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Abstract

Dissolved Fe, Mn and Al concentrations (dFe, dMn and dAl hereafter) in surface waters and the water column of the Northeast
Atlantic and the European continental shelf are reported. Following an episode of enhanced Saharan dust inputs over the Northeast
Atlantic Ocean prior and during the cruise in March 1998, surface concentrations were enhanced up to 4 nmol L−1 dFe, 3 nmol L−1

dMn and 40 nmol L−1 dAl and returned to 0.6 nmol L−1 dFe, 0.5 nmol L−1 dMn and 10 nmol L−1 dAl towards the end of the cruise
three weeks later. A simple steady state model (MADCOW, [Measures, C.I., Brown, E.T., 1996. Estimating dust input to the Atlantic
Ocean using surface water aluminium concentrations. In: Guerzoni. S. and Chester. R. (Eds.), The impact of desert dust across the
Mediterranean, Kluwer Academic Publishers, The Netherlands, pp. 301–311.]) was usedwhich relies on surface ocean dAl as a proxy
for atmospheric deposition of mineral dust. We estimated dust input at 1.8 g m−2 yr−1 (range 1.0–2.9 g m−2 yr−1) and fluxes of
dFe, dMn and dAl were inferred. Mixed layer steady state residence times for dissolved metals were estimated at 1.3 yr for dFe
(range 0.3–2.9 yr) and 1.9 yr for dMn (range 1.0–3.8 yr). The dFe residence time may have been overestimated and it is shown
that 0.2–0.4 yr is probably more realistic. Using vertical dFe versus Apparent Oxygen Utilization (AOU) relationships as well as
a biogeochemical two end member mixing model, regenerative Fe:C ratios were estimated respectively to be 20±6 and 22±5 μmol
Fe:mol C. Combining the atmospheric flux of dFe to the upper water column with the latter Fe:C ratio, a ‘new iron’ supported primary
productivity of only 15% (range 7%–56%) was deduced. This would imply that 85% (range 44–93%) of primary productivity could
be supported by regenerated dFe. The open ocean surface data suggest that the continental shelf is probably not a major source of
dissolved metals to the surface of the adjacent open ocean. Continental shelf concentrations of dMn, dFe, and to a lesser extent dAl,
were well correlated with salinity and express mixing of a fresher continental end member with Atlantic Ocean water flowing onto the
shelf. This means probably that diffusive benthic fluxes did not play a major role at the time of the cruise.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Iron and manganese are well known to be essential
trace nutrients to marine phytoplankton, playing a key
role as enzymatic cofactors in cell metabolism, e.g. N2

fixation, nitrate assimilation and photosynthesis. Alu-
minium has so far not been shown to have a biological
function, but its association to phytoplankton has been
observed, either by incorporation into diatom frustules
or by surface adsorption (e.g. Gehlen et al., 2002; Moran
and Moore, 1992; Van Bennekom et al., 1991; Moran
and Moore, 1988). Despite the high crustal abundance
of aluminium (7.96%), iron (4.32%) and manganese
(0.0716%) (Wedepohl, 1995), their dissolved concen-
trations in the modern ocean are at extremely low levels
of nanomoles per liter or less, due to their low solubility
in oxygenated seawater. It is widely accepted that the
low availability of Fe influences the carbon cycle in
large parts of the ocean by limiting primary productivity
(e.g. Boyd et al., 2000; Coale et al., 1996, Martin et al.,
1991). The impact of iron on primary productivity in the
oceans would depend on the amount and speciation of
the supplied iron, and taxa-specific bioavailability
(Hutchins et al., 1999). It has been hypothesized that
iron supply to the oceans could have played a crucial
role in global climate changes of the past (Martin, 1990).

Atmospheric supply to the surface ocean can be an
important source of Fe, Mn and Al (Jickells and Spokes,
2001; De Baar and De Jong, 2001; Duce et al., 1991;
Duce and Tindale, 1991), particularly dominant down-
wind of large arid landmasses such as the subtropical
East Atlantic Ocean under the Saharan dust plume. The
impact of atmospheric input to the surface ocean would
depend on the chemical composition of the aerosol, its
exposure time to atmospheric conditions (sunlight,
acidic cloud chemistry), its deposition mode (wet or
dry) (Jickells and Spokes, 2001) and solution phase
removal of the solubilized constituents upon deposition
in seawater (Spokes and Jickells, 1996).

Our understanding of the complex interactions
between aerosol and the surface ocean is still incomplete
to date, mainly due to undersampling and analytical
difficulties. This paper presents a high-resolution sur-
face and vertical data set of dissolved Fe, Mn and Al
along transects covering a range of marine environments
(Strait of Dover, English Channel, continental shelf of
the Celtic Sea and the open Northeast Atlantic Ocean).
Dissolved aluminium has received attention as a tracer
of terrigenous input to the oceans and has been used in a
simple model by Measures and Brown (1996) and
Measures and Vink (2000) to obtain estimates for atmo-
spheric dust inputs to the surface ocean. We applied this

model to our data to calculate the atmospheric dust flux
and associated fluxes of iron, manganese and aluminium
to the Northeast Atlantic Ocean. The biogeochemical
implication of these atmospheric fluxes on the surface
mixed layer of the Northeast Atlantic is discussed. We
have also attempted to identify sources of dissolved
metals on the continental shelf.

2. Materials and methods

2.1. Sampling

Seawater samples from the sea surface and water
column were collected during cruise MERLIM98
(Marine Ecosystem Regulation by LIMitation of carbon
dioxide and trace metals), in early spring (March 2 until
March 27, 1998) on board of the Dutch research vessel
‘Pelagia’ (cruise 64PE114). After leaving the North Sea
under adverse weather conditions, the sampling pro-
gram started for dFe measurement on March 6 just after
the continental shelf break was crossed. While steaming
in southwest direction the 23°W meridian was reached
on March 10 (transect I). Further transects were sampled
along 23°W between 37°N and 45°N (transects II–VI).
The return cruise track (transects VII–VIII) started
March 20 at 37°N, 23°W and went first north and then
northeastward across the continental shelf in the Goban
Spur area into the English Channel and the North Sea
until 51°N, 2°W on March 26. Larger surface samples
for dFe and additional dMn and dAl, were only taken
during the return transect due to the limited availability
of sufficiently sized clean sample bottles on board. Two
shallow stations (0–200 m) were sampled during the
outbound transect, while four deep stations (sampled in
a shallow cast 0–200 m followed by a deep cast 200–
2000 m) were occupied along 23°W between 37°N and
42.5°N. See Fig. 1 and Appendices A and B for cruise
track and station positions.

Surface seawater was collected by a tow-fish
deployed about 1 m below the surface and a few meters
away from the hull while steaming at 8 to 11 knots.
Seawater was pumped up through acid cleaned braided
PVC tubing by a peristaltic pump, at a flow rate of 1 L
min− 1 and filtered through a Sartorius Sartobran P filter
cartridge (polypropylene housing, cellulose acetate filter
0.2 μm porosity with internal 0.45 μm pre-filter) under
class 100 clean air conditions.

Water column seawater samples were collected with
pre-cleaned, Teflon coated PVC Go-Flo samplers (Gen-
eral Oceanics, Miami, USA) deployed on a Kevlar cable.
Go-Flo's were closed by trippingwith Teflonmessengers.
The collected seawater samples were filtered in-line

121J.T.M. de Jong et al. / Marine Chemistry 107 (2007) 120–142



through cleaned polycarbonate 0.2 μm membrane filters
(Poretics, 47 mm diameter) in Teflon filter holders under
moderate nitrogen overpressure (0.3–0.5 bar).

As the analytical technique for iron required it to be in
the Fe(III) form, caution was taken to keep the samples in
the dark at room temperature for minimally one hour to
ensure the oxidation of any present Fe(II) in the absence of
photochemical reduction. After this step the samples were
acidified to pH=1.8 with triple sub-boiled concentrated
nitric acid (1 ml L−1) and measured minimally 2 h upon
acidification.Mn and Al were analyzed in the same sample
bottles back in the home laboratory shortly after the cruise.

2.2. Analytical methods

2.2.1. Trace metals
dFe, dMn and dAl were measured by various adap-

tations of existing flow injection analytical techniques
(FIA) with in-line pre-concentration on a column of
immobilized 8-hydroxyquinoline chelating resin (TSK-
8HQ, Landing et al., 1986). The method of standard
additions was applied. Blanks were determined by com-

paring single and double additions of acids and buffers to
a sample of low trace metal seawater, while also account-
ing for a 1 minute UHP water column rinse time. Our
methods are described in more detail in De Jong et al.
(2000, 1998) and will be only briefly summarized in the
following paragraphs.

Fe-FIA-CL: the measurement of Fe is based on the
chemiluminescence produced by the iron mediated oxi-
dation of luminol by hydrogen peroxide (Obata et al.,
1993). The acidified seawater sample was buffered in-
line by addition of clean ammonium acetate buffer to
obtain a final pH of ∼4.0. We found total blanks and
detection limits (3σ of the blank) of 0.04±0.04 nmol L−1

(n=4) and 0.11 nmol L−1 respectively. Precision (1σ)
was typically around 2% at the 0.5 nmol L−1 level.

Al-FIA-FL: Aluminium concentrations were deter-
mined using a FIA adaptation of the fluorometric lu-
mogallion technique (Resing and Measures, 1994).
Prior to analysis, sample aliquots of 100 ml filtered
acidified seawater in LDPE bottles were buffered by
manual addition of clean ammonium acetate buffer to
obtain a final pH of 5.5 for in-line pre-concentration.

Fig. 1. Map of the MERLIM98 cruise transects with station locations.
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Typical precision was 2% at the 10 nmol L−1 level, the
blank was 0.31±0.23 nmol L−1, (n=4) and the de-
tection limit 0.69 nmol L−1.

Mn-FIA-VIS: Manganese concentrations were deter-
mined by spectrophotometry via the manganese medi-
ated oxidation of Tiron by hydrogen peroxide in the
presence of 2,2′-bipyridyl (Mallini and Shiller, 1993).
The pre-concentration pH was set to 8.0±0.2 using
clean, saturated TRIS buffer in 100 ml aliquots of
acidified seawater. Blanks and detection limits were
0.05±0.03 nmol L−1 (n=7) and 0.09 nmol L−1 respec-
tively. Precision was around 2% at the 0.5 nmol L−1

level.

