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Abstract

The deposition of atmospheric dust is the primary process supplying trace elements
abundant in crustal rocks (e.g. Al, Mn and Fe) to the surface ocean. Upon deposition,
the residence time in surface waters for each of these elements differs according to
their chemical speciation and biological utilization. Presently however their behavior5

after atmospheric deposition is poorly constrained, principally because of the difficulty
in following natural dust events in-situ. In the present work we examined the temporal
changes in the biogeochemistry of crustal metals (in particular Al, Mn and Fe) after an
artificial dust deposition event. The experiment was contained inside trace metal clean
mesocosms (0–12.5 m depths) deployed in the surface waters of the Northwestern10

Mediterranean, close to the coast of Corsica in the frame of the DUNE project (a DUst
experiment in a low Nutrient low chlorophyll Ecosystem). Two consecutive artificial dust
deposition events, each mimicking a wet deposition of 10 gm−2 of dust, were performed
during the course of this DUNE-2 experiment. The changes in dissolved manganese
(dMn), iron (dFe) and aluminium (dAl) concentrations were followed immediately and15

over the following week and their inventories and loss or dissolution rates were de-
termined. The evolution of the inventories after the two consecutive additions of dust
showed distinct behaviors for dMn, dAl and dFe. Even though the mixing conditions
differed from one seeding to the other, dMn and dAl showed clear increases directly
after both seedings due to dissolution processes. Three days after the dust additions,20

dAl concentrations decreased as a consequence of scavenging on sinking particles.
dAl appeared to be highly affected by the concentrations of biogenic particles, with an
order of magnitude difference in its loss rates related to the increase of biomass af-
ter the addition of dust. For dFe concentrations, the first dust addition decreased the
concentrations through scavenging of the dust particles, whereas the second seeding25

induced dissolution of Fe from the dust particles. This difference, which might be re-
lated to a change in Fe-binding ligand concentration in the mesocosms, highlights the
complex processes that control the solubility of Fe. Based on the inventories at the
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mesocosm scale, the estimations of solubility of metals from dust particles in seawater
were 1 % for Al and 40 % for Mn which were in good agreement with laboratory based
estimates. Overall, the trace metal dataset presented here makes a significant contri-
bution to enhancing our knowledge on the processes influencing trace metals release
from Saharan dust and the subsequent processes of bio-uptake and scavenging in5

a low nutrient low chlorophyll area.

1 Introduction

Marine oligotrophic areas, also described as low nutrient, low chlorophyll (LNLC) ar-
eas, represent 60 % of the global ocean (Longhurst et al., 1995) and are suggested to
contribute to 50 % of the oceanic carbon export (Emerson et al., 1997). These areas10

are characterized by low nutrient concentrations in oceanic surface waters resulting in
reduced biological activity (Carr et al., 2006; Longhurst et al., 1995). Vast surfaces of
these LNLC areas are subject to fluxes of lithogenic material through the atmospheric
deposition of desert dust particles. Bioassay experiments performed in the oligotrophic
North Atlantic by Mills et al. (2004) found that the addition of mineral dust to seawater15

can lead to a positive response in biota. Due to the elemental composition of the earth
crust, the flux of dust particles constitutes a major source of trace metals to the surface
ocean (Duce et al., 1991). For this reason, in addition to macronutrients (phosphorus
and nitrogen) transported by dust particles, it has been suggested that the response of
the biota to dust might be (partially) controlled by trace metals. During the last twenty20

years, due to its importance in HNLC areas, Fe has received much attention (Jickells
et al., 2005), but in the recent years, a number of studies have pointed to the impor-
tance of studying other trace-elements in order to more completely describe the overall
biogeochemical functioning of these LNLC area (Heller and Croot, 2010; Noble et al.,
2008; Obata et al., 2008; Saito and Moffett, 2002).25

In order to assess the impact of the atmospheric deposited micronutrients on the
biogeochemical functioning of the LNLC areas, a variety of complex factors controlling
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the solubility of trace metals – from the solid form in a dust particle to the dissolved
form once it enters the water – have to be taken into account (Baker and Croot, 2010).
Indeed, in addition to atmospheric factors controlling the inherent solubility of the metal
in the particle (size of the particles, Baker and Jickells, 2006; mineralogy, Journet et al.,
2008; chemical composition, Sedwick et al., 2007), there are a number of factors that5

can be important once the particle is deposited in seawater: e.g. the initial concen-
tration of dissolved metals in seawater (Liu and Millero, 2002; Mendez et al., 2010),
photochemical processing (Fe(III) to Fe(II)) (Zhuang et al., 1992) and availability in the
atmosphere and in seawater (Spokes and Jickells, 1996), but also specific chelating
substances like for Fe (Gledhill and Buck, 2012; Wagener et al., 2008).10

The Mediterranean Sea is a LNLC-area, especially in summer when the surface is
strongly stratified. The atmospheric load over the Mediterranean has been estimated
to reach up to one billion tonnes per year, which is one of the highest dust loads reach-
ing a LNLC-area. For this reason the Mediterranean is a suitable place to assess the
impact of dust deposition on LNLC areas (Guerzoni et al., 1999). This is the objective15

of the project DUNE (a DUst experiment in a low Nutrient low chlorophyll Ecosystem)
based on an original experimental approach: dust addition experiments into large clean
mesocosms. This experimental design constitutes an opportunity to study processes
once particles have deposited at the surface ocean in a realistic way (Guieu et al.,
2009, 2010a).20

Within a first experimental campaign in 2008 (DUNE-1), it was demonstrated that the
mesoscosms developed in the frame of the DUNE project allowed trace metal clean
conditions adapted to study the Fe cycle (Wagener et al., 2010) Two major results
concerning Fe chemistry were gained from this first experiment:

1. A clear decrease of the dissolved iron (dFe) inventory in the mesocoms, in which25

a wet deposition was simulated, compared to the mesocoms without addition of
dust has been observed. A simple 1-D model of the mesocosm demonstrated that
during the experiment the addition of dust was a sink rather than a source of Fe
due to the scavenging on dust particles (Ye et al., 2010).
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2. Additionally batch experiments performed with filtered seawater of the corre-
sponding mesocosm and a second addition of simulated aeolian dust showed
a clear increase in the Fe solubility capacity with the seawater which was taken
168 h after the first seeding. Wagener et al. (2010) postulated that the dust ad-
dition could have induced the production of Fe-binding ligands and therefore in-5

creased significantly the solubility capacity of Fe. This would imply that a second
addition of dust to the mesocosms might have a stimulatory effect on Fe dissolu-
tion and a contrasting impact than the first addition.

