4.4. Metal-Si relations 
Both the concentrations of Al and Fe appeared to be coupled to the cycling of the nutrient Si as 
they show a relation in the SML + NACW and NADW. The slope of ~2·10-3 (mol/mol) of the Al-
Si relation in the waters of the NACW is deemed consistent with the concept of diatoms in the 
surface waters accumulating Al and Si in that same ratio (Middag et al., 2009; Chapter 3). Upon 
export of diatom particles into underlying subsurface waters the siliceous diatom frustules 
dissolve with the same ratio, thus imprinting the Al:Si ratio of biogenic silica in the dissolved 
Al/Si ratio. Also the concentrations of Fe increased with depth in synchrony with the increasing 
concentrations of Si. This implies the Fe taken up by the phytoplankton in the surface layer gets 
remineralised along with the Al and Si in the subsurface NACW. Sarthou et al. (2005) reported a 
Si:C ratio of 0.11 for diatoms, which is in accordance with values reported by Brown et al. (2006) 
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for biogenic particles in the North Atlantic. With this value and a C:Fe ratio of 28·103 for diatoms 
(Sarthou et al., 2005), a Fe:Si ratio of 0.32·10-3 can be calculated. This is over three times more 
than the Fe/Si ratio derived from the slope of the Fe-Si relation (~0.09·10-3). The ratio derived 
from the slope is an overestimation for the Fe:Si ratio of the diatom community as also Fe from 
phytoplankton other than diatoms remineralises. This implies that by first order estimate, at least 
70% of the remineralised Fe will be removed from the water column whereas the Si remains in 
solution. The mechanism for this removal may be aggregation of dissolved iron and subsequent 
sinking. The strong increase of dissolvable (unfiltered) iron concentrations with depth (see text 
section 5.4.3) (Thuróczy et al., under revision) confirms this theory of aggregation.  

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

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

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