2.2.2. Analytical accuracy trace metals
The accuracy of the Fe-FIA-CL and Mn-FIA-VIS

systems was checked by analyzing NASS-4, NASS-5
and CASS-3 reference seawater from the National
Research Council of Canada. All results were in good
agreement with the certified values: NASS-4 Fe 1.90±
0.21 nmol L−1 (n=7) (certified 1.88±0.29 nmol L−1),
Mn 7.04±0.28 nmol L−1 (n=4) (certified 6.92±
0.43 nmol L−1); NASS-5 Fe 3.35±0.51 nmol L−1

(n=8) (certified 3.71±0.63 nmol L−1), Mn 18.28±
0.78 nmol L−1 (n=2) (certified 16.7±1.0 nmol L−1);
CASS-3: Fe 24.9±0.7 nmol L−1 (n=2) (certified 22.6±
3.0 nmol L−1), Mn 44.9±4.3 nmol L−1 (n=2) (certified
45.7±6.6 nmol L−1) (De Jong et al., 2000). These
reference materials are not certified for Al, unfortunate-
ly. The analytical merit of the Al-FIA-FL method was
however reflected in the good agreement of our vertical
dAl data with data from nearby stations from Measures
(1995) who used solvent extraction/gas chromatography
and from Kramer et al. (2004) using Al-FIA-FL. The
solvent extraction/gas chromatography technique from
Measures (1995) had been intercalibrated in the past with
the lumogallion batch method, showing good agreement
(Measures et al., 1986).

2.2.3. Additional parameters
Concentrations of the nutrients nitrate, phosphate,

silicate and ammonium were determined in filtered
seawater using TRAACS 800 auto-analyzers following
established methods (Grasshoff et al., 1983).

For chlorophyll a, seawater was filtered on Whatman
glass fiber filters (GF/F, 47mm), which were stored at
−80 °C for later analysis. After extraction in methanol,
Chl a was measured by a Turner Design fluorimeter.

Phytoplankton composition was determined applying
flow cytometry (Coulter Electronics, XL-MCL) (Veld-
huis and Kraay, 2004). Samples were directly measured
on board and analyzed using the standard software

package. Synechococcus-type of picophytoplankton
could be discriminated from other phytoplankton by
the presence of the pigment phyco-erythrin.

3. Results

3.1. Hydrography

The large-scale hydrographical structures encoun-
tered during this expedition were (1) European shelf
waters characterized by low temperatures and salinity
rapidly increasing in southwest direction toward the
shelf break, and (2) Eastern North Atlantic Central Water
(ENACW) with a linear gradient of increasing salinity
and temperature toward the south, typical of subtropical
gyre waters (Fig. 2A–B). On transect VII a weak frontal
system was encountered while steaming to the north
between 41.5°N and 42.5°N at 23°W, where salinity
dropped from 36 to 35.8 and temperature from 15 to
14 °C. This front forms probably the boundary between
the northeastward flowing North Atlantic Current
(NAC) and waters proper to the North Atlantic gyre.

The upper water column structure in the northern part
of the study area (station 2) was characterized by a deep
thermocline at 150 m due to deep winter convection.
More to the south, the thermocline was at 75 to 100 m at
stations 4 and 6, but shoaled to 50, 40 and 50 m at
stations 8, 9 and 10 respectively. Below 200 m until
about 900 m North Atlantic Central Water (NACW) is
present. Underlying the NACW is the high salinity
Mediterranean Outflow Water (MOW) between around
800–1100 m. Its salinity signature from CTD profiles
(not shown) generally decreases in northward direction
from 35.65 (station 10) to 35.53 (station 8). Below the
MOWa mix of North Atlantic Deep Water and Labrador
Seawater (LSW) is found.

3.2. Biology

Transect I chlorophyll a concentrations (Fig. 2F)
gradually increased southward from 0.3–0.4 μg L−1 at
the continental shelf until a broad maximum of 0.6–
0.8 μg L−1 between 45.5°N and 39.5°N, south of which
it dropped to values as low as 0.2 μg L−1. The return
transects VII and VIII showed a general small increase
compared with transect I, although the distribution
pattern had become patchy with peaks in the range of
1–1.7 μg L−1. The highest Chl a peak of 1.7 μg L−1 at
46°N coincided with a drop in nutrients, including sili-
cate and this may have been indicative of the occurrence
of a diatom bloom. This was not observed in terms of
cell numbers, either because diatom cells may have
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been too large (N10 μm) for detection by flow cy-
tometry, or because the higher relative chlorophyll
fluorescence of large eukaryotes in combination with

low numbers of large cells may have led to slight
discrepancies between cell abundance distribution and
Chl a distribution.

Fig. 2. Transect parameters A) salinity (‰), B) temperature (°C), C) silicate (μmol L−1), D) phosphate (μmol L−1), E) nitrate (μmol L−1),
F) Chlorophyll a (μg.L−1), G) Synechococcus cell numbers (cells ml−1), H) total cell numbers (cells ml−1).
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The composition of the phytoplankton community
in the surface waters (Fig. 2G–H) was dominated by
picophytoplankton (b2 μm in size). Usually less than 5%
of the population consisted of eukaryotic species larger
than 5 μm. Of the picophytoplankton population, the
prokaryote Synechococcus numerically dominated this
algal group (60% to 80% of cell numbers). Although we
lack size-fractionated biomass data, a recent indication
of the general importance of the picophytoplankton
community can be found in Teira et al. (2005). Based on
a multi-year large-scale survey of this ocean region, they
estimated a 71% contribution to phytoplankton biomass
and a 54% contribution to primary productivity. Albeit
much less abundant, it must be noted that picoeukaryotes
may still have represented a substantial fraction of this
picophytoplankton biomass (Maranon et al., 2003;
Zubkov et al., 1998).

3.3. Surface trace metal concentrations

Three different surface water regions (Fig. 3A–D)
were defined based on water depth and distinct trace
metal signatures: (1) open ocean (water depth N250 m),
(2) continental shelf waters (water depth 100–250 m)
and (3) coastal sea (water depth b100 m). Average sur-
face concentration (±1σ) of dFe during open ocean

transect I shortly after the beginning of the transect was
high at 1.85±0.76 nmol L−1 Fe (n=24). The rest of open
ocean transect I and transects II–VI had lower dFe
concentrations of 0.93±0.38 nmol L−1 Fe (n=43).
During transects VII and the oceanic part of transect
VIII dissolved concentrations were as follows: 0.61±
0.17 nmol L−1 Fe (n=51), 0.50±0.08 nmol L−1 Mn
(n=47) and 10.7±1.8 nmol L−1 Al (n=44). On the con-
tinental shelf of the Celtic Sea, dissolved concentrations
had increased to 1.21±0.35 nmol L−1 Fe (n=10), 1.10±
0.32 nmol L−1 Mn (n=10) and 14.9±8.1 nmol L−1 Al
(n=10). Coastal sea concentrations in waters com-
prising the English Channel, the Strait of Dover and the
Southern Bight of the North Sea, were 2.4±1.4 nmol L−1

Fe (n=15), 2.4±1.0 nmol L−1 Mn (n=15) and 33±
10 nmol L−1 Al (n=15). The concentrations reported in
this study are comparable with previously published
data, see Table 1.

3.4. Vertical trace metal concentrations

Generally, dFe (Fig. 4) showed nutrient type profiles
for all stations with surface mixed layer values of 1.04±
0.29 nmol L−1 (n=28). This is consistent with the sur-
face concentrations measured between the stations on
transects II–VI, 0.93±0.38 nmol L−1 Fe (n=43). One

Fig. 3. Surface trace metal data: A) dFe transects I–II and VII–VIII, B) dFe transects I–VI, C) dFe, dMn, dAl transects VII–VIII, D) as C, blown up
section of approach and crossing of continental shelf break.
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high value of 4.53 nmol L−1 at station 2, 10 m depth,
was not used for calculating the mean. This sample was
probably not contaminated, but influenced by a recent
dust input event (see further below). Below the mixed
layer dFe concentrations rose rapidly until at depths
below 250 m dFe had steadied to deep water values of
1.65±0.19 nmol L−1 (n=31). Stations 8, 9 and 10 show
a dFe minimum at around 30 m depth inside the Chl a
maximum zone, this may have been a result of bio-
logical uptake and/or particle sorption.

Dissolved Mn concentrations (Fig. 4) exhibited
typical scavenging type profiles with higher mixed
layer values of 0.81±0.38 nmol L−1 (n=28) rapidly
dropping to low deep water concentrations (N250 m) of

0.21±0.08 nmol L−1 (n=31). The somewhat large
standard deviation of the average mixed layer concen-
trations of Mn is due to a continuous increase in
southern direction. This could be consistent with the
approach to the Saharan dust source as well as enhanced
photoreduction from increased solar radiation towards
the south. Dissolved Mn was high (3.13 nmol L−1) at
station 2, 10 m depth.

