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Abstract

We report here the elemental composition of sinking particles in sediment traps and
in the water column following 4 artificial mineral dust seedings (representing a flux of
10 gm−2) in mesocosms, simulating dry or wet dust deposition into oligotrophic marine
waters. These data were used to examine the rates and mechanisms of total mass,5

particulate organic carbon (POC) and elemental (Al, Ba, Ca, Co, Cu, Fe, K, Li, Mg,
Mn, Mo, N, Nd, P, S, Sr and Ti) transfer from the surface to the sediment traps after
dust deposition. The dust additions were carried out with fresh or artificially aged dust
(i.e. enriched in nitrate and sulfate by mimicking cloud processing) for various biogeo-
chemical conditions, enabling us to test the effect of these parameters on the chemical10

evolution and settling of dust after deposition. Whatever the type of seeding (using
fresh dust to simulate dry deposition or artificially aged dust to simulate wet deposi-
tion), the dust was predominant in the particulate phase in the sediment traps at the
bottom of mesocosms and within the water column during each experiment. 15 % of
initial dust mass was dissolved in the water column in the first 24 h after seeding. For15

artificially aged dust, this released fraction was mainly nitrate, sulfate and calcium and
hence represented a significant source of new N for the marine biota. Except for Ca, S
and N, the elemental composition of dust particles was constant during their settling,
showing the relevance of using interelemental ratios, such as Ti/Al or Ba/Al as proxy
of lithogenic fluxes or of productivity. After 7 days, between 30 and 68 % of added dust20

was still in suspension in the mesocosms depending on the experiment. This difference
in the dust settling was directly associated to a difference in POC export, since POC
fluxes were highly correlated to dust lithogenic fluxes signifying a ballast effect of dust.
The highest fraction of remaining dust in the mesocosm at the end of the experiment
was found when the lowest chl a increase was observed, and inversely. This suggests25

a high interaction between a fertilizing effect of dust, a ballast effect, and POC fluxes.
Our data emphasize a typical ratio Lithogenic/POC fluxes around 30 which could be
used as reference to estimate the POC export triggered by wet dust deposition event.
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The elemental fluxes associated to the dust settling presented in this paper constitute
also an original database on the export of atmospheric metals in a case of dry or wet
dust deposition event.

1 Introduction

Dust particles deposition has been identified as a major source of main nutrients (Fe,5

N, P) for several oceanic regions (Jickells et al., 2005; Mahowald et al., 2008). Inversely,
dust particle settling can be an efficient mechanism to remove dissolved nutrients from
ocean surface waters, notably by adsorption onto sinking particles (e.g. Wagener et al.,
2010). Thus, dust deposition plays a critical role on biogeochemical elemental cycling
by acting as both a source and a sink of dissolved nutrients and trace metals in surface10

seawater. Indeed, chemical exchanges between dissolved elements and suspended
and sinking particles drive, in concert with biological activities and oceanic circula-
tion, the major chemical distributions of elements in seawater (e.g. Geotraces, 2006).
A quantification of global dust deposition is essential for assessing the role of dust on
the ocean realm. In particular, a quantification based on collected samples is crucial for15

the validation of dust transport models (Schulz et al., 2012). Also, the characterization
of present-day dust deposition signatures may also be useful for the interpretation of
the marine sedimentary records, since mineral dust is usually used as proxy of surface
dryness and/or large-scale changes of circulation pattern (Skonieczny et al., 2011).

Atmospheric dust inputs to the ocean have been indirectly assessed from accumu-20

lation rates in sediments, and from sediment traps in the water column (e.g. Honjo
et al., 2000). These marine-based methods are used to validate model outputs, as-
suming a conservative dust transfer through the water column. Sediment traps have
also been used to quantify and characterize the atmospheric flux of elements from the
surface to the deep sea (Buat-Menard et al., 1989; Buesseler et al., 1990). However,25

discrepancies are usually observed between dust and oceanic fluxes estimated from
simultaneous measurements of dust fluxes by marine sediment traps and by atmo-

4911

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/11/4909/2014/bgd-11-4909-2014-print.pdf
http://www.biogeosciences-discuss.net/11/4909/2014/bgd-11-4909-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
11, 4909–4947, 2014