A second experimental campaign was performed in June and July 2010 (DUNE-2)
(Guieu et al., 2012). Based on the experience gained during the DUNE-1 experiment,10

the strategy for studying trace metals was slightly changed. During DUNE-1, Fe bud-
get calculations over the entire experiment have shown that an important amount of
Fe was not recovered, which might be due to an insufficient vertical and temporal res-
olution of sampling. In order to evaluate the impact of the vertical sampling resolution
on the inventories estimation, in two of the mesocosms amended with dust (DUST-15

Mesos) sampling in 2010 was performed with a higher vertical resolution with six (0.2,
2.5, 5, 7.5, 10 and 12.5 m) instead of only three depths (0.2, 5 and 10 m). Moreover,
additionally to dFe, two more dissolved trace metals have been examined in the course
of DUNE-2: the biogeochemically important micronutrient Manganese (dMn) and the
crustal metal Aluminium (dAl). In contrast to dFe, there is no organic speciation known20

for dAl and it is also considered to be negligible for dMn (Roitz and Bruland, 1997;
Sañudo-Wilhelmy et al., 1996). Al is a major and relatively invariant component of the
earth crust and dAl is not known to be actively assimilated by organisms. However,
dAl is strongly influenced by scavenging mechanisms and is therefore considered as
a potentially useful tracer for lithogenic input on relatively short time scales due to its25

important scavenging on particles (Dammshäuser et al., 2011). On the other hand, Mn
is a bioactive metal with a complex chemistry in seawater: while Mn(II) is not thought to
be organically complexed, dissolved Mn(III) and Mn(IV) organic species are possible,
but have not yet been observed in oxygenated seawater. Another important difference
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compared to DUNE-1 is that DUNE-2 was carried out with two consecutive seedings
with the same amount of simulated dust. The changes after each addition were followed
for one week allowing to asses if the biogeochemical response to a second seeding
can be influenced by the response to the former seeding.

This paper illustrates the dissolved trace metal stocks during the DUNE-2 experiment5

and based on the revised experimental strategy, the specific objectives of this study are:

1. Using the inventories of the three different dissolved trace metals in the surface
waters, and the differences in removal of dFe and dMn in contrast to dAl, the scav-
enging and/or biological utilization versus dust dissolution from the dust seeding
might be evaluated on different time scales.10

2. Furthermore, the loss rates of the three dissolved trace metals in the DUST-Mesos
can be calculated. This knowledge of loss rates is highly novel and will finally
enable a precise quantification of the processes occurring after the dust seeding.

2 Materials and methods

2.1 Experimental design and sampling15

The DUNE-2 mesocosm experiment design is based on the exact same protocol as de-
scribed in detail earlier (Guieu et al., 2010a) for the DUNE-1 experiment in 2008 (Guieu
et al., 2012). In summary: in June 2010, seven trace metal clean mesocosms were de-
ployed in the bay of Elbo in the preservation area of Scandola near Corsica (42.374◦ N,
8.554◦ E) during typical oligotrophic summer conditions (Millot, 1999). The mesocosms20

were purely made out of plastic and were composed of a cylindrical section of 12 m
length and 2.3 m of diameter. The conical bottom started at 12 m depth and ended with
a sediment trap at 14.5 m depth. In each mesocosm, the total seawater volume was
52 m3 and the water column was preserved. To protect the mesocosms against natural
occurring dust events, they were covered with a transparent cover which was designed25
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to let natural light pass and to allow gas exchanges between the water body and the at-
mosphere. The three mesocosms to which the dust was added are referred to here as
D1, D2 and D3, hereafter referred to as “DUST-Mesos”. Further three trace-metal clean
mesocosms were kept without seeding as the “CONTROL-Mesos” (labeled here C1,
C2 and C3). For comparison between the “CONTROL-Mesos” and the environment,5

samples were also taken outside the mesocosms (hereafter labeled as OUT).
After deploying the mesocosms, they were left open for 24 h in order to let the water

masses settle and after closing the mesocosms, sampling was performed to determine
the initial conditions. Two consecutive seedings with cloud processed dust were per-
formed at an interval of one week. Each seeding was followed for a week with a high10

resolution sampling in the first 24 h and subsequent daily sampling. Therefore DUNE-
2 had a higher time resolution than DUNE-1 where sampling was performed daily for
most parameters (Guieu et al., 2010b). The first seeding with dust took place at t0,
the second after 166 h. The seedings with 41.5 g of artificial dust to the surface of the
mesocosms correspond to a realistic, high wet deposition of 10 gm−2.15

In each of the six sample mesocoms flexible reinforced PVC tubings were installed
at 0.2, 5 and 10 m depth. Sampling for dissolved trace metals was conducted us-
ing 0.2 µm Sartobran filter cartridges (Sartorius, Germany) adapted to a TeflonTM di-
aphragm pumping system and then the samples were directly collected into the cor-
responding bottles. Additionally to DUNE-1, two mesocosms were deployed with three20

supplementary tubings installed at 2.5, 7.5 and 12.5 m depth, in order to improve the
resolution in the water body and to be able to follow the processes after a simulated
dust storm on a smaller scale. The additional tubings were installed in D1 and D2, two
of the three mesocosms that were fertilized with artificial dust (see below).
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2.2 Chemical analysis

2.2.1 Reagents and bottles

To avoid contamination in this study, strict attention was given to control the poten-
tial risks. All manipulations were performed in class 100-laminar flow benches. All
reagents that were used were of highest purity available (Fischer Scientific and Sigma-5

Aldrich) and were prepared using deionized (18 MΩcm−1 resistivity) water (MQ water)
from a Milli-Q purification system (Millipore). Sub-boiled quartz-distilled hydrochloric
acid (hereafter Q-HCl) was made by single distillation from 25 % HCl. All plasticware
and bottles (low density high polyethylene (LDPE) and Polytetrafluoroethylene (PTFE))
used for acidified seawater samples for the total trace metal analysis were cleaned ac-10

cording to the trace metal clean procedures (Bruland et al., 1979; Cutter et al., 2010)
and then protected by double bags (MinigripTM). The filtered samples for dissolved
trace metal analysis were directly acidified on-land with Q-HCl to pH < 2, for dMn, e.g.
to pH 1.7, under a class 100-laminar flow bench. Sample processing and analysis steps
were performed in laminar flow benches inside class 100 clean rooms in Kiel and in15

Villefranche sur Mer.