The profiles of dAl at stations 2 and 6 showed
indication of enhanced atmospheric input with peaks of
respectively 40.5 nmol L−1 and 21.4 nmol L−1 at 10 m
depth (Fig. 4). The mean value of dAl (Fig. 4) in the
surface mixed layer at all stations (except station 2) was
13.9±3.4 nmol L− 1 (n=22). Below 250 m the

Table 1
Literature comparison of MERLIM98 trace metal data

Area Time period Fe (nM) Mn (nM) Al (nM) Filtration Reference

Northeast Atlantic March 1998 2.0±0.9 (25) – – 0.2 µm filtered This work, Merlim98,
transect I

March 1998 0.9±0.4 (48) – – 0.2 µm filtered This work, Merlim98,
transects II–VI

March 1998 0.7±0.3 (53) 0.5±0.1 (47) 11.0±2.6 (46) 0.2 µm filtered This work, Merlim98,
transects VII–VIII

March 1998 0.8±0.2 (14) – – 0.2 µm filtered Merlim98, transect VIII,
Boyé et al. (2003)

March–April 1982 – 0.7±0.3 (15) 11.4±3.3 (15) Unfiltered Cruise M60,
Kremling (1985)

May–June 1998 0.9±0.5 (44) – 20.4±6.6 (16) Unfiltered Cruise AMT-6,
Bowie et al. (2002)

May 1990 – – 8.8±3.4 (10) Unfiltered Cruise ANT VIII/7,
Helmers and
Rutgers van der Loeff (1993)

September–October 1996 1.0±0.4 (16) – 22.9±5.1 (11) Unfiltered Cruise AMT-3,
Bowie et al. (2002)

November 1990 – – 5.7±1.4 (10) Unfiltered Cruise ANT IX/1,
Helmers and
Rutgers van der Loeff (1993)

Continental shelf March 1998 1.2±0.4 (10) 1.1±0.3 (10) 14.9±8.1 (10) 0.2 µm filtered This work, Merlim 98,
transect VIII

March 1998 1.1±0.1 (4) – – 0.2 µm filtered Merlim98, transect VIII,
Boyé et al. (2003)

March–April 1982 – 1.6±0.7 (2) 20.9±2.5 (2) 0.4 µm filtered Cruise M60, Kremling (1985)
May–June 1998 1.0±0.4 (9) – 11.9 (1) unfiltered Cruise AMT-6,

Bowie et al. (2002)
English Channel March 1998 2.4±1.4 (15) 2.4±1.0 (15) 33±10 (15) 0.2 µm filtered This work, Merlim98,

transect VIII
March 1998 1.8±0.3 (6) – – 0.2 µm filtered Merlim98, transect VIII,

Boyé et al. (2003)
March–April 1982 – 4.8±3.0 (10) 153±102 (10) 0.4 µm filtered Cruise M60, Kremling (1985)
May 1986 – – 20±5 (48) 0.4 µm filtered Hydes (1989)
May 1986 – 3.8±2.1 (48) – 0.4 µm filtered Tappin et al. (1993)
July 1984 – 6.5±1.7 (11) 8.8±3.1 (11) 0.4 µm filtered Kremling and Hydes (1988)
July–August 1986 – 5.0±3.0 (48) – 0.4 µm filtered Tappin et al. (1993)
August 1986 – – 10±4 (48) 0.4 µm filtered Hydes (1989)
November 1985 – – 28±10 (48) 0.4 µm filtered Hydes (1989)
November–December 1985 – 2.3±0.7(48) – 0.4 µm filtered Tappin et al. (1993)
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concentrations steadily increased until the MOW, whose
core between roughly 800–1100 m had average con-
centrations of 24.2±2.8 nmol L− 1 (n=9). A closer look
at the data reveals that dAl in the MOW decreases

in northern direction due to dilution of the high Al
signature of the MOW: 25.9±3.4 nmol L−1 (stations 6
and 10, n=4) 23.8±0.2 nmol L−1 (station 9, n=3) and
21.4±0.9 nmol L−1 (station 8, n=2), stations 6 and 10

Fig. 4. A) vertical profiles dFe, dMn, dAl and Chl a upper 250 m. B) vertical profiles dFe, dMn, dAl and AOU, upper 2000 m.
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being more or less at the same geographical position
facing the Strait of Gibraltar. Further to the south, Kramer
et al. (2004) found similar maxima of 24 nmol L−1 at two
stations in the core of the MOWat depths of 1000 m and
1300 m respectively. Measures (1995) found closer to the
Strait of Gibraltar an Al maximum of 27 nmol L−1 in the
MOW, at a depth of 1200 m.

4. Discussion

4.1. Dissolved Fe data quality assessment

With respect to the biogeochemical importance of
iron a detailed data quality assessment is given below. In
accompanying papers, Boyé et al. (2006, 2003) reported
surface and deep iron concentrations measured by CSV
during this cruise, that were similar compared to the FIA
data presented here. These authors raised the issue that
the vertical data were possibly too high as previous
studies close to this ocean region have shown profiles
with lower concentrations by 0.3–0.8 nmol L−1 (see
Boyé et al. (2006) and references therein). Below it is
argued from extensive testing of sampling and analytical
devices, that the accuracy of the data was probably not
compromised and that the data may be real.

(1) Samples from vertical profiles and a number of
surface samples during the return transit were intercali-
brated using the same sampling and filtration devices by
CSV (Cathodic Stripping Voltammetry) and FIA with
satisfactory result (see Table 1 and De Jong et al., 2000).
This, together with the accurate results for reference
seawater analyzed by FIA seem to exclude the possibility
of a systematic analytical off-set.

(2) A possibility remains that CSV≈FIA may have
been coincidental and that not all dFe was detected. For
instance, dark storage of FIA samples before acidifying,
in order to oxidize any present Fe(II), may not have been
sufficient. This seems improbable in the light of the rapid
oxidation kinetics of Fe(II). However, Bowie et al.
(2006) reported that addition of hydrogen peroxide could
increase for certain samples the detected concentration of
Fe(III) by oxidation of still present reduced iron. These
samples were acidified without a prior dark storage step
though, so their acidification probably fixed the Fe(II) by
slowing the oxidation rate at low pH. Boyé et al. (2003)
found during this cruise open ocean Fe(II) exhibiting on
average only 0.09±0.11 nmol L−1 (n=39). This low
level combined with the dark storage before acidifying,
indicates that this potential loss factor probably did not
play a role.

Another potential loss factor may have been insuffi-
cient acidification time at pH 1.8. This could have re-

sulted in some part of organic Fe or (in)organic colloidal
Fe to escape detection. What instead has been detected
would then reflect labile dFe and not total dFe. Recently
however, Lohan et al. (2006) demonstrated that samples
that were analyzed on board within 2 h upon collection
had similar dFe concentrations as samples that were
analyzed within 5 months. These authors found that after
1 h of acidification at pH 1.7 the dFe concentration
reached a plateau of constant concentration. The con-
clusion therefore is that the acidification minimally 2 h
before measurement is sufficient for detecting total dFe.

(3) Two in-line filtration methods were applied to
GoFlo sampled vertical profiles of stations 9 and 10
(De Jong et al., 2000), namely membrane filtration (N2-
pressurized at 0.3–0.5 bar) and Sartorius Sartobran car-
tridge filtration (N2-pressurized at 0.1 bar). The resulting
essentially similar profiles reflect the absence of filtration
artifacts.

(4) Data from different surface sampling techniques:
GoFlo sampling for the surface mixed layer at the stations
(1.04±0.29 nmol L−1, n=28) and underway surface
sampling between the stations (0.93±0.38 nmol L−1,
n=43), agreed well. Additionally, two underway sur-
face sampling techniques were tested simultaneously
on a short transect: filling bottles from a rubber boat
followed by filtering them back on board (0.99±
0.08 nmol L−1, rsd=8%, n=4) and tow-fish sampling
(0.97±0.02 nmol L−1, rsd=2%, n=5). The similarity of
these results suggests the absence of sampling artifacts.

(5) Inadvertent contamination at any step during the
sampling and analytical process was deemed to be under
control, as this would have led to highly spurious
profiles for all of the trace metals here analyzed, instead
of the oceanographically consistent vertical profiles that
were obtained.

It should be pointed out that high deep dFe values are
not unusual in the Northeast Atlantic under the Saharan
dust plume, for instance Bergquist and Boyle (2006): up
to 1.2 nmol L−1 between 130–1050 m at 10°N, 45°W;
Landing et al. (2003): up to 2.3 nmol L−1 between 100–
1000 m at 5°–18°N, 20°W, Ussher et al. (2006): up to
1.5 nmol L−1 between 50–200 m at 0°–20°N, 20°W. The
occurrence of unusually high dust deposition events over
this ocean region (Torres-Padron et al., 2002) prior to
and during the beginning of this cruise (see also next
paragraph) could have been responsible for not only
enhancing surface dFe concentrations but also increasing
dFe at greater depth, at least until 2000 m depth. During
these episodic and transient non-steady state periods,
rapidly sinking mineral dust particles, as well as mineral
and biogenic iron associated with phytodetritus aggre-
gates (Hamm, 2002; Ittekkot, 1993), could have been
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Fig. 5. Dust over the Northeast Atlantic Ocean during February and March 1998 (dd.mm.yy): SeaWiFS (Sea-viewing Wide Field of view Sensor)
aerosol optical thickness (Tau 865 nm), weekly averages. Indicated as a white line is the surface transect between March 6 and March 26, 1998, while
indicated in red is the presence of the ship on the transect during the covered period.
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responsible for higher dFe by continued iron dissolution
driven by organic ligands (Boyé et al., 2006) and re-
mineralization (Bergquist and Boyle, 2006), while being
exported to greater depth.

4.2. Surface transects

4.2.1. Transects I–VI: Northeast Atlantic Ocean
During February and March 1998 SeaWiFS Tau

(865 nm) aerosol optical thickness remote sensing
(Fig. 5) revealed dust outbreak activity above the
Northeast Atlantic ocean and was particularly high
during the second half of February 1998 and the first
half of March 1998. The development of aerosol
concentrations was monitored on the island of Gran
Canaria (28°N, 16.5°W), where dust pulses occurred on
February 12 (1300 μg m−3), February 27 (1100 μg
m−3), March 6, (180 μg m−3) and March 9, 1998
(270 μg m−3) (Fig. 6). Forward air mass trajectories
(Fig. 7) obtained with the HYSPLIT dispersion model
(Draxler and Rolph, 2003), available from the U.S.
National Oceanic and Atmospheric Administration
(NOAA), indicated that the high dust that occurred
above the Canary Islands in February 1998 and on
March 6, 1998 could indeed have been transported
across our research area.

Directly after the start of the measurement program
on March 6, unexpectedly high dFe concentrations from
1.5 nmol L−1 up to 4.1 nmol L−1 were found in a broad
zone from 47°N until 43°N (Fig. 3A). These high dFe
concentrations in waters off the continental shelf were
weakly correlated with salinity (Fig. 8A). The enhanced
Fe concentrations could thus be attributed to a wet

deposition event as indeed the weather had been stormy
and rainy during the first days of the cruise.

South of 42°N surface concentrations of transect I were
uniform in the order of 0.5 nmol L−1 Fe until at 39°N the
23°W meridian was reached. During the short north–
south transects II to VI between 37°N and 42.5°N along
23°W (see Fig. 1, Fig. 3B and Appendix A), dFe was
variable in the range between ∼0.5 and ∼1.5 nmol L−1,
possibly reflecting spatio-temporal variability of the dust
input (Sedwick et al., 2005; Prospero, 1999) during the
period of investigation.

4.2.2. Transects VII–VIII: Northeast Atlantic Ocean
The return transects VII/VIII were begun onMarch 18

starting at 37°N. Dissolved Fe had become relatively
low at about 0.6 nmol L−1 and dAl was at 10 nmol L−1.
Oceanic dMn remained more or less constant at 0.5 nmol
L−1 until the continental shelf slope was reached in the
Goban Spur area.