Chemical fate and
settling of mineral

dust

K. Desboeufs et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

spheric deposition method (Bory et al., 2002; Neuer et al., 2004). Various processes
in the water column have been identified to explain these mismatches. Generally, dust
considered as the lithogenic component must be isolated from the total flux of mate-
rial mainly composed by biogenic minerals: opal and calcium carbonate, produced by
organisms in the surface waters. This methodology is known to provide large uncer-5

tainties on the lithogenic fluxes (Buesseler et al., 2007). Moreover, the export of dust
to the depth of the sediment traps is controlled by the ballast effect of organic matter
produced by biological activity, and hence an efficient downward export of the dust par-
ticles to the sediment traps demands a biological activity (e.g. Bory et al., 2002; Fischer
et al., 2009). Finally, dust particles can be horizontally advected or redistributed in the10

water column, before reaching the sediment trap.
The project DUNE (a DUst experiment in a low Nutrient low chlorophyll Ecosystem)

aimed at better understanding the effect of dust deposition on the biogeochemistry of
surface waters of the Mediterranean Sea (Guieu et al., 2010). The approach applied in
this project was to perform dust addition experiments onto large clean mesocosms. The15

original design of these mesocosms represented unique opportunity to study the dust
fate after deposition at the surface of a water column of 12.5 m, down to sediment traps.
In particular, the use of mesocoms limits the problem of hydrodynamical artifact, i.e.
later advection or losses of particles by stream, as observed for in situ sediment traps.
In consequence, the DUNE experiments allowed assessing, in controlled conditions,20

the impact of dissolution, adsorption and chemical or biological process associated
with the settling of particles in the surface water column.

Here we examine the source-to-sink transfer of added dust particles and the parti-
cles sorting by comparing the total mass and the elemental fluxes (POC, Al, Ba, Ca,
Co, Cu, Fe, K, Li, Mg, Mn, Mo, N, Nd, P, S, Sr and Ti) of material collected in the traps.25

The suite of elements was chosen to include biological components (POC, Ca, Ba),
elements associated with the dust addition (Al, Fe, Ca, Ti, N), elements that are major
components of the flux (Si, Ca, Al, Mg, S) and elements that are minor components of
the flux (P, trace metals: Mn, Cu, Co, Mo, Li and Nd). This paper presents the calcula-
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tion of POC and lithogenic fluxes which have been used to discuss the effect induced
by dust deposition on the aggregation processes between organic material and dust
(Bressac et al., 2013) and carbon budget (Guieu et al., 2013). The analysis of the be-
haviour of N released from dust presented in this work supports also the discussion of
Ridame et al. (2013) on the N2-fixation stimulated by dust deposition.5

2 Materials and method

2.1 Dust seeding

The mesocosm experiment design and the accuracy of the strategy developed in the
frame of the DUNE project are described in details in Guieu et al. (2010). In summary,
the deployed mesocosms were cylindrical with 2.3 m in diameter and a 12.5 m height10

for the main cylindrical part. The bottom of the mesocosms was conical and a sediment
trap collecting the exported material was adapted at the apex (at a depth of 15 m). The
total volume of water in each mesocosm was 52 m3 and the surface of mesocosms was
4.15 m2. A system of permanent PVC tubing allowed sampling at three different depths
(−0.1, −5 and −10 m) by connecting a Teflon pump. During the DUNE-R experiment,15

three additional sampling depth (−2.5, −7.5 and −12.5 m) have been added in two of
the three mesocosms were the dust addition was performed. Mesocosms were covered
in order to avoid possible additional inputs from natural dust events.