2.2.2 Dissolved manganese analysis

Samples for dissolved manganese (dMn) were analyzed on site. The acidified samples
were spectrophotometrically analyzed using a slightly modified flow-injection analy-
sis system (FIA) built after (Aguilar-Islas et al., 2006). Briefly we used one 8-channel20

peristaltic pump (Rainin), two electronically actuated 6-port valves, one electronically
actuated 10-port sample valve (all VICI, Valco Instruments), one dry bath (Fisher) kept
at 35 ◦C and a variable wavelength spectrophotometer (USB-4000, Ocean Optics, Inc.)
with an internal Ocean-Optics light-source and a 1 cm quartz flow-through cell (100-QS,
10.00 mm, Hellma GmbH & Co. KG). The flow rates were identical with those in Aguilar-25

Islas et al. (2006). The pre-concentration column (GLOBAL-FIA), filled with Toyopearl
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AF-Chelate-650M resin, was preconditioned for 30 s by flushing with 0.05 mol l−1 am-
monium borate rinse solution. The timing parameters were for preconditioning, loading,
rinse and elution of the column: 30, 120, 30, 180 s.

The calibration curves, for this recently setup method in our group, were deter-
mined daily by the addition of standards (0–10 nmol l−1) produced by serial dilution5

of a 1000 ppm Mn2+ standard (Fluka) into 0.2 µm filtered Mediterranean seawater (R1;
t0; Out; 5 m). For external validation, selected samples were also analyzed in the clean
laboratory in Kiel by graphite furnace atomic absorption (ETAAS, Perkin-Elmer Model
4100ZL).

Samples, standard additions and blanks were measured in triplicates. Analytical10

precision (expressed as percent relative standard deviation) was typically < 8 % at
3.6 nmol l−1 under the conditions employed here. The accuracy of the analytical pro-
cedure was evaluated by daily measurements of SAFe intercalibration samples S and
D2. It should be noted however that the SAFe concentrations are over a lower range
(> 1 nmol l−1) than the seawater samples from the mesoscoms (< 3.5 nmol l−1) which15

lead to lower precision for the SAFE samples using our system optimized for Mediter-
ranean surface waters. SAFe values determined while in Corsica were as follows:
0.85±0.14 nmol l−1 (S) and 0.35±0.09 nmol l−1 (D2) of dMn (n = 8) (consensus val-
ues are 0.79±0.06 nmol l−1 and 0.35±0.06 nmol l−1, respectively). We used a large
volume of secondary standard (0.2 µm filtered Mediterranean seawater (R1, t0, Out,20

5 m)) throughout this work as the seawater in which standard additions were prepared,
the complete Mn-FIA measurements over the course of the work in Corsica resulting
in a value of 3.60±0.30 nmol l−1, which was in good agreement with values measured
by ETAAS in Kiel: 3.55±0.08 nmol l−1. The detection limit (3σ of the blank) for the Mn
flow injection system used here was estimated in the lab in Kiel by repeated mea-25

surements of low Mn Antarctic seawater (< 0.2 nmol l−1; collected during ANTXXIV-3)
at 150 pmol l−1. The use of a low Mn or Mn free seawater is preferred to running MQ
blanks as both in Corsica and in Kiel, we found that there was detectable Mn in the MQ
systems due to problems with the ion-exchange units of the systems.
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2.2.3 Dissolved iron analysis

dFe concentrations were analyzed at Laboratoire d’océanographie de Villefranche sur
Mer between 4 and 10 months after the experiment. A flow injection system with online
preconcentration and chemiluminescence detection was used as described in Bonnet
and Guieu (2006). The detection limit (DL) was 25 pmol l−1 on average and blanks were5

between 50 and 150 pmol l−1. An internal acidified seawater standard was measured in
order to control the stability of the analysis during each series of measurements. The
reliability of the method was controlled by analyzing the D2 SAFE seawater standard
(Johnson et al., 2007) which was determined as 0.84±0.04 nmol l−1 of dFe (n = 5)
(consensus value is 0.90±0.02 nmol l−1).10

2.2.4 Dissolved aluminium analysis

The Aluminium analysis was conducted in GEOMAR, Kiel a few month after the ex-
periment using the fluorometric method described by (Hydes and Liss, 1976). In short,
the reagent lumogallion is added to the sample, which is then buffered to pH 5 with
ammonium-acetate, and heated to 40–50 ◦C for 3 h to accelerate complex formation.15

The fluorescence of the sample was measured with a Hitachi FL 2700 Fluorescence
Spectrophotometer (excitation wavelength 497 nm, emission wavelength 572 nm). The
detection limit varied between 0.1 and 0.3 nmol l−1, the blank values between 0.4 and
0.6 nmol l−1 for the different days of analysis. In the SAFe reference seawater S1 (S1
543, S1 474) 1.81±0.24 nmol l−1 of Al (n = 4) were determined (consensus value is20

1.74±0.09 nmol l−1).

2.2.5 Other dissolved total trace metal analysis

Dissolved total trace metal (Cadmium (Cd), Cobalt (Co), Copper (Cu), Nickel (Ni),
Plumb (Pb) and Zinc (Zn)) concentrations were determined in the clean lab-
oratory of the GEOMAR in Kiel using the graphite furnace atomic absorption25
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(ETAAS, Perkin-Elmer Model 4100ZL) method after pre-concentration by simultaneous
dithiocarbamate-freon extraction from seawater (100–250 g) (Grasshoff et al., 1983;
Danielsson et al., 1978). Note that the samples were not UV irradiated prior to analy-
sis, recent work has shown that this is important for determining total Co concentrations
(Shelley et al., 2010; Milne et al., 2010). The accuracy of the method was evaluated by5

measuring SAFe and GEOTRACES intercalibration samples.
A few samples for dissolved Mn, as a comparison to the direct analysis on Corsica,

were analyzed by graphite furnace atomic absorption (ETAAS, Perkin-Elmer Model
4100ZL) in the clean laboratory in Kiel after solvent extraction modified after (Klinkham-
mer, 1980). SAFe reference seawater D1 was determined as 0.423±0.05 nmol l−1 (con-10

sensus value (0.35±0.06 nmol l−1) and are given in the Supplement.