4.2.3. Transect VIII: Shelf break and European coastal
waters

North of the front at 42.5°N, dFe remained steady at
0.5 nmol L−1 until the shelf break. DissolvedMn and dFe
started to increase at 48.78°N, 11.93°W where the water
depth was still about 950 m (Fig. 3D), and which was
∼40 km before the continental shelf edge (here defined as
the 250 m isobath at 48.84°N, 11.39°W). This short
distance off the continental shelf suggests that there is
only limited lateral surface transport of dissolved trace
metals from the continental shelf into the ocean. This is
probably due to the prevailing directions of wind and
surface sea currents. Dissolved Fe gradually increased to a
concentration of 1.85 nmol L−1 at 49.09°N, 9.17°W
(∼160 km onto the shelf) followed by a slight decrease to
1.1 nmol L−1. Dissolved Al remained at oceanic values of
∼10 nmol L−1 even after crossing the continental margin
at a seafloor depth of 140 m until a steep maximum of
56 nmol L−1 occurred 450 km after the continental
margin, in between the coasts of Brittany (France) and
Southwest England, with the seafloor at 75 m depth. This
maximum may have been due to a resuspension event.
Moran and Moore (1991) suggested that sediment re-
suspension could be a more important mechanism than
diffusion to bring dAl into the overlying water, which in
turbulent shallow waters could indeed reach the surface.
Dissolved Al remained high in a broad zone with con-
centrations of 40 nmol L−1 during passage through the
English Channel, likely as a result of continued sediment
resuspension as well as increased atmospheric input and
land run-off at this close distance to land masses. Con-
tinuing into the Channel, Fe exhibited a sharp increase

Fig. 6. Dust concentrations measured at the summit of the Pico de la
Gorra (1980 m) on the island of Gran Canaria (28°N, 16.5°W). For
further details see Torres-Padrón et al. (2002).
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from 1.3 nmol L−1 to 4.3 nmol L−1 and back again to
2.2 nmol L−1 around 50.02°N 01.67°W, together with
concomitant maxima of phosphate, nitrate and silicate
(Figs. 2C–E and 3D). As also the salinity dropped from
35.60 to 35.35, these observations could possibly be
ascribed to the outflow plume or an isolated lens of diluted
water from nearby river Seine.

In the Strait of Dover the salinity dropped from 35.4
to 35.0, to go back up to 35.4 in the Southern Bight of
the North Sea, indicating fresh water run-off probably
from small rivers and streams discharging around the
Strait area. Here dFe and dMn were at their highest at
5.9 and 4.9 nmol L−1 respectively, with also concom-
itant increases in nitrate, phosphate and silicate.

Fig. 7. Ninety-six hour forward air mass trajectories calculated for different altitudes by the NOAA HYSPLIT model, starting point Pico de la Gorra
(1980 m) on the island of Gran Canaria (28°N, 16.5°W) on the dates that increased dust concentrations were observed. Label interval: 24 h. CDC
Global Reanalysis Grid 1948–2004 used. Red: 500 m altitude, blue: 1000 m altitude, green: 2000 m altitude.
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4.3. Dissolved aluminium as a proxy of atmospheric
dust input

Measures and Vink (2000) and Measures and Brown
(1996) used dAl as a proxy for dust deposition in the
ocean in a simple model, which was dubbed MADCOW
(Measurement of Aluminium for Dust Calculation in
Oceanic Waters), see below equation 1. This model
applies to non-coastal ocean areas and assumes steady
state conditions, a global Al residence time τdAl of 5 yr, a
global mixed layer of 30 m, a constant Al content in dust
of 8.1% by weight and a solubility of dust derived Al to
range between 1.5–5%. We applied the model to our
own data with the following modifications: 1) use of
solubility estimates for Fe, Mn and Al in Saharan dust, as
defined by leaching dust with ammonium acetate at pH
4.7 for 1–2 h (Baker et al., 2006); 2) application of a
regionallymore relevant averagemixed layer depth of 50
m, based on the thermocline depths at stations 8, 9 and
10; 3) use of an upper ocean residence time τdAl of 4 yr.
Orians and Bruland (1986) estimated for the oligotrophic
gyre of the North Pacific a τdAl of 3 to 4 yr. A dAl
residence time of 4 yr falls also in the middle of the range
as reported for the Sargasso Sea by Jickells (1999) (2.3–
6.5 yr) if applied to a 50 m mixed layer.

The variability in the solubility estimates is dominat-
ing the uncertainties in the model outcome, so for every
calculated estimate the average and the range based on
lowest and highest solubility value is given.

One caveat of the MADCOW model is that lateral
advection, for instance of Al rich waters towards Al

poor waters, was not taken into account. This could lead
to overestimation of the dust input in Al poor waters and
underestimation in Al rich waters. However, as the open
ocean Al gradients during this cruise were low and the
sampled water masses generally flowing in the same
direction, it is reasonable to assume that horizontal
advection was negligible. Another problem is the not
fully conservative behavior of Al as it could be bio-
logically scavenged in surface waters, influencing its
residence time. As the Chl a concentrations were rather
low, this probably had no major implications for our
research area.

The calculations were made for each surface sample
along transects VII and VIII with combined concen-
tration data for Fe, Al and Mn, until ∼40 km before the
continental rise. Beyond this point the surface metal
data suggested other sources than the atmosphere, such
as upwelling, sediment and fluvial input.

The dust input D (mg m−2 yr−1), was calculated after
the equation from Measures et al. (2000, 1996):

D ¼ ð½dAl�swMAlzmix=sdAlÞ=ðSAlAAlÞ ð1Þ

where [dAl]sw is the average seawater dAl concentration
(μmol m−3), M is atomic weight, zmix the mixed layer
depth (50 m), SAl is the Al solubility of Saharan dust
from Baker et al. (2006), AAl is the abundance of Al in
Saharan dust (6.51±1.58% by weight, Guieu et al., 2002
and references therein), τdAl is upper ocean residence
time of dAl (4 yr).

Fig. 8. Dissolved metals versus salinity: A) Fe transects I–VI, B), Fe transects VII–VIII, C) Al transects VII–VIII, D) Mn transects VII–VIII.
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From the calculated atmospheric dust flux, the atmo-
spheric fluxes of Fe, Mn and Al were calculated:

Jatm;TMe ¼ ðDAMeÞ=MMe ð2Þ
Jatm;dMe ¼ SMeJatm;TMe ð3Þ
in which Jatm,TMe is the total atmospheric flux (μmol m−2

yr−1) of a given metal, Jatm,dMe is dissolved atmospheric
flux (μmol m−2 yr−1) of a given metal, D is dust input
(mg m−2 yr−1), A is metal abundance in Saharan dust
(Fe: 3.99±0.26%, Guieu et al., 2002; Mn: 0.0712%,
Wedepohl, 1995), MMe is atomic weight, and the suffix
Me stands for Fe, Mn, or Al respectively. S stands for
solubility for which the median values for Saharan dust
from Baker et al. (2006) were used. These were: Fe 1.7%
(range 1.4–4.1%), Al 3.0% (range 1.9–5.5%) and Mn
55% (range 50–64%).

4.3.1. Steady state atmospheric input
Clear non-steady state conditions such as occurred

during transects I–VI are in violation of the model and
therefore dust input could not be calculated using the
available dAl data from 10 m depths at stations 2 and 6.
The steady state dust input to the surface waters was
hence calculated for transects VII–VIII only for which
we assume that the dAl concentrations have returned to
steady state. The average dust input was 1.8 g m−2 yr−1

(range 1.0–2.9 g m−2 yr−1) or 5.0 mg m−2 d−1 (range
2.8–8.0 mg m−2 d−1) (Table 2).

These results are in good agreement with earlier esti-
mates for this ocean region. For instance, they fall near
the Northeast Atlantic 1 g m−2 yr−1 contour line in the
global atmospheric deposition model by Duce et al.
(1991), which has an uncertainty of a factor 2 to 3. There
is a good agreement with the Measures and Brown
(1996) results from the IOC1990 cruise with dust
input ranging between 0.7–2.4 g m−2 yr−1 (average
1.6±1.2 g m−2 yr−1) at 28°N, ∼20°W (the range and
standard deviation reflect the Al solubility range of 1.5–
5% chosen by Measures and Brown (1996) for their
calculation). Recently, Kramer et al. (2004) applied the
MADCOW model to their dAl surface data from the

north of Madeira (∼33°N, 15°W) and the Canary Basin
(30°N, 23°W), directly south from our research area, and
obtained here dust inputs ranging from 0.7–0.9 g m−2

yr−1 and 1.0–2.2 g m−2 yr−1 respectively.
Transferring the dust input into a dissolved Fe atmo-

spheric flux using an overall Fe solubility of 1.7% (range
1.4–4.1%) from Baker et al. (2006), a dissolved Fe flux
of 0.061 µmol m−2 d−1 (range 0.028–0.23) (Table 2) was
obtained, where the range reflects the combined effect of
the Fe solubility range and the dust input range.

4.3.2. Estimation of steady state upper ocean residence
times of dFe and dMn

Steady state upper ocean residence times were ob-
tained by dividing the inventory of a dissolved metal in
the mixed layer by the dissolved atmospheric flux into the
mixed layer:

sdMe ¼ ð½dMe�obszmixÞ=Jatm;dMe ð4Þ
where τdMe is the residence times for a dissolved metal,
[dMe]obs is the measured average dissolved metal con-
centration at the surface, zmix is the mixed layer depth
(50 m), and Jatm,dMe is the dissolved atmospheric flux.

A steady state mean residence times was calculated of
1.3 yr for dFe (range 0.3–2.9 yr), and 1.9 yr for dMn
(range 1.0–3.8 yr) at a fixed residence time for dAl of 4 yr.