Two series of mesocosm seeding experiments happened at the beginning of sum-
mers 2008 and 2010: Experiments DUNE-P, DUNE-Q and DUNE-R (Table 1). The20

protocol of mesocosm deployment and dust seeding methodology are fully detailed
in Guieu et al. (2010 and 2013). In brief, for these experiments, six (DUNE-P and Q)
or seven (DUNE-R) mesocosms were deployed in the bay of Elbo (Scandola Marine
preservation area −8.554◦ E, 42.374◦ N) during typical summer oligotrophic conditions.
Three or four mesocosms (D1, D2, D3 and Dopt hereafter referred as “Dust-Meso”)25

were seeded with 41.5 g of dust – corresponding to a deposition flux of 10 gm−2 using
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a trace metal clean spray. The time of the dust addition corresponds to the theoretical
start of the experiment (t0). For the experiments DUNE-P and DUNE-R, the seed-
ing simulated a wet deposition event by spraying diluted cloud processed dust (see
Sect. 2.2) in 4 L of ultrapure water (Guieu et al., 2010). In the case of the experiment
R, two consecutive seedings in the same mesocosms were carried out at the time t05

then after 7 days, i.e. 164 h after the first seeding (first and second seedings, hereafter
referred as Dune-R1 and DUNE-R2 respectively). For the experiment DUNE-Q, the
seeding mimicked a dry deposition event by spraying diluted fresh dust in local seawa-
ter. In each experiment, three other mesocosms (C1, C2 and C3, hereafter referred as
“Control-Meso”) were kept unseeded for reference. The sediment traps screwed to the10

base of mesocoms at 15 m in depth were recovered and replaced by divers every 48 h
for DUNE P and Q and every 24 h for DUNE-R.

2.2 Dust characteristics

The fine fraction < 20 µm in diameter of a dry sieved alluvial soil sample collected in
a dust source area in southern Tunisia (33.452◦ N, 9.335◦ E) has been used to seed15

the mesocosms (Guieu et al., 2010). We used for seeding the fine fraction of soil as
analog to Saharan aerosol particles (Desboeufs et al., 1999) in order to obtain enough
quantity of the same material. Two campaigns of soil sampling have been made in
March 2007 and March 2009 corresponding to sieved soil Dust07 and Dust09 respec-
tively. The comparison of the physico-chemical properties of both soil samples (chem-20

ical and mineralogical composition and size distribution) indicate a good consistency
(e.g. for chemical composition in Table 2), both samples being characterized by a large
proportion of quartz (40 %) and calcite (30 %), then different clay minerals (25 %) as
illite, kaolinite or palygorskite.

Saharan dust particles collected in Mediterranean atmosphere is usually mixed with25

organic and inorganic material, as sulfate or nitrate, due to cloud processing during
atmospheric transport (e.g. Putaud et al., 2004). To reproduce this typical mixing effect
in Mediterranean aerosols, we have artificially aged the soil sample by mimicking the
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pH gradients and the incorporation of inorganic and organic acid normally observed
during cloud processing (Guieu et al., 2010). The soil treatment, i.e. sieving and cloud
processing, has been made with the same procedure for the Dust07 and Dust09. The
fine fraction of soil which underwent the protocol of cloud processing is noted EC-Dust
for evapocondensed dust, and the fresh soil is noted NEC-Dust. The size distribution5

after treatment is similar with the one of fresh dust, i.e. a volume median diameter
around 6.5 µm and a peak at ∼ 10 µm (Guieu et al., 2010). The Table 1 presents the
type of soils used for the 3 experiments. The effect of the simulated cloud processing
on the formation of sulfate and nitrate at the surface of dust was checked by electronic
microscope observations. This showed an enrichment of nitrogen and sulfur via the10

neoformation of evaporite mineral like gypsum (Fig. 1) consistent with the observations
on the ageing of dust during atmospheric transport (e.g. Busek and Posfai, 1999). The
enrichment in sulfur and nitrogen was also observed on elemental composition of EC-
Dust07 and EC-Dust09 by X-ray spectrometry fluorescence analysis (Table 2). This
enrichment is associated with a decrease in carbon content in the EC-Dust due to the15

reactions between calcite (CaCO3) and inorganic acids to form the evaporite minerals,
as gypsum (CaSO4) or calcium nitrate (Ca(NO3)2), which release CO2.