3 Results

The complete set of data is available as Supplement to this paper.
The nomenclature for samples of the DUNE-2 experiment is as following: “Rx-D (or

C or OUT)y-zz”. x corresponds to the number of the cast , y corresponds to the meso-15

cosm number (“Cy” for the CONTROL-Mesos, “Dy” for the DUST-Mesos and “OUT”
for outside the mesocosms) and zz corresponds to the sampling depth in meters. To
each cast corresponds a time tx expressed in hours (x) since the first dust addition.
The concentrations OUTside the mesocosms are not reported in the figures, but are
available in the Supplement.20

3.1 Evolution of dissolved manganese (dMn)

Figure 1 shows the evolution of the concentration of dMn as a function of time after the
first seeding and depth in each of the mesocoms. The initial dMn concentrations OUT-
side and in the CONTROL- and DUST-Mesos were 3.4±0.6 nmol l−1. Directly in the first
23 h after the first dust addition, the dMn concentrations increased by 1.5–1.8 nmol l−1

25
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in the surface and at mid-depth (D1 and D2). In D3 no samples were taken 23 h after
the first addition, but afterwards a similar trend to D1 and D2 was seen with a con-
tinuation of the increase in dMn most pronounced in the surface. After the continuous
increase since the first seeding with dust, at t71h dMn reached its maximum in all three
DUST-Mesos and in D1 at 5 m depth the concentration was as elevated as 7.2 nmol l−1.5

After this initial elevation of dMn, overall the concentration then decreased slowly in all
three mesocosms with time down to 3.0–4.6 nmol l−1 after a week. These values were
in the range of the values before the first addition with dust.

After the second dust addition to the surface of the DUST-Mesos, the increase in
dMn was more pronounced than after the first addition. Concentrations of dMn in the10

surface (0.2 m) after 5 h (t171) and 9 h (t175) increased to 13.2 nmol l−1 and 11 nmol l−1

for D2, to 9.8 nmol l−1 and 9.2 nmol l−1 for D1 and to 7.8 nmol l−1 and 8.6 nmol l−1 for
D3. In these first 24 h after the second dust addition the concentrations of dMn at 5 m
and 10 m remained constant at 3.2 to 4.4 nmol l−1. While the values in the surface
decreased slowly after the first strong pulse following the second addition, the dMn15

values increased at 5 m after 24 h and even more after 48 h. At all depths the dMn
concentrations in the DUST-Mesos decreased again with time down to 3–5 nmol l−1

after 5 days (with the exception of D3 10 m with a dMn concentration of 5.7 nmol l−1).

3.2 Evolution of dissolved iron concentration (dFe)

In Fig. 2, the evolution of dFe values in the CONTROL- and DUST-Mesos are shown.20

The initial dFe values before the dust addition varied between 2.2 and 4.4 nmol l−1

inside the mesocoms and outside (OUT, values available in the Supplement). After the
first addition of dust (R2, t10), there was a direct decrease in the dFe concentrations to
2.5–2.9 nmol l−1 in the surface of the DUST-mesoss and as low values as 1.5 nmol l−1

were measured in D2 and D3. 23 h after the first dust addition the values inside the25

CONTROL-Mesos still ranged from 3.0 to 3.5 nmol l−1. With more time elapsing, this
decrease in the dFe concentrations continued in the DUST-Mesos but also occurred in
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the CONTROL-Mesos and “OUT”. After 143 h the dFe values in the CONTROL-Mesos
varied from 1.4–2.1 nmol l−1 and in the DUST-Mesos from 1.6–2.0 nmol l−1.

After the second dust addition, a significant increase in dFe was observed in the
DUST-Meso, whereas dFe values remained constant in CONTROL-Mesos. Directly
after this addition there was a strong increase in the surface with a maximum at 25 h5

(t191) after the second dust addition. In D1 and D2, the dFe concentration increased
up to 6.1 nmol l−1 at 2.5 m and up to 3.8 nmol l−1 in the surface of D3. In the first 24 h
after the second addition the dFe values had increased in all the DUST-Meso. However
after 49 h (t215), the dFe concentrations already decreased quickly again down to 1–
1.8 nmol l−1. This range remained the same until the end of the experiment.10

3.3 Evolution of dissolved aluminium (dAl)

The evolution of the concentrations of dAl is displayed in Fig. 3. In all three CONTROL-
Mesos, similar features were observed: the values decreased nearly linearly with time
over the two weeks of the experiments, from 44 nmol l−1 to 38 nmol l−1. Values from
outside the mesocoms (”OUT”) were in the same range as those in the CONTROL-15

Mesos.
In the DUST-Mesos, directly after the first addition of dust (10 h), the surface dAl

values increased to 54 nmol l−1 and the rest of the water column was also elevated (48–
50 nmol l−1). The increase continued throughout the DUST-Mesos (50–56 nmol l−1), but
most distinctive in the surface with concentrations up to 60–63 nmol l−1 after 47 h. At20

the end of the first dust addition the dAl concentrations were pretty uniform in all DUST-
Mesos at approximately 55 nmol l−1.

After the second dust addition the dAl concentrations increased by approximately
10 nmol l−1 after 49 h (t215), for example up to 78 nmol l−1 in the surface in D1. 73 h
after the second seeding (t239), the minimum value was 58 nmol l−1 and the maximum25

was reached with 66 nmol l−1 at several depths. In the end of the experiment, the values
decreased to 53 nmol l−1 in D1 and 55–60 nmol l−1 in D2. In D3, a similar decrease with
time could be observed, but the initial increase after the second addition was smaller
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compared to D1 and D2. In the end of the experiment (t311), the values dropped to
42–46 nmol l−1.

3.4 Total dissolved trace metal concentration analysis

Samples for total dissolved trace metal concentrations of Cd, Co, Cu, Ni, Pb and Zn
were measured at 5 m depth at R1, R8 and R16 and the values are given in Table 1.5

For most of the total dissolved trace metals no significant change at the three points
(start, before the second addition and end) sampled are observed.

Indeed dissolved Cobalt (dCo) that showed initial concentrations of 0.09–
0.10 nmol l−1. At t143h (R8) the dCo concentrations did not change in C2, C3 and D1,
but increased to 0.12 nmol l−1 in the other mesocoms and OUT. This trend continued10

and in the end the dCo concentrations increased to 0.14 nmol l−1 in the CONTROL-
Mesos and OUT. In the DUST-Mesos dCo reached 0.17±0.02 nmol l−1.

4 Discussion

4.1 Trace metal concentrations at the DUNE site

The average values of the total dissolved trace metal concentrations (± standard devi-15

ation) before the addition of dust at 5 m depths at the DUNE site are given in Table 2.
For all the trace metals measured during DUNE-2, no significant differences could be
observed between the initial values OUT- and inside the mesocosms. This indicates
that the deployment protocol of the mesocoms, developed for the DUNE experiment
(Guieu et al., 2010a), does not contaminate the water column trapped inside for the20

nine trace element measured in this study. This is agreement with the results obtained
for Fe during DUNE-1 (Wagener et al., 2010).

All the total trace metal concentrations measured at the DUNE sampling site before
the seeding are representative for the Western Mediterranean Basin (Boyle et al., 1985;
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Copin-Montegut et al., 1986; Kremling and Petersen, 1981; Morley et al., 1997; Sherrell
and Boyle, 1988; Yoon et al., 1999).