The dFe residence time found here is longer than
previous estimates. DeBaar andDe Jong (2001) used iron
export production and surface ocean iron inventory to
obtain a residence time of 0.1–0.3 yr. Several other
investigations used directly measured dust fluxes from
collected aerosol samples, experimental solubility esti-
mates and upper ocean inventories to arrive at residence
times. Jickells (1999) reported residence times in the
Western North Atlantic of 0.35 yr for dFe, 4.4 yr for dAl,
5.1 yr for dMn, for a mixed layer of 50 m. Sarthou et al.
(2003) found dFe residence times of the order of 0.05–
0.08 yr at high dust under the Saharan dust plume.
Bergquist and Boyle (2006) calculated for several stations
in the North Atlantic surface dFe residence times between
0.1 yr and 0.4 yr. In all likelihood, dFe residence times for
the surface ocean would be in the order of a few months,

Table 2
Atmospheric dust and trace metal fluxes from MADCOW model using solubility estimates of Saharan dust (Baker et al., 2006)

Solubility (%) Dust flux Dust flux Total Al Total Fe Total Mn dAl dFe dMn τ

Al, Fe, Mn mg/m2/d g/m2/yr µmol/m2/d µmol/m2/d µmol/m2/d µmol/m2/d µmol/m2/d µmol/m2/d dFe
(yrs)

dAl
(yrs)

dMn
(yrs)

Minimum 5.5, 1.4, 50 2.8 1.0 6.6 2.0 0.036 0.37 0.028 0.018 2.9 4.0 3.8
Maximum 1.9, 4.1, 64 8.0 2.9 19.2 5.7 0.104 0.37 0.234 0.066 0.3 4.0 1.0
Mean 3.0, 1.7, 56 5.0 1.8 12.2 3.6 0.066 0.37 0.061 0.037 1.3 4.0 1.9
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consistent with observed seasonal changes and short term
variations in iron concentrations (i.e. this work; Sedwick
et al., 2005; Boyle et al., 2005). The residence time
reported in this work, of somewhat longer than one year,
could be attributed to an underestimation of the iron
solubility. Baker et al. (2006) found for non-Saharan
remote North Atlantic aerosol a median solubility of
7.8%, so if the atmospheric input during this cruise con-
sisted in reality of a mix of Saharan and non-Saharan
aerosol, the resulting overall solubility would be in the
order of 5%, and the residence time would be shorter by a
factor of 3, yielding 0.4 yr. The residence time would also
be shorter if we take into account that the observed surface
dFe concentrations were not at steady state yet, but still
declining and that a steady state surface dFe concentration
of∼0.35 nmol L−1 would be more realistic. If combined,
this would finally yield a residence time of about 0.2 yr.

The time it took to return from non-steady state high
dFe during transect I to (or close to) steady state during
transect VIII while not taking into account any variability
in the spatial distribution, could be an expression of the
upper ocean response time for the removal of excess dFe
and could be estimated at 3–4 weeks or 0.06–0.08 yr.

4.4. Atmospheric Fe input and new production

Dissolved Fe in the ocean usually exhibits nutrient
type profiles following nitrate. If we assume that the
increase of Fe with depth is due to regeneration of extra-
and intracellular Fe associated with sinking biogenic
particles, one would expect a relationship with Apparent
Oxygen Utilization (AOU) (Bergquist and Boyle, 2006;

Sunda, 1997). Indeed, linear correlations between dFe
and AOU in the upper 250 m of the NACW at all
stations were found (see Table 3). Below 250 m no Fe/
AOU relationship could be established except at station
8. The slope of the regression line gives the Fe:O2 ratio,
which is converted into a regenerative Fe:C ratio, by an
O2:C ratio of 1.34 for the Northeast Atlantic (Körtzinger
et al., 2001). This O2:C ratio is lower than the frequently
used value of 1.78 by Takahashi et al. (1985) as it takes
into account the contribution of anthropogenic CO2.

It is reasonable to assume that the average regenerative
Fe:C ratio of 20±6 μmol Fe:mol C (range 15–30 μmol
Fe:mol C) that was thus found (Table 3), would be a
representative value for a picophytoplankton dominated
phytoplankton community, with the cyanobacterium
Synechococcus as the numerically dominating species
(60–80% of total cell numbers) during this cruise. High
values of 120±33 μmol Fe:mol C at the northern station 2
and 81±15 μmol Fe:mol C in the upper 50 m of station 4
(Table 3) were not considered, because these may have
been biased by the inferred high dust input at these sta-
tions. This possibly influenced the apparent iron require-
ment by scavenging of extracellular iron onto the cells, or
by the storage of luxurious intracellular iron (Blain et al.,
2004). Regenerative Fe:C ratios as defined by AOU–dFe
relationships may be either overestimated by the presence
of preformed dFe, or underestimated due to scavenging of
dFe onto particles at greater depth (Bergquist and Boyle,
2006). The NACW present in the upper 900 m is formed
between 40°N and 48°N by subduction from the surface
layer of the ocean of winter Mode Water and subsequent
equatorward transport (Van Aken, 2001). At these

Table 3
Oceanic Fe:C ratios by linear regression of dissolved Fe versus AOU

Station Location Depth range AOU range dFe range µmol Fe:
mol C a

SDb r n

(meter) (µM) (nM)

NACW b250 m
2 c 45°24′N, 10 38′W 25–200 −5.7–2.5 1.13–2.05 120 33 0.88 6
4 40°30′N, 17 47′W 10–50 −15.3–−4.4 0.87–1.53 81 15 0.98 3
4 40°30′N, 17 47′W 75–200 −1.7–25.9 1.07–1.37 16 5 0.90 4
6 37°30′N, 23 00′W 10–250 2.8–45.8 0.83–1.40 17 3 0.95 6
8 42°30′N, 23 00′W 10–250 −6.8–33.5 0.72–1.54 21 6 0.77 10
9 40°00′N, 23 00′W 5–250 −8.7–43.0 0.99–1.77 15 3 0.84 11
10 37°00′N, 23 00′W 5–250 −3.7–45.2 0.52–1.71 30 7 0.92 10

Average d: 20±6
NACW N250 m
8 42°30′N, 23°00′W 250–900 33.5–92.1 1.54–1.75 4 2 0.74 4
9 40°00′N, 23°00′W 250–890 43.0–93.8 1.45–1.77 – – –0.76 4
10 37°00′N, 23°00′W 250–840 45.2–93.9 1.42–1.88 – – 0.01 5
a Using O2:C=1.34, Körtzinger et al. (2001).
b The error on individual numbers is based on the uncertainty given by the linear regression.
c Disregarding dFe 10 m depth (4.53 nM).
d Average not taking into account station 2 and station 4 (b50 m).
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latitudes east of the Mid-Atlantic Ridge it is unlikely that
this water mass receives high preformed dFe. It is usually
not under the influence of the Saharan dust plume and
situated upwind from Europe, and far enough downwind
from the Americas. Also scavenging may have played a
limited role because of the relative young age of the water
masses considered (Bergquist and Boyle, 2006).

The Fe:C ratios found here with the AOU/dFe rela-
tionships are confirmed by the results from a biogeo-
chemical two end member mixing model described by
Minster and Boulahdid (1987). This model calculates
regenerative Redfield ratios along the linear segment of a
salinity—‘NO’ diagram. ‘NO’ is a conservative water
mass tracer (Broecker, 1974) and is calculated according
to: ‘NO’=rN×[NO3]−AOU, with rN being the O2:N
Redfield ratio set at 9 (Körtzinger et al., 2001). End
members were chosen at the extremes of the diagram,
which should also lie on the geographical borders of the
data domain. Redfield ratioswere then calculated from the
differences between measured and calculated mixing
values for the isopycnals 26.95, 27.00, 27.10, 27.20 and
27.40 at the stations 8, 9 and 10, covering a depth range of
88–776 m. Application of this model using O2:C=1.34±
0.06 (Körtzinger et al., 2001) produced the Redfield ratios
(Table 4) C:P=140±28 andN:P=21±4. For comparison,
this is in good agreement with Körtzinger et al. (2001):
C:P= 123±10 and N:P=18±2. The model yielded
decreasing regenerative Fe:C ratios with deeper isopyc-
nals (Table 4). In the depth range ∼100–300 m the value
was 22±5 μmol Fe:mol C and in the depth range below
300m thiswas 5±3μmol Fe:molC. This agreeswell with
the results from the dFe/AOU relationships (compare
Tables 3 and 4). Apparently the remineralization signal of
Fe is higher in the upper water column than lower down,

hinting at preferential remineralization of Fe there. The
Fe:C ratios reported here are at the high end of previous
reports for the North Atlantic (i.e. 11–17 μmol Fe:mol C,
Bergquist and Boyle, 2006; 7–13 μmol Fe:mol C, Sunda,
1997). This may be due still to some luxurious iron in the
picophytoplankton. However, values of 20–22 μmol Fe:
mol C are in good agreement with previously reported
values for bottle experiments with oceanic cyanobacteria.
Brand (1991) and Wilhelm and Trick (1995) found re-
spectively 19 and 25 μmol Fe:mol C in iron depleted
isolates of Synechococcus.

Ifwe take a Fe:C ratio for picophytoplankton of 22μmol
Fe:mol C as the iron requirement, and a mean atmospheric
dFe flux into the mixed layer of 0.061 μmol m−2 d−1, then
an atmospheric iron sustained new production of 33 mg
m−2 d−1 C could be estimated. When compared with
integrated Spring primary production in this ocean region
of 226 mg m−2 d−1 C (Teira et al., 2005), this would mean
that on average 85% (range 44–93%) of the primary
productivity could be supported by regenerated iron.

The inferred high degree of Fe recycling would
probably largely take place in the surface mixed layer to
be available again, so the required recycling rate of Fe
should also be high. It is tentatively postulated that the
numerically dominant presence of picophytoplankton
could play a pivotal role in keeping relatively high levels
of dFe for an extended time period inside the mixed layer
by means of 1) iron uptake/adsorption, 2) a low sinking
rate, 3) exudation of iron binding siderophores by for
instance Synechococcus (Hutchins et al., 1999; Wilhelm
et al., 1996), in combination with 4) rapid recycling via
grazing by zooplankton (Hutchins and Bruland, 1994)
and protozoans (Barbeau et al., 1996) as well as release of
bioavailable Fe by viral lysis (Poorvin et al., 2004).