2.3 Chemical characterization of sediment trap samples

After recovery, the sample bottles of sediment traps were poisoned at 5 % with a so-
lution of buffered formaldehyde to prevent microbial degradation and grazing by swim-20

mers and were stored at 4 ◦C in the dark inside a refrigerator. The samples collected
in the sediment trap were treated following the standard protocol developed at the na-
tional service “Cellule Piège” of the French INSU-CNRS. Swimmers were removed by
hand-picking under the binocular microscope. The sample then underwent three rinses
with 50 mL of ultrapure (MilliQ) water in order to remove salt and were then freeze-25

dried. Mass fluxes were measured by weighing five times the freeze-dried samples.
The accuracy of the weighing was 1 % over the whole data series. Total concentration
of carbon and nitrogen were measured in duplicate with a Perkin Elmer 2400 serie
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II elemental analyzer (CHN) on aliquots of the desiccated samples (3–4 mg). Acid di-
gestion described by Ternon et al. (2010) was performed on aliquots (∼ 15 mg) of the
desiccated samples. The acid digestions of the sediment trap samples were carried
out in parallel with referenced material (CRM GBW07313: marine sediment from NRC)
in order to check the acid digestion protocol. Elemental composition was measured on5

digested samples after dilution (1/100) by Ametek ICP-AES for Al, Ca, Co, Cu, Fe, K,
Li, Mg, Mn, Mo, Nd, P, S, Sr and Ti. The reliability of the digestion method was checked
with a recovery for all the elements higher than 96 % in CRM samples. The accuracy of
ICP-AES analyses was checked using SLRS-4 and SLRS-5 as CRM and the detection
limits determined (Heimburger et al., 2013). Reagent blanks were included as control10

for possible contamination during the analytical process.

2.4 Particulate concentration in the water column

In order to follow both the settling of the added mineral particles through the meso-
cosms and the behaviour of particles during their settling, particulate concentrations
for Al, Fe, Ca, Co, Cu, Fe, K, Li, Mg, Mn, Mo, Nd, P, S, Sr and Ti were measured in the15

water column during DUNE-R and only for Fe and Al during DUNE-P and DUNE-Q.
The protocol used for sampling and treatment is described in Wagener et al. (2010).
In brief, particulate samples were collected on 47 mm (pore size: 0.2 µm) cellulose ac-
etate filters (Sartorius) previously washed by filtrating one litre of seawater. For the
experiment P and Q, the samplings were operated at 0, 5 and 10 m at 6, 24, 46 and20

70 h after seeding. For the R experiments, the samplings were operated in 5 depths
in the mesocosms (0, 5, 7.5, 10 and 12.5 m) up to 164 h after seeding. After filtration,
filters were dried under a laminar flow bench and kept at room temperature until analy-
sis. One half of the collected filters were HNO3/HF acid-digested then diluted in 10 mL
of 0.1 M HNO3 after complete evaporation. The obtained solutions were analyzed at25

LOV (Villefranche sur mer) for Al and Fe with a Jobin Yvon (JY 138 “Ultrace”) ICP-AES
for DUNE-P and DUNE-Q (see Wagener et al., 2010). For DUNE-R, the digestion so-
lutions were analysed at LISA (Créteil) by Ametek ICP-AES with the protocol used for
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the chemical characterization of sediments. For Co, Cu, Li, Mo and Nd, the measured
concentrations were mainly under the limits of detections of this method. As the filters
were not rinsed to remove salts, the data on Ca, K, Mg, S and Sr were highly affected
by salts contained in the seawater and are not discussed here.

3 Results5

3.1 Mass and elemental composition in sediment traps

The average total and elemental mass in the sediment traps for the 4 seeding experi-
ments are presented in Table 3 for C, N, Al, Ca, S for the Control-Meso and Dust-Meso
and in the Supplement section for Ba, Co, Cu, Fe, K, Li, Mg, Mn, Mo, Nd, P, Sr and
Ti. The total and elemental masses were always higher in the Dust-Meso than in the10

Control-Meso, except for N in DUNE-Q.
On Fig. 2a, the cumulative total mass in the Dust-Meso sediment traps as a function

of time is represented. For all experiments, the cumulative mass increased faster and
was linear with the time in the first 90 h, then the mass increase was slower at the end
of the experiments. Experiments DUNE-P and DUNE-R1 which happened in similar15

seeding conditions (Table 1 and Guieu et al., 2013) showed very similar variations of
total mass in the sediment traps and presented the highest cumulated total mass. The
maximum mass collected was reached between 24 h and 72 h for the experiment P
and R1, whereas for the experiment R2 this maximum was obtained for the first trap
samples, i.e. in the first 24 h (Table 3). The cumulated mass at the end of the experiment20