Sherrell and Boyle (1988) reported maximum values in the core of the Atlantic inflow
jet in the Strait of Gibraltar with concentrations of 9.4 nmolkg−1 of total dissolved Zinc
(dZn) and 53.0 nmolkg−1 of Fe. However these high values can be explained by the rise5

of the Cd, Cu, Fe, Mn and Zn concentrations by a factor of 2–7 due to river discharge
(acid mine drainage) (Elbaz-Poulichet et al., 2001). Reported surface Zn values by
Sherrell and Boyle (1988) were in agreement with our measured values ranging from
1.0 to 3.5 nmolkg−1. Another study of dMn concentrations in the Mediterranean also
showed a surface enrichment up to 4.19 nmol l−1 (Statham et al., 1985). The range10

of reported dFe concentrations is similar to previously published ones in the Western
Mediterranean Basin (Bonnet and Guieu, 2004; Sarthou and Jeandel, 2001; van den
Berg, 1995). However, the dFe start values in the mesocosms were clearly increased
compared to other surface oceans at the same latitude (e.g. the Pacific, Buck et al.,
2006). These high dFe start values might have resulted from a previous natural dust15

event or from runoff from land due to heavy rains before the start of the experiment
as postulated for the DUNE-1 experiment (Wagener et al., 2010). Our observed dAl
concentrations are in the same range as previously reported surface values of about
56 nmol l−1 close to our study site off the coast of Corsica in 1977 (Caschetto and
Wollast, 1979). Similar dAl concentrations have also been observed in the Western20

Mediterranean Basin (Chou and Wollast, 1997; Hydes et al., 1988; van den Berg et al.,
1994).

4.2 Effect of the temporal and vertical resolution on the determination of the
trace metals inventories

Mesocosms are closed systems without lateral advection. Therefore after the addition25

of dust, its effect on the cycling of trace metals can be completely assessed by us-
ing inventories over the water column of the mesocosms. For this reason, in the two
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following sections the discussion will be based on inventories estimated as described
in the following paragraph:

For the three main dissolved trace metal measured in all mesocosms, the inven-
tories were calculated for each 2.5 m depth layer (0–2.5, 2.5–5, 5–7.5, 7.5–10 and
10–12.5 m). The final conical section of the mesocosms was neglected. Missing val-5

ues were interpolated if necessary: the average values were used between two depths,
or the closest value was used for the extreme values. The inventories for the 2.5 m in-
crements were then added up as an inventory for the corresponding mesocosm at the
corresponding time point tx.

The DUNE-1 experiment has demonstrated that variations in concentrations of ele-10

ments delivered by dust (Fe and P) can only be observed during a short time span (h)
after the addition of dust and on small spatial scales (meter in vertical) (Pulido-Villena
et al., 2010; Wagener et al., 2010). Therefore the question of the vertical and temporal
resolution of the sampling is crucial for inventory calculations and our strategy during
DUNE-2 was well adapted to this issue. In Fig. 4, inventories for dAl and dFe in the15

mesocosms D1 and D2, which were equipped with 6 sampling depth, are presented as
a function of time. These inventories were calculated with samples every 2.5 m (high
resolution), 5 m (normal resolution) and at only 1 depth (low resolution).

It can be clearly seen in Fig. 4, that in the first 24 h after the second dust addition, dFe
inventories show differences of more than 50 % between the high and the low resolution20

and of approx. 20 % between the normal and the low resolution. This implies that in this
initial time period after the seeding, when processes at the surface of the particles can
be restricted to the upper few meters of the mesocosms, a high vertical resolution is
necessary for the detailed description of the fate of the dust particles in the mesocosms.
However, considering the rest of the experiment for both elements, the differences in25

the inventories between the high and the normal resolution are remarkably lower with
less than 5 %. Figure 4 also illustrates that a lower than daily sampling frequency would
not have captured some of the trace metal changes induced by the dust addition in the
first 48 h.
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This implies two main issues for the discussion of trace metals changes after the ad-
dition of dust: (1) a high temporal resolution is necessary to catch features in the first
48 h of the experiment. For this reason most of the trace metals that have only been
sampled every 8 days cannot be discussed in regard to the dust particle additions, be-
cause the most relevant variations could not be observed. (2) High vertical resolution5

changes the inventories only during these first hours after the seeding. For this rea-
son, inventories calculated with the normal resolution (0, 5 and 10 m) are sufficient to
describe most of the variations observed.

4.3 Changes in trace metal inventories: dissolution and scavenging after the
seeding10

In Fig. 5a, the calculated temperature difference between the surface and the bottom of
the mesocosm is plotted as the only available physical continuously measured param-
eter. The temperature difference between 0 and 10 m measured inside the mesocosm
is used as a proxy for mixing or stratification in the mesocosm in order to discuss the
changes in the inventories within the mesocosms. The main feature this proxy provides15

is that the course of the experiment can be separated into four periods: a relatively well-
mixed mesocosm during the first 96 h of the experiment, followed by a stratification of
the water column (96–180 h). The second addition of dust therefore occurred in a more
stratified water column than the first one. After t180 the water column was mixed again
until 240 h when a new stratification followed until the end of the experiment (Guieu20

et al., 2012).
Figure 5 shows the evolution of the dMn (B), dFe (C) and dAl (D) inventories as

a function of the time since the addition of dust. The plotted inventories were calculated
as arithmetical means for the CONTROL- and the DUST-Mesos. The major observed
trends were: for all three elements (Fe, Al and Mn), the inventories in the DUST- and25

CONTROL-Mesos were equivalent before the start of the experiment. The dMn and
dAl DUST-inventories were always higher than the CONTROL-inventories with similar
trends observed: dMn and dAl CONTROL-inventories remained constant or decreased
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slightly throughout the whole experiment, whereas the inventories in the DUST-Mesos
showed a remarkable increase during 48–72 h after the seedings, followed then by
a decrease in the inventories in the following days. dFe inventories showed a different
trend with a distinct decrease in the DUST- and CONTROL-Mesos after the first dust
seeding. This decrease until 72 h was followed by constant inventories during the rest of5

the experiment. Only a very transient increase could be observed in the DUST-Mesos
24 h after the second addition of dust.

Based on these inventory calculations, changes are discussed (1) in terms of abso-
lute inventories based on estimations of trace metal solubilities from dust particles and
(2) in terms of relative changes of the inventories based on estimations of dissolution10

and loss rates of the three elements.