Blain et al. (2004) conducted in early Spring 2001
deck incubation experiments at ∼40°N, ∼19°W
at somewhat lower ambient dFe concentrations
(∼0.4 nmol L−1) as in this work, and found that the
larger phytoplankton size class was moderately Fe
stressed, and was suffering from co-limitation by the
major nutrients N, P and Si as well. The picophytoplank-
ton was responding relatively less strongly to amend-
ments of dFe and/or major nutrients than larger sized
phytoplankton, indicating that the former were probably
less limited. These findings can be extrapolated to this
work, by concluding that at the slightly higher ambient
dFe concentrations as were observed here (∼0.6 nmol
L−1), the dominating picophytoplankton community was
likely not Fe limited and perhaps only moderately limited
byN and/or P. This is probably related to a higher surface/
volume ratiomaking the picophytoplankon less diffusion-
limited with respect to larger sized cells. Where co-

Table 4
Oceanic Redfield ratios calculated a from concentration changes along
isopycnal surfaces at stations 8, 9 and 10

Isopycnal Depth range Fe/C b C/P N/P

26.95 88–245 22±6 158±26 24±4
27.00 175–313 23±5 127±51 19±8
27.10 325–463 9±3 153±22 23±3
27.20 513–590 4±1 138±9 20±1
27.40 758–776 2±1 122±7 18±1

Average 12±9 140±28 21±4
Literature c 7–13, 11–17 123±10 18±2

a Two end member mixing model by Minster and Boulahdid (1987).
A ratio O2/C=1.34 was used, Körtzinger et al. (2001). O2/N=9 was
used to calculate ‘NO’ as conservative tracer (Broecker, 1974), see text.
b µmol Fe:mol C. The error on individual numbers is based on the

average of the three stations.
c North Atlantic data. Fe/C: Sunda (1997), Bergquist and Boyle

(2006). C/P and N/P: Körtzinger et al. (2001).
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limitation of Fe, P, N and Si was alleviated, for instance
due to deep winter mixing such as could have been
the case during transects VII/VIII at 46°N, large
phytoplankton will likely start to bloom. At 46°N this
could have been a diatom bloom, as Si dropped sharply
together with N and P in the Chl amaximum (Fig. 2C–F).

4.5. Influence of land run-off on trace metal
concentrations on the continental shelf

The Fe, Mn and Al concentrations during the return
transect VIII are generally correlated with salinity
(Fig. 8B–D) for the samples taken on the continental
shelf. The strongest correlation concerns Mn, followed
by Fe and then Al. There seems to be mixing on the
continental shelf of a low metal/high salinity oceanic
end member and a high metal/low salinity coastal end
member. Due to the narrow salinity range we can not
exclusively attribute the salinity–metal correlation to
conservative mixing. Indeed, some scatter in the data
for Fe and particularly for Al suggests additional local
sources and sinks, such as sediment resuspension,
atmospheric inputs and particle readsorption.

The salinity correlation of dMn and dFe would suggest
that reductive benthic diffusion did not play amajor role at
the time of the cruise, as the major spring blooms had not
taken place yet.When these blooms decline, the high load
of organic matter to the sediment would enhance anaer-
obic conditions resulting in a diffusive benthic flux of
reduced Mn and possibly also Fe (Schoemann et al.,
1998). When this benthic flux would have occurred prob-
ably a more scattered dissolved metal–salinity relation-
ship would have been found.

5. Conclusions

Surface ocean tracemetal datawere applied to a simple
steady state model to estimate mineral dust flux to the
Northeast Atlantic Ocean. Atmospheric dissolved Fe, Mn
and Al fluxes were obtained using recent literature values
for dust solubility, and upper ocean residence times for
these metals were calculated. The atmospheric dust flux
results were in good agreement with previously reported
data. Upper ocean residence times for steady state
conditions were 1.3 yr (range 0.3–2.9 yr) for dFe and
1.9 yr (range 1.0–3.8 yr) for dMn, but may have been
overestimated for dFe. A residence time of 0.2–0.4 yr
seems to be more realistic. An upper ocean response time
for removal of excess dFe under non-steady state
conditions of 0.06–0.08 yr was inferred.

Using vertical dFe versusAOU relationships aswell as a
biogeochemical two end member mixing model, apparent

iron requirements for the Synechococcus dominated algal
community of respectively 20±6 and 22±5 μmol Fe: mol
C were estimated. Combining the latter value with the
atmospheric dFe flux, this gave a low estimate of iron
supported new production, suggesting that 85% of primary
productivity could be sustained by regenerated dFe in the
surface mixed layer. It is suggested that picophytoplankton
plays a pivotal role in this, by exudation of iron binding
siderophores and low sinking velocities, in combination
with protozoan and zooplankton grazing as well as viral
lysis. Ambient dFe concentrations during this cruise were
probably not limiting picophytoplankton but larger phyto-
plankton was likely co-limited by dFe and major nutrients,
notions supported by incubation work by Blain et al.
(2004). Enhanced surface trace metal concentrations were
observed at the beginning of the cruise, probably related
to an episode of enhanced Saharan dust input over the
Northeast Atlantic Ocean prior and during the period of
investigation. The local and episodic nature of these
enhanced dust fluxes, in combination with occurring co-
limitation of the major nutrients, makes that their
influence on overall primary productivity and phyto-
plankton community structure is probably minimal in the
investigated ocean area. Only when co-limitation factors
are alleviated can a dust input event have effect on the
ecosystem.

More or less strong dissolved metal–salinity relation-
ships on the continental shelf hint at a probably mostly
fluvial source for dFe and dMn but likely a sediment
resuspension or atmospheric origin for dAl. The conti-
nental shelf is probably not a major source of trace metals
to the surface of the adjacent open ocean.
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Appendix A. Transect data

Transect Date Time (UT) Lat (dec) Long (dec) Sal Temp dFe (nM) dMn (nM) dAl (nM) Si (μM) PO4 (μM) NO3 (μM)

I 3/6/1998 13:00 47.33 −7.53 35.57 2.28 2.39 0.40 6.47
Shelf 3/6/1998 15:00 47.23 −7.72 35.65 12.02 1.47 2.35 0.39 6.28
Break 3/6/1998 16:00 47.18 −7.82 35.64 1.56 2.31 0.38 6.09

3/6/1998 17:00 47.10 −7.94 35.65 1.39 2.20 0.36 5.80
3/6/1998 18:00 47.03 −8.05 35.72 12.43 1.43 2.08 0.34 5.60
3/6/1998 19:00 46.95 −8.17 35.69 12.25 1.69 2.00 0.33 5.32
3/6/1998 21:00 46.78 −8.42 35.68 12.24 1.72 2.03 0.32 5.39
3/7/1998 0:00 46.53 −8.81 35.67 12.10 1.72 2.49 0.32 5.34
3/7/1998 4:00 46.23 −9.30 35.72 12.39 1.20 2.00 0.33 5.29
3/7/1998 8:00 45.88 −9.87 35.71 12.48 1.18 1.78 0.29 4.67
3/7/1998 9:00 45.77 −10.02 35.72 12.58 1.41 1.71 0.25 4.29
3/7/1998 10:00 45.67 −10.17 35.74 12.69 1.28 1.80 0.27 4.50
3/7/1998 11:00 45.60 −10.28 35.74 12.79 1.62 1.90 0.29 4.83
3/7/1998 12:00 45.52 −10.42 35.74 12.55 1.72 1.96 0.32 4.97
3/7/1998 13:00 45.41 −10.59 35.74 12.55 1.63 2.00 0.33 4.97
3/7/1998 17:00 45.16 −10.99 35.74 13.10 1.88 1.61 0.22 3.53
3/7/1998 20:00 44.80 −11.52 35.74 13.10 4.09 1.60 0.21 3.39
3/8/1998 0:00 44.38 −12.15 35.77 13.14 2.22 1.51 0.22 3.49
3/8/1998 4:00 44.02 −12.68 35.78 13.38 2.15 1.46 0.20 3.12
3/8/1998 9:00 43.52 −13.46 35.78 13.24 3.02 1.35 0.17 2.52
3/8/1998 12:00 43.23 −13.91 35.80 13.60 3.62 1.34 0.15 2.18
3/8/1998 15:00 43.01 −14.24 35.78 13.72 0.90 1.24 0.13 1.90
3/8/1998 17:00 42.75 −14.61 35.93 14.32 1.80 1.13 0.08 0.84
3/8/1998 19:00 42.52 −14.93 35.85 14.00 1.48 1.16 0.11 1.10
3/9/1998 0:00 41.95 −15.83 35.86 14.02 0.48 1.32 0.12 1.10
3/9/1998 10:00 40.72 −17.56 35.97 15.12 0.43 1.18 0.01 0.18
3/9/1998 11:00 40.60 −17.73 36.00 15.11 0.58 1.18 0.02 0.15
3/9/1998 15:00 40.50 −17.86 35.98 15.17 0.52 1.17 0.03 0.01
3/9/1998 17:00 40.27 −18.19 36.00 15.38 0.48 1.20 0.04 0.00
3/9/1998 20:00 39.89 −18.74 36.02 15.42 0.63 1.15 0.01 0.00
3/10/1998 0:00 39.64 −19.56 35.97 15.12 0.77 1.30 0.03 0.47
3/10/1998 4:00 39.46 −20.47 35.98 15.17 0.49 1.30 0.01 0.37
3/10/1998 8:00 39.30 −21.38 36.09 15.78 0.54 0.98 0.01 0.00
3/10/1998 10:00 39.21 −21.85 36.04 15.75 0.38 1.05 0.00 0.00
3/10/1998 12:00 39.15 −22.22 36.03 15.68 0.38 1.04 0.01 0.00
3/10/1998 15:00 39.08 −22.53 36.05 15.84 0.52 1.02 0.01 0.02
3/10/1998 17:00 39.03 −22.79 36.10 16.31 0.50 1.00 0.01 0.04
3/10/1998 20:00 38.87 −23.01 36.09 16.14 0.84 0.96 0.01 0.00

II 3/11/1998 0:00 38.48 −22.99 36.16 16.31 1.12 0.95 0.01 0.00
3/11/1998 20:00 37.85 −23.00 36.09 16.09 1.07 1.04 0.01 0.00

III 3/12/1998 0:00 38.33 −22.99 36.10 16.02 1.17 0.96 0.01 0.00
3/12/1998 4:00 38.88 −23.00 36.07 15.74 0.99 0.98 0.01 0.00
3/12/1998 8:00 39.40 −23.00 36.04 15.72 0.96 1.01 0.02 0.00
3/12/1998 10:00 39.68 −23.00 36.06 15.58 1.13 1.06 0.02 0.13
3/12/1998 12:00 39.89 −23.00 36.00 15.43 0.57 1.05 0.02 0.06