Q, mimicking dry deposition event, was one order of magnitude lower compared to the
other experiments. In terms of chemical composition, C was the preponderant element
in the sediment traps of Control-Meso, whereas Ca, C then Al were predominant in the
sediment traps of Dust-Meso. This is consistent with the high content of these elements
in the added dust (Table 2). The dominance of dust in the sediment traps for Dust-Meso25

was supported by the visible presence of dust in the samples after collection (Fig. 2b).
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The difference of elemental concentrations between the 4 experiments followed the
variability of the total mass (Table 3), with the highest concentrations observed for the
experiments P and R1 and the lowest for the experiments Q.

3.2 Elemental particulate concentrations in the water column

The distribution of particulate aluminium in the water column is presented for P, Q, R15

and R2 experiments in Fig. 3. The particulate concentrations of Ba, Fe, Mn, P, and Ti
are given in Supplement. The vertical profiles of particulate Al and Fe for the experiment
P are also described in Wagener et al. (2010). These data show that the particulate
concentrations in Control-Meso were always lower to the ones found in Dust-Meso at
a same depth. As lithogenic particles correspond mainly to added dust, particulate Al10

(pAl) was used as a tracer of this dust. Other studied elements followed the vertical
profile of Al indicating their lithogenic origin. The highest pAl concentrations were ob-
served in the first 5 m of mesocosms in the first 24 h for all the experiments (Fig. 3).
For the experiments R, the pAl was mainly concentrated under 10 m after 48 h. These
profiles of pAl stock for DUNE-R are in agreement with the optical measurements of15

Bressac et al. (2012) showing a sinking of dust particles under 10 m in the first 48 h
after dust addition. A large part of the stock of pAl in DUNE-R2 remained concentrated
in surface until 72 h whereas the stock of pAl presented a most homogeneous distribu-
tion in the water column for DUNE-R1. This is consistent with the difference in settling
of particles observed from masses collected in sediment traps between DUNE-R1 and20

DUNE-R2. Thus, the sinking of dust was slower in DUNE-R2 in comparison to DUNE-
R1. 164 h after the seeding, the pAl concentrations were always higher in Dust-Meso
than in Control-Meso (not shown). This means that the addition of dust in the meso-
cosms triggered an increase of particulate concentrations on the water column even 7
days after seeding. No measurement of pAl was available at 2.5, 7.5 and 10 m below25

the surface for the experiments P and Q, limiting the conclusions on the location of
added dust. However, the low total mass found in the sediment traps and the similar
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behaviour of dust settling in the first 24 h to the other experiments suggest potential
high concentration of pAl in the water column even at the end of the experiment.

4 Discussion

4.1 Chemical evolution of dust during settling

For most elements, it appears that the elemental mass concentrations were linearly5

correlated with the total mass with a correlation coefficient higher than 0.98, except for
N which presented a largest dispersion (Al and N are shown in Fig. 4). The linearity
of scatter plot implies that the sediment composition was quasi-constant from 24 h af-
ter seeding up to the end of the experiment (168 h or 172 h after seeding), showing
that the chemical composition of sinking particles collected in sediment traps did not10

evolve after the first 24 h during an experiment. In consequence, this linearity means
that the process likely involved in a modification of composition (such as dissolution,
adsorption, precipitation, aggregation) occurred in the water column before t = 24 h af-
ter the seeding, confirming that the study of these processes demands a high temporal
resolution of dissolved concentrations monitoring as observed by Wuttig et al. (2013).15