4.3.1 Estimation of dissolution during the mesocosm experiment

The fractional solubility of an element from dust particles in seawater (Baker and Croot,
2010) is commonly expressed as the percentage of the soluble element compared
to the total element in the dust particle. This percentage allows an estimation of the15

impact of the atmospheric particle flux on the dissolved (and bioavailable) stock in the
ocean (Landing and Paytan, 2010). In recent years, two major experimental protocols
have been used to assess the solubility of collected dust particles in seawater: flow
through protocols (e.g. Buck et al., 2006) and batch experiments (e.g. Bonnet and
Guieu, 2004). As discussed in Wagener et al. (2010), mesocosms allow us to estimate20

solubility from dust particles in a much more realistic and in situ way: the settling of the
particles through the water column and interactions with naturally occurring particles
are both integrated in this approach. To estimate the solubility of an element in the
added dust, the time point when the inventory is at its maximum after the addition of
dust has to be used. At this time point the amount of the dissolved element added to25

the seawater by dust, is approached as the difference between the inventories in the
DUST- and the CONTROL-Mesos. This elemental stock is divided by the percentage
of each element added with dust in order to evaluate the percentage of dissolution.
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In addition to the consideration of the mesocosm as a completely closed system, it is
assumed that the resolution is important enough to achieve correct inventories. This
estimation was made for each dust addition even if the inventory had not reached the
CONTROL-Mesos value again after the first addition. Values of fractional solubility are
reported in Table 3.5

The fractional solubility for Al after the first and second dust addition was, respec-
tively 0.84 % and 1.86 %. The difference between both additions is due to the fact that
the inventories in the DUST-Mesos had not decreased back values comparable to the
CONTROL-Mesos after the first addition. Using the Al inventory in the DUST-Mesos be-
fore the second seeding as a baseline would give a fractional solubility for Al of 0.74 %10

which is very similar to the value after the first dust addition. Fractional Al solubilities of
0.087 to 14.3 % (average 4.6 %) in seawater with aerosol samples collected at Hawaii
were reported by Measures et al. (2010) and for Saharan dust fractional Al solubilities
of 1.9–5.5 % in pH 4.7 solutions have been published by Baker et al. (2006). For Mn,
after both dust additions the fractional solubilities are in the same order of magnitude15

with values of 40 and 45 %. In literature, Mendez et al. (2010) reported values of 12 to
14 % with Saharan dust in seawater, Baker et al. (2006) reported values of 50–64 %
in pH 4.7 solutions and Guieu et al. (1994) have shown fractional Mn solubilities of
30–35 % in pH 7 solutions. Values obtained with the “mesocosm” method are thus
comparable to other experimental set-ups.20

During the DUNE-1 experiment no dissolution from the dust particles was observed
for Fe and therefore no value for the fractional solubility of Fe was obtainable (Wagener
et al., 2010). Here, during DUNE-2, the same result was obtained after the first seeding,
but a fractional solubility of 0.12 % was estimated after the second addition of dust.
The reasons for this change in fractional solubility are discussed in Sect. 4.5. Literature25

values for fractional Fe solubility spread over more than three orders of magnitude
(Baker and Croot, 2010) with large differences depending on atmospheric and marine
processes as well as on the experimental design used. In summary, based on a much
more realistic protocol than the commonly used laboratory protocols, the fractional
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solubility of Mn and the fractional solubility of Al in dust are in the range of previously
published values. This overall gives more confidence in consensus ranges for fractional
Al and Mn solubility from dust. For Fe, the complex processes that control the fractional
solubility are clearly shown here, and indicate that the use of an absolute value for the
fractional solubility of Fe is not realistic.5

4.3.2 Dissolution and scavenging rates

The rates of the decreases or increases of the inventories were quantified by estimating
loss and dissolution rates. These estimated rates for dMn, dAl and dFe are reported in
Table 4.

An overall trend, observed for the three dissolved trace metals, was a general de-10

crease in the inventories in the CONTROL-Mesos with low loss rates. This could corre-
spond to scavenging on particles which is a common physico-chemical process occur-
ring in the ocean for trace metals (Turekian, 1977). The loss rate was well defined for
Al, which is not known to have a bioactive role, whereas some variations over the gen-
eral decreasing trend were observed for dFe and dMn. This might be due to changes15

in biological utilization in response to the changes in stratification in the mesocosms.
In the DUST-Mesos, the inventories of dMn and dAl increased with dissolution rates

which were quite similar for both dust additions. It is interesting to notice, that even if
the dust additions occurred in different stratification conditions (Fig. 5a), the increase in
the inventories and the dissolution rates were the same when integrated over the entire20

mesocosm. In contrast to this finding, Fig. 1 clearly shows that the increase in dMn con-
centrations was occurring over much more of the water column for the first compared
to the second seeding, in which the increase was concentrated in the first few meters
of the mesocosms. This implied that the overall rate of dissolution seemed not to be
affected by the mixing of the water column, but the dilution of the dissolved elements25

was changed. This has important implications on the importance of the resolution of
the sampling in order to estimate the impact of a dust addition.
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The loss rates of dAl and dMn behaved differently. dMn showed quite equivalent loss
rates for the first and the second seeding, whereas the dAl loss rate was one order
of magnitude higher after the second seeding (−1.9 µmolm−2 h−1) in comparison to
the time after the first one (−0.07 µmolm−2 h−1). Scavenging of dAl is sensitive to the
amount of biogenic particles (Moran and Moore, 1988) in seawater. During DUNE-2,5

an increase of chlorophyll a in the DUST-Mesos is reported by Ridame et al. (2012),
suggesting an increase of biomass, and this could explain the observed significant
change in the loss rates for dAl. Correlations of dAl and chlorophyll a were also found
by Moran and Moore (1988). However, this is not observed for dMn which had similar
loss rate after the first and the second addition of dust, indicating that dMn was not10

appreciably lost by scavenging on biogenic particles.
Changes in the dFe inventories were complex in regard to the dust addition. In the

first 24 h, the loss rate in the DUST-Meso was −0.23 µmolm−2 h−1, whereas it was
slightly positive in the first 24 h in the CONTROL-Mesos and the inventories only started
to decrease after 24 h. The loss rate in the DUST-Mesos in the first 24 h was compa-15

rable to the one reported for DUNE-1. This might demonstrate a contrastable scav-
enging onto dust particles, which had been demonstrated for DUNE-1 (Wagener et al.,
2010). In the first 72 h an overall sharp decrease in the loss rates was observed in
both the CONTROL- and the DUST-Mesos. This decrease had not been observed in
the CONTROL-Mesos during DUNE-1. A plausible reason for this decrease could be20

adsorptions onto the mesocosms plastic walls. It has been demonstrated in bottle ex-
periments (e.g. Fischer et al., 2007), that this could represent up to 50 % of dFe in
bottles. But, as the surface to volume ratio is much lower for large mesocosms, wall
adsorption can certainly not explain entirely the Fe loss in the CONTROL-Mesos.