IV 3/12/1998 16:00 40.30 −22.98 35.96 15.30 0.93 1.22 0.03 0.70
3/12/1998 18:00 40.26 −23.00 35.98 15.08 0.81 1.36 0.05 1.23
3/13/1998 0:00 41.17 −23.00 35.92 14.56 0.74 1.17 0.02 0.21
3/13/1998 4:00 41.88 −22.99 35.97 14.86 1.13 1.35 0.05 1.28
3/13/1998 8:00 42.58 −23.00 35.89 14.10 1.05

V 3/15/1998 16:00 42.52 −23.03 35.89 14.20 1.50 1.69 0.14 2.93
3/15/1998 17:00 42.37 −23.00 35.88 14.28 1.42 1.63 0.10 2.31
3/15/1998 18:00 42.22 −23.00 35.88 14.24 1.49 1.70 0.12 2.56
3/15/1998 20:00 41.93 −23.00 35.97 14.86 1.38 1.27 0.02 0.69
3/15/1998 22:00 41.62 −22.99 35.99 15.09 1.42 1.22 0.03 0.72
3/16/1998 0:00 41.27 −23.02 35.95 14.92 1.60 1.13 0.02 0.55
3/16/1998 2:00 40.94 −22.99 35.97 14.94 1.50 1.24 0.07 1.69

(continued on next page)
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(continued)

Transect Date Time (UT) Lat (dec) Long (dec) Sal Temp dFe (nM) dMn (nM) dAl (nM) Si (μM) PO4 (μM) NO3 (μM)

3/16/1998 4:00 40.61 −22.99 35.98 15.04 1.64 1.36 0.05 0.95
3/16/1998 6:00 40.27 −22.99 36.02 15.46 1.61 1.14 0.02 0.16

VI 3/17/1998 16:00 39.92 −23.00 36.08 16.02 1.05 1.01 0.03 0.09
3/17/1998 18:00 39.55 −22.97 36.06 15.64 1.08 1.00 0.03 0.12
3/17/1998 20:00 39.18 −22.99 36.04 15.74 0.89 1.01 0.03 0.05
3/17/1998 22:00 38.81 −23.00 36.16 16.16 0.95 1.01 0.02 0.03
3/18/1998 0:00 38.44 −22.99 36.16 16.16 0.78 0.91 0.02 0.02
3/18/1998 2:00 38.07 −23.01 36.17 16.20 0.86 0.92 0.02 0.02
3/18/1998 4:00 37.70 −23.01 36.16 16.08 0.78 0.93 0.01 0.02
3/18/1998 6:00 37.34 −23.00 36.17 16.44 0.87 0.95 0.02 0.03

VII 3/19/1998 21:00 37.14 −23.00 36.16 16.56 1.12 0.94 0.01 003
3/20/1998 0:00 37.67 −23.01 36.18 16.33 0.87 1.04 0.02 0.00
3/20/1998 2:00 38.02 −23.02 36.17 16.24 0.78 1.00 0.02 0.00
3/20/1998 4:00 38.37 −23.01 36.13 16.04 0.78 1.00 0.01 0.01
3/20/1998 6:00 38.72 −23.00 36.02 15.54 0.78 1.03 0.01 0.00
3/20/1998 8:00 39.06 −23.00 36.04 15.54 0.84 1.10 0.02 0.00
3/20/1998 10:00 39.41 −23.00 36.05 15.56 0.54 0.49 9.09 1.07 0.02 0.00
3/20/1998 12:00 39.74 −22.99 36.05 15.67 0.81 0.62 9.49 1.08 0.01 0.00
3/20/1998 14:00 40.07 −23.00 36.06 15.73 0.68 0.54 11.64 1.07 0.01 0.01
3/20/1998 16:00 40.41 −23.00 36.04 15.59 0.55 0.58 8.95 1.04 0.01 0.02
3/20/1998 18:00 40.75 −23.01 35.98 15.39 1.17 0.71 11.57 1.08 0.01 0.01
3/20/1998 20:00 41.09 −23.00 35.98 15.00 0.82 0.50 9.26 1.16 0.03 0.81
3/20/1998 22:00 41.43 −23.00 35.99 15.11 0.51 0.50 8.51 1.29 0.05 0.43
3/21/1998 0:00 41.75 −23.01 35.99 15.11 0.50 0.52 8.71 1.19 0.04 0.16
3/21/1998 2:00 42.07 −23.01 35.89 14.28 (1.69) 0.36 9.94 1.37 0.04 0.53
3/21/1998 4:00 42.38 −23.00 35.79 13.78 0.53 0.52 (21.65) 1.67 0.13 2.28
3/21/1998 6:00 42.57 −23.00 35.78 13.76 0.79 0.54 (16.75) 2.11 0.20 3.39
3/21/1998 8:00 42.60 −23.00 35.78 13.66 (1.39) 0.44 9.94 2.09 0.21 3.42
3/21/1998 10:00 42.76 −22.99 35.76 13.65 0.64 0.42 5.65 1.25 0.15 1.97
3/21/1998 12:00 43.11 −23.01 35.76 13.74 0.59 0.40 8.44 1.69 0.14 2.09
3/21/1998 14:00 43.47 −23.01 35.79 13.60 0.63 0.43 10.35 1.97 0.23 3.48
3/21/1998 16:00 43.82 −23.01 35.77 13.40 0.54 0.39 10.62 2.51 0.27 4.31
3/21/1998 18:00 44.17 −22.99 35.79 13.64 0.64 0.50 11.03 2.48 0.30 5.11
3/21/1998 20:00 44.52 −22.99 35.77 13.48 0.69 0.36 12.53 2.49 0.31 5.06
3/21/1998 22:00 44.87 −22.99 35.70 12.94 0.54 0.50 10.18 2.98 0.37 6.05
3/22/1998 0:00 45.23 −23.02 35.74 13.04 0.42 0.47 9.57 3.70 0.49 7.86
3/22/1998 2:00 45.59 −23.01 35.75 13.08 0.44 0.45 9.94 2.58 0.33 5.07
3/22/1998 4:00 45.96 −23.00 35.75 13.06 0.47 0.39 8.31 2.29 0.30 4.27
3/22/1998 6:00 46.32 −22.99 35.69 12.78 0.54 0.47 n.a. 2.57 0.33 5.18
3/22/1998 8:00 46.67 −23.00 35.66 12.57 0.47 0.63 14.50 3.23 0.46 7.30
3/22/1998 10:00 47.02 −23.01 35.68 12.88 0.65 0.68 16.61 3.20 0.44 7.18

VIII 3/22/1998 12:00 47.37 −22.99 35.69 12.85 0.56 0.58 14.27 3.29 0.45 7.17
3/22/1998 14:00 47.54 −22.69 35.69 12.72 0.35 0.55 11.57 3.28 0.43 7.18
3/22/1998 16:00 47.59 −22.20 35.61 12.24 0.49 0.54 12.12 3.34 0.44 7.33
3/22/1998 18:00 47.65 −21.70 35.60 12.20 0.54 0.51 9.74 3.30 0.44 7.24
3/22/1998 20:00 47.69 −21.00 35.63 12.26 0.45 0.49 10.69 3.38 0.47 7.55
3/22/1998 22:00 47.75 −20.73 35.56 11.74 0.45 0.49 10.55 3.34 0.46 7.37
3/23/1998 0:00 47.82 −20.23 35.59 11.97 0.52 0.45 9.05 3.32 0.51 8.16
3/23/1998 2:00 47.90 −19.74 35.63 12.27 0.76 0.49 11.16 3.30 0.47 7.62
3/23/1998 4:00 47.97 −19.23 35.68 12.28 0.67 0.46 10.48 2.98 0.43 7.05
3/23/1998 6:00 48.02 −18.73 35.69 12.37 0.51 0.42 12.36 3.10 0.43 7.19
3/23/1998 8:00 48.06 −18.21 35.68 12.32 0.50 0.51 12.56 3.01 0.45 7.19
3/23/1998 10:00 48.12 −17.69 35.64 12.20 0.39 0.52 12.48 3.17 0.47 7.49
3/23/1998 12:00 48.18 −17.17 35.65 12.14 0.50 0.49 10.25 3.00 0.45 7.44
3/23/1998 14:00 48.23 −16.66 35.66 12.14 0.34 0.50 10.74 3.06 0.47 7.56
3/23/1998 16:00 48.30 −16.15 35.66 12.10 0.41 0.63 11.35 3.26 0.51 8.18
3/23/1998 18:00 48.36 −15.63 35.62 11.91 0.42 0.50 10.66 2.99 0.47 7.59
3/23/1998 20:00 48.41 −15.09 35.65 11.97 0.64 0.50 11.55 3.15 0.48 7.66
3/23/1998 22:00 48.48 −14.56 35.63 11.65 0.62 0.50 10.65 3.15 0.49 7.91
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(continued)

Transect Date Time (UT) Lat (dec) Long (dec) Sal Temp dFe (nM) dMn (nM) dAl (nM) Si (μM) PO4 (μM) NO3 (μM)

3/24/1998 0:00 48.55 −14.03 35.61 11.53 0.80 0.44 10.74 2.57 0.39 5.63
3/24/1998 2:00 48.61 −13.51 35.63 11.80 0.59 0.49 10.05 3.29 0.54 8.52
3/24/1998 4:00 48.65 −12.99 35.63 11.69 0.67 0.58 10.86 3.45 0.54 8.54
3/24/1998 6:00 48.72 −12.47 35.64 11.68 0.62 0.52 10.13 3.29 0.51 8.21

Shelf 3/24/1998 8:00 48.78 −11.93 35.63 11.67 0.69 0.72 9.32 2.86 0.46 7.48
Break 3/24/1998 10:00 48.84 −11.39 35.63 11.66 0.95 1.06 9.64 2.94 0.47 7.59

3/24/1998 12:00 48.90 −10.84 35.61 11.52 0.96 0.63 9.32 3.00 0.45 7.18
3/24/1998 14:00 48.97 −10.29 35.62 11.56 1.27 0.95 11.47 2.87 0.44 6.77
3/24/1998 18:00 49.09 −9.17 35.51 10.94 1.85 1.18 10.45 2.51 0.40 5.93
3/24/1998 20:00 49.13 −8.64 35.54 11.08 1.64 1.28 10.25 2.34 0.37 5.81
3/24/1998 22:00 49.22 −8.10 35.55 10.94 1.23 0.95 13.49 2.35 0.38 5.64
3/25/1998 0:00 49.28 −7.52 35.52 10.84 1.42 1.15 17.22 2.57 0.39 5.63
3/25/1998 2:00 49.34 −6.93 35.56 10.90 1.07 1.70 23.83 2.10 0.35 4.91
3/25/1998 4:00 49.41 −6.34 35.60 10.96 1.01 1.41 33.83 2.24 0.30 4.28
3/25/1998 6:00 49.47 −5.78 35.55 10.82 1.06 1.46 39.10 2.33 0.23 3.53
3/25/1998 8:00 49.53 −5.25 35.57 10.74 1.60 1.55 56.33 2.52 0.19 3.47
3/25/1998 10:00 49.60 −4.74 35.56 10.68 1.01 1.36 40.75 2.44 0.26 4.40
3/25/1998 12:00 49.65 −4.19 35.43 10.10 1.28 1.62 39.27 2.58 0.28 4.82
3/25/1998 14:00 49.71 −3.61 35.36 9.82 1.16 2.03 40.75 3.10 0.35 7.39
3/25/1998 16:00 49.78 −2.99 35.47 9.94 1.29 2.01 36.04 2.62 0.32 6.25
3/25/1998 18:00 49.90 −2.34 35.35 9.70 2.91 2.05 35.57 1.90 0.35 6.13
3/25/1998 20:00 50.02 −1.67 35.39 9.70 4.26 2.29 33.01 2.00 0.39 7.16
3/25/1998 22:00 50.13 −1.10 35.42 9.64 3.07 1.95 33.34 2.07 0.37 7.06
3/26/1998 0:00 50.21 −0.64 35.38 9.50 2.20 2.21 30.31 2.05 0.35 6.92
3/26/1998 2:00 50.28 −0.19 35.38 9.42 2.60 2.92 37.05 1.48 0.27 5.65
3/26/1998 4:00 50.37 0.32 35.30 9.18 1.46 2.88 16.03 0.74 0.17 3.93
3/26/1998 6:00 50.46 0.89 35.32 8.91 3.87 4.58 19.53 0.71 0.08 1.12
3/26/1998 10:00 51.09 1.68 35.03 8.59 5.87 4.85 23.44 2.34 0.28 7.14
3/26/1998 12:00 51.40 2.08 35.35 8.81 2.00 2.74 20.07 2.34 0.28 7.14

Appendix B. Station data

Date Station Position Depth (m) Sal Temp dFe (nM) dMn (nM) dAl (nM) Si (μM) PO4 (μM) NO3 (μM) AOU (μM)

3/7/1998 2 45°24′N 10 35.71 12.42 4.53 3.13 40.46 1.91 0.40 5.52 −4.8
10°38′W 25 35.71 12.41 1.13 2.11 30.79 1.92 0.42 5.53 −5.7

50 35.71 12.42 1.34 0.79 13.04 2.08 0.39 5.53 −4.8
75 35.71 12.40 1.50 1.49 18.56 1.94 0.38 5.53 −5.2
125 35.71 12.40 1.74 1.23 26.68 1.96 0.36 5.60 −4.7
150 35.70 12.09 1.99 0.98 22.73 1.98 0.42 6.32 0.8
200 35.66 12.04 2.05 1.50 20.21 2.00 0.49 7.86 2.5

3/9/1998 4 40°30′N 10 36.01 15.20 0.87 0.42 9.50 1.24 0.00 0.20 −15.3
17°48′W 30 36.01 15.03 1.30 1.16 15.45 1.19 0.01 0.52 −10.0

50 36.01 14.99 1.53 1.08 10.45 1.21 0.03 0.90 −4.4
75 36.00 14.97 1.07 0.46 13.95 1.24 0.09 1.15 −1.7
125 35.95 14.58 0.99 (1.02) 14.93 1.41 0.18 2.19 1.5
150 35.95 14.48 1.10 0.33 15.76 2.18 0.41 6.35 13.6
200 35.83 13.17 1.37 0.19 17.43 3.28 0.61 9.32 25.9

3/11/1998 6 37°29′N 10 36.13 16.43 0.83 0.65 21.37 1.01 0.01 0.04 2.8
22°59′W 30 36.13 16.35 0.88 0.81 (41.73) 1.07 0.03 0.01 1.9

50 36.13 16.21 0.93 0.49 11.36 1.04 0.03 0.03 3.8
75 36.15 16.09 1.00 0.94 21.93 1.02 0.06 0.21 10.1
100 36.15 15.93 1.18 0.57 17.45 1.04 0.07 0.48 14.8
250 35.83 13.21 1.40 0.09 17.51 3.21 0.58 9.44 45.8
1000 35.69 9.13 1.31 0.07 30.32 9.75 1.10 17.85 95.5
1500 35.23 5.08 1.30 0.11 24.34 10.32 1.04 16.83 66.5

Appendix A (continued )
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(continued)

Date Station Position Depth (m) Sal Temp dFe (nM) dMn (nM) dAl (nM) Si (μM) PO4 (μM) NO3 (μM) AOU (μM)

2000 35.00 3.73 1.78 0.09 16.45 12.79 1.18 18.32 63.5
3/13/1998 8 42°36′N 10 35.80 13.75 0.83 0.49 13.15 1.89 0.22 3.53 −6.8

23°00′W 20 35.78 13.64 0.74 0.40 14.32 1.89 0.22 3.31 −9.1
30 35.80 13.63 0.72 0.44 12.14 1.90 0.22 3.32 −7.5
40 35.79 13.57 1.16 0.49 n.a. 1.88 0.24 3.66 −5.5
50 35.78 13.55 1.22 0.50 12.08 1.81 0.27 3.79 −2.8
75 35.75 13.32 1.23 0.49 12.42 1.84 0.28 3.96 −2.7
100 35.75 13.26 1.05 0.67 10.80 1.89 0.29 4.04 −3.2
150 35.75 13.13 1.13 0.53 12.98 2.18 0.36 5.60 3.3
200 35.75 12.99 1.12 0.37 n.a. 2.64 0.44 7.08 9.4
250 35.67 12.37 1.54 0.30 14.32 3.71 0.63 10.32 33.5
500 35.51 10.92 1.49 0.36 15.11 4.97 0.80 13.15 52.7
750 35.45 9.00 1.60 0.18 17.40 9.05 1.14 18.19 91.6
900 35.34 8.78 1.75 0.18 22.04 10.32 1.18 18.83 92.1
1000 35.46 7.43 1.72 0.14 20.70 10.80 1.19 19.05 86.1
1500 34.99 4.22 1.86 0.18 15.78 10.00 1.14 18.06 51.0
1750 34.93 3.72 1.96 0.20 14.38 11.14 1.17 18.08 39.8
2000 34.90 3.45 1.97 0.19 13.48 12.17 1.18 18.05 32.2

3/16/1998 9 40°00′N 5 36.06 15.76 1.26 0.72 14.54 1.03 0.00 0.10 −8.7
23°00′W 15 36.06 15.65 1.13 0.53 17.43 1.06 0.00 0.11 −7.4

20 36.06 15.63 1.03 0.78 12.80 1.06 0.00 0.09 −7.8
30 36.06 15.59 0.99 0.63 14.01 1.05 0.00 0.09 −8.7
40 36.06 15.59 1.29 0.54 16.96 1.10 0.01 0.21 −7.7
50 36.04 15.56 1.35 0.53 11.50 1.12 0.01 0.24 −8.3
65 36.03 15.36 1.38 0.54 (15.79) 1.20 0.08 1.71 6.7
115 35.96 14.76 1.35 0.50 11.86 1.68 0.21 3.85 3.7
165 35.92 14.53 1.41 0.47 14.41 1.79 0.24 4.30 5.9
200 35.90 14.36 1.30 0.45 n.a. 1.73 0.20 3.57 14.8
250 35.81 13.52 1.77 0.34 15.86 3.08 0.48 8.66 43.0
500 35.51 11.38 1.65 0.18 14.54 5.74 0.75 13.67 61.8
700 35.44 10.04 1.45 0.19 16.20 8.26 1.04 17.33 84.7
890 35.67 9.79 1.61 0.17 24.00 9.87 1.09 18.05 93.8
1000 35.62 9.12 1.54 0.16 23.68 10.36 1.09 18.03 91.8
1065 35.69 9.00 1.60 0.22 23.85 10.45 1.10 17.32 90.3
1250 35.34 6.62 1.76 0.24 19.15 11.51 1.16 18.71 73.9
1500 35.03 4.76 1.80 0.25 15.46 11.62 1.16 18.41 55.2
2000 34.95 3.72 1.71 0.36 14.95 13.44 1.15 18.11 36.2

3/18/1998 10 37°00′N 10 36.11 16.48 0.73 1.08 12.72 0.95 0.02 0.06 −3.7
23°00′W 20 36.11 16.44 0.66 0.90 12.74 0.95 0.00 0.11 −1.8

30 36.11 16.43 0.52 0.88 9.36 0.91 0.01 0.04 −1.9
40 36.11 16.42 0.79 1.08 12.17 0.93 0.01 0.04 −0.9
50 36.11 16.42 0.70 0.89 11.00 0.90 0.04 0.34 −1.6
75 36.08 15.96 0.95 0.87 n.a. 1.02 0.07 1.52 8.4
100 36.03 15.64 0.92 0.82 10.29 1.18 0.10 2.11 9.1
125 35.99 15.37 1.47 0.72 10.07 1.28 0.11 2.69 13.8
150 35.98 15.05 1.23 0.43 13.55 2.31 0.34 6.37 23.9
200 35.87 13.78 1.51 0.35 15.49 3.35 0.52 9.22 35.9
250 35.81 13.44 1.71 0.29 n.a. 3.53 0.56 9.70 45.2
500 35.56 11.41 1.42 0.19 19.45 5.86 0.86 14.37 65.9
650 35.45 10.24 1.67 0.21 20.23 8.14 1.05 17.67 82.8
770 35.57 10.10 1.37 0.16 22.45 9.04 1.06 17.68 92.1
840 35.57 9.64 1.88 0.18 24.34 9.95 1.12 18.26 93.9
960 35.61 8.90 1.59 0.17 26.29 10.51 1.12 18.12 91.9
1250 35.43 6.91 1.44 0.20 21.73 11.43 1.14 18.40 75.3
1500 35.23 5.41 1.64 0.30 18.32 11.94 1.15 18.25 62.9
2000 35.05 3.95 1.73 0.18 18.79 16.10 1.21 18.66 47.3
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