After the second addition, a transient dissolution of Fe was observed within 24 h with25

a dissolution rate of 0.70 µmolm−2 h−1, which was higher than the loss rate observed
after the first seeding. Wagener et al. (2010) estimated a biological uptake of dFe in
the mesocosms of 0.02 to 0.04 µmolm−2 h−1. This dissolution from dust particles could
therefore sustain biological activity in the case of a Fe limitation.
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4.4 Insights into the time scales and possible mechanisms of dissolution and
scavenging processes during a dust event

Our unique dataset allows a first order look at the scavenging mechanisms following
atmospheric deposition events. Previous work on this has been done over much larger
temporal (week to month) and vertical (hundreds of meters) scales through the use of5

sediment traps (Brust et al., 2011; Brust and Waniek, 2010). The DUNE-2 experiment
is unique in the sense that optical measurements in the water column were made si-
multaneously allowing an assessment of the particle residence time. This particulate
export was controlled partly by the formation of organic-mineral aggregates (Bressac
et al., 2012a). The mass of material exported into the sediment traps (collected every10

24 h) was the highest at t48. At the end of the first seeding experiment, the optical pa-
rameters were homogenous from 0 to 10 m depth, but still slightly higher than before
the first addition of dust (Bressac et al., 2012a). During the second part of the DUNE-2
experiment, optical measurements were also performed in order to follow the particle
dynamic (Bressac et al., 2012b). These optical measurements revealed an accumu-15

lation of particles in the upper 2.5 m layer directly following the second dust addition
likely due to the stratification of the water column (Fig. 4a). This higher residence time
of particles in the subsurface could explain the high Fe dissolution observed after the
second addition of dust. However, the mass of material exported into the sediment
traps was the highest at t24. Indeed, the mixing of the water column occurred between20

t13 (maximum of the temperature difference, 0–10 m) and t48 (Fig. 4a). Simultaneously,
a sudden decrease of the beam attenuation in the subsurface was observed between
t8 and t25 revealing the activation of the particulate export (Bressac et al., 2012b).

The optical measurements indicate that part of the Saharan dust was lost from the
mixed layer rapidly (estimated sinking rates ∼ 24–86 mday−1) and that the particulate25

export following the simulated dust event was a nonlinear multi-step process. As re-
ported above, after the first seeding with dust, part of the Saharan dust pool was rapidly
exported. The physical characteristics of the water column differed widely between both
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dust addition experiments. This difference in physical conditions, especially marked
during the first hours after the seedings, likely impacted the particulate export dynamic
and could partly explain the differences observed in the kinetic dissolution between the
two additions of dust. These findings are important in the present context as they repre-
sent the removal of particulate metals and the adsorbed or scavenged metals they con-5

tain. Our observations are consistent with field studies from the Atlantic Ocean which
have shown that the residence time of dFe in surface waters is strongly influenced by
Saharan dust deposition (Croot et al., 2004), while that of Mn and Al are much less
so (Jickells et al., 1994; Jickells, 1999). Earlier laboratory studies have shown that
scavenging and export are controlled by the formation of organic-mineral aggregates10

(Balistrieri et al., 1981; Hunter, 1983) with scavenging related to particle concentration
(Honeyman et al., 1988). For particle reactive elements, e.g. Fe, the transfer of colloidal
to particulate phases (colloidal pumping) is also important (Honeyman and Santschi,
1991). Combining the optical data with the dissolved trace metal data suggests that the
larger dust particles sunk out quickly but played a small role in scavenging Mn and Al15

from the water column, as release processes dominated at that time. Thus scavenging
by smaller particles (dust and phytoplankton/bacteria) appears to be the more impor-
tant removal term over the duration of the experiment. In particular the production of
organic material by bacteria and phytoplankton would lead to increased formation of
organic-mineral aggregates and lead to increased scavenging.20

4.5 Effect of two successive dust additions on the biogeochemistry of trace
metals

During the DUNE-1-P experiment, batch reactor dissolution experiments of dust per-
formed with filtered seawater collected in the DUST- and CONTROL-Mesos have
shown that the solubility capacity of Fe increased significantly in the DUST-Mesos 7 d25

after the addition of dust (Wagener et al., 2010). A probable mechanism could be the
production of specific Febinding ligands by heterotrophic bacteria in the DUST-Mesos
in response to a change in the bioavailability of Fe after the settling of particles. This
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hypothesis was supported by observations of changes in the diversity of the bacterial
community attached to the dust particles (Laghdass et al., 2011).

Here during DUNE-2, this hypothesis was completely verified for dFe where a com-
parable response to the first addition of dust was observed with an increased scav-
enging of Fe, whereas after the second addition of dust dissolution of Fe from the dust5

particles was observed. No additional dust dissolution Batch reactor experiments were
performed during DUNE-2, but Fe-binding ligand measurements by ligand competition
and cathodic stripping voltammetry (Croot and Johansson, 2000) showed a significant
increase of Fe-binding ligands 144 h after the first seeding with dust (Wagener et al.,
2012).10

A different behavior of Mn and Al in comparison to Fe was observed and can be
explained by their different speciations in seawater. Whereas the solubility of Mn and
Al is controlled solely by inorganic species, the solubility of soluble and colloidal Fe is
controlled by organic complexes (Gledhill and Buck, 2012). Indeed, an opposite effect
was observed for dAl than for dFe. The consecutive additions of dust did not impact15

the dissolution of Al but the loss rate through the increase of scavenging on biogenic
particles induced by biomass increase consecutive to the first dust addition. However,
this mechanism was not observed for Mn which is certainly subject to more complex
redox and photochemical processes (Sunda and Huntsman, 1987, 1988). Overall this
demonstrates that the quantification of the effect of a dust event on the biogeochemistry20

of the surface ocean is a nonlinear response to the atmospheric flux. The frequency of
the depositions needs to be taken into account, because it will condition the impact of
the deposited particles. This has large consequences on the time scales that have to
be studied in order to get a realistic picture of the impact of dust deposition.

Supplementary material related to this article is available online at:25

http://www.biogeosciences-discuss.net/9/13857/2012/
bgd-9-13857-2012-supplement.zip.
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Table 1. Total trace metal concentrations measured with the ETAAS.

Operation Mesocosm Depth Date and hour Time Cd Co Cu Ni Pb Zn
(m) (h) (nmol l−1) (nmol l−1) (nmol l−1) (nmol l−1) (nmol l−1) (nmol l−1)

R1 C1 5 26 Jun 2010 10:00 −1 0.052 0.102 2.05 3.83 0.111 1.9
R1 C2 5 26 Jun 2010 10:00 −1 0.049 0.102 1.64 3.22 0.116 1.87
R1 C3 5 26 Jun 2010 10:00 −1 0.065 0.102 2.28 3.66 0.111 3.46
R1 D1 5 26 Jun 2010 10:00 −1 0.052 0.085 1.95 3.87 0.121 2.23
R1 D2 5 26 Jun 2010 10:00 −1 0.048 0.102 1.64 3.41 0.082 1.77
R1 D3 5 26 Jun 2010 10:00 −1 0.045 0.102 1.46 2.83 0.082 1.62
R1 OUT 5 26 Jun 2010 10:00 −1 NA NA NA NA NA NA
R8 C1 5 2 Jul 2010 10:00 143 0.051 0.119 1.45 3.77 0.125 1.12
R8 C2 5 2 Jul 2010 10:00 143 0.051 0.102 1.87 3.58 0.116 1.7
R8 C3 5 2 Jul 2010 10:00 143 0.048 0.085 1.24 2.9 0.116 1.62
R8 D1 5 2 Jul 2010 10:00 143 0.052 0.102 1.81 3.6 0.053 3.26
R8 D2 5 2 Jul 2010 10:00 143 0.05 0.170 1.84 3.99 0.082 1.36
R8 D3 5 2 Jul 2010 10:00 143 0.058 0.119 1.92 3.68 0.097 1.64
R8 OUT 5 2 Jul 2010 10:00 143 0.052 0.119 1.42 3.34 0.087 1.01
R16 C1 5 9 Jul 2010 10:00 311 0.048 0.136 1.75 3.49 0.092 3.06
R16 C2 5 9 Jul 2010 10:00 311 0.048 0.136 1.81 3.8 0.116 1.12
R16 C3 5 9 Jul 2010 10:00 311 0.055 0.136 1.67 3.66 0.058 1.3
R16 D1 5 9 Jul 2010 10:00 311 0.049 0.153 2.16 3.94 0.106 3.62
R16 D2 5 9 Jul 2010 10:00 311 0.048 0.187 1.73 5.09 0.068 2.13
R16 D3 5 9 Jul 2010 10:00 311 0.053 0.153 1.59 3.85 0.087 1.91
R16 OUT 5 9 Jul 2010 10:00 311 0.052 0.136 1.61 3.78 0.101 1.15
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Table 2. Trace metal concentrations before the start of the experiment.

Concentration (nmol l−1) Concentration (nmol l−1)
INside the mesocosms OUTside the mesocosms

Al (FIA) 43.8±1.4 36.97a

Cd (ETAAS) 0.0520±0.007 0.05b

Co (ETAAS) 0.099±0.007 0.12b

Cu (ETAAS) 1.83±0.30 1.42b

Fe (FIA) 3.78±0.67 4.44
Mn (FIA) 3.36±0.37 3.50
Ni (ETAAS) 3.47±0.40 3.34b

Pb (ETAAS) 0.104±0.017 0.09b

Zn (ETAAS) 2.14±0.67 1.01b

a This value was measured 47 h after the start of the experiment.
b These values were measured 143 h after the start of the experiment.
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Table 3. Estimation of the elemental relative dissolution of dust in seawater.

Mn Fe Al
Elemental dust addition (µmolm−2)a 63.7 4136 15 271

First Difference of inventories 25.6 NA 128
seeding Average DUST-Mesos minus average

CONTROL-Mesos (µmolm−2)b

Dissolution (%)c 40 NA 0.84
Time when DUST-Mesos inventories 71 NA 47
reached their maxima (h)

Second Difference of inventories 28.6 4.9 284
seeding Average DUST-Mesos minus average

CONTROL-Mesos (µmolm−2)b

Dissolution (%)c 45 0.12 1.86
Time when DUST-Mesos inventories 239 191 215
reached their maxima (h)

a Estimation based on the addition of 10 gm−2 of dust with an elemental composition of Mn =
0.035 %, Fe = 2.31% and Al 4.12 % (Guieu et al., 2010a).
b Estimated with mean values for CONTROL-Mesos and DUST-Mesos.
c Estimated as the ratio between the difference of inventories and the amount of element
added with dust.
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Table 4. dMn, dFe and dAl dissolution and loss rates in µmolm−2 d−1. They were calculated as
the increase/decline of each metal in each of the DUST-Mesos by applying a linear regression
to the inventory as a function of time. For the dissolution rates the calculation was started at
the point before each of the seedings until the point of time when the concentration reached its
maximum. For the loss rates the calculation was started at the point after each of the seedings
when the concentration was the highest.

Dissolved Seeding Dissolution rates Operations Loss rate Operations
trace metal (µmolm−2 h−1) used (µmolm−2 d−1) used

dMn 1 0.43±0.09 R1–R5 −0.35±0.04 R5–8
dMn 2 0.27±0.05 R8–R13 −0.25±0.08 R13–16

Control −0.006±0.013 R1–R16
dFe 1 NA NA NA NA
dFe 2 0.67±0.15 R9–11 NA NA

Control NA NA −0.01±0.01 R4–R16
dAl 1 2.8±1.3 R1–R4 −0.07±0.17 R4–R8
dAl 2 1.1 R8–R12 −1.9±0.3 R12–R16

Control −0.24±0.07 R1–R16
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Fig. 1. Evolution of dissolved Manganese (dMn) in the 6 mesocosms (left CONTROL- and right
hand side DUST-Mesos). The graphs are plotted as the time since the seeding (h) versus the
depth (m) in the mesocosms. Black dots show the points were samples were taken. The two
grey vertical bars highlight the time points when the fertilization took place (t0 and t166).
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Fig. 2. Evolution of dissolved Iron (dFe) in the 6 mesocosms. This graph is plotted in the same
way as Fig. 1.
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Fig. 3. Evolution of dissolved Aluminium (dAl) in the 6 mesocosms. This graph is plotted in the
same way as Fig. 1.
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Fig. 4. Comparison of the 3 different resolutions (HIGH: dark red, 6 depths: 0.2, 2.5, 5, 7.5, 10,
12.5 m; NORMAL: light red, 3 depths: 0.2, 5 and 10 m; LOW: yellow, 1 depth: 5 m) for the two
DUST-Mesos (D1 and D2) with 6 sampling depths for the inventories of dFe and dAl. The two
grey vertical bars in each graph visualize the time points of the seeding.
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Fig. 5. Evolution of the temperature difference (0–10 m) (A) and the arithmetical means of the
dissolved trace metal inventories (dMn (B), dFe (C) and dAl (D) from top to bottom) of the
DUST-Mesos (red circles) and the CONTROL-Mesos (blue circles).
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