From the chemical composition of particles in the sediment traps, we tried to estimate
the part issued from dust and from biological particles. Dissolved Al measurements in
the water column during R experiments showed that this element presents a low frac-
tional solubility ranging from 0.74 % to 0.84 % (Wuttig et al., 2013). In order to compare
the composition of added mineral dust and of the particles collected in the sediment20

traps, we used the elemental concentration ratio of X/Al in sediment traps normalized
to the X/Al ratio in dust (Table 4). Doing this, we identified enrichment or depletion of
elements X independently of total mass variations. No significant evolution of Ba, Fe,
Ti, Nd, Mo and Li contents was observed between added dust and collected particles
in the Dust-Meso sediment traps. This confirms that their presence was associated to25

the dust sinking, in agreement with the observations in the water column. In contrast,
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for C, Co, Cu and K, the results show a systematic enrichment whatever the experi-
ment, suggesting a supplementary biological source of these elements. Inversely, an
important depletion of Ca and S was also observed. The behaviour of some other
elements was contrasted depending on the experiments. This is the case for N and
P which were highly enriched in the sediment traps in comparison to the added dust5

in DUNE-Q, carried out with NEC-Dust07 whereas N was depleted in DUNE-P and
DUNE-R, seeded with EC-Dust. Thus, P was mainly associated to the dust sinking for
the experiments DUNE-P and DUNE-R but affected by biological source in the case
of DUNE-Q. Regarding the depletion of Ca, N, S, they are the major constituents of
evaporites minerals as gypsum (CaSO4) or calcium nitrate (Ca(NO3)2) which has been10

formed by cloud processing into EC-Dust. These minerals are known to be water sol-
uble material (Sullivan et al., 2007). Moreover, dissolution experiments performed in
laboratory on EC-Dust07 showed that 100 % of N, associated with the neoformation
of calcium nitrate was dissolved as nitrate in seawater (Ridame et al., 2013). Thus,
the depletion of Ca, S and N was probably due to the dissolution of sulfate and nitrate15

containing-particles into seawater after seeding. Moreover, the depletion was observed
for all the samples whatever the time after seeding (not shown), confirming that this dis-
solution happened during the first 24 h. The dissolution of calcium nitrate represented
a release of about 500 mg of dissolved nitrogen in the mesocosms for the experiments
P, R1 and R2. This dissolution happened in the first 24 h, i.e. when dust was located in20

the upper 5 m of mesocosms (see 3.2 and Bressac et al., 2012). On this base (about
500 mg in the upper 5 m), we estimated that the N and NO−

3 dissolved concentrations

were around 9 mmolm−2 or 40 mmolm−2 at 24 h, respectively. These data are in agree-
ment with the measured NO3 concentrations (11 mmolm−2) in the mesocosms during
R experiments (Ridame et al., 2014), confirming the large dissolution of evaporite min-25

erals after the dust seeding. The two known sources of new nitrogen to the ocean are
N2 fixation and atmospheric deposition, mainly anthropogenic nitrogen aerosols depo-
sition (de Leeuw et al., 2013). Our results suggest that the ageing of dust by HNO3
uptake during its transport in the atmosphere could be also a potential major source
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of external dissolved N to the marine biosphere after dust deposition. On the contrary,
when the seeding was carried out by NEC-Dust in DUNE-Q, an enrichment of N by
a factor 7 was observed in the traps, suggesting another process, possibly a biological
source. During this experiment, the N cumulative masses found in the sediment traps
of the Dust-Meso were not significantly different from the ones in the Control-meso5

(Table 3). This means that this enrichment is mainly due to the biota initially present in
the mesocosm and is consistent with the fact that no significant chlorophyll a (Chl a) in-
crease has been observed for DUNE-Q after dust addition (Guieu et al., 2013). Ridame
et al. (2014) show the dry deposition of dust during experiment Q led to a strong in-
crease of N2 fixation by diazotrophs. They estimated that this new nitrogen represents10

50.4 µmolN m−2 in the Dust-Meso. Our data show that this new N was not exported in
the sediment traps in the 7 days of the experiment. In the case of DUNE-P and DUNE-
R, the enrichment of settling particles in N was not significant in comparison to the loss
of N by dissolution and the input of P by the dust settling (dust mass from sediment
traps is 10-fold higher than in DUNE-Q), preventing the observation in settling particles15

of N and P related to the biological source.
Practically, the interelemental ratios found in sediments are usually used as proxies

of terrigenous input (Ti/Al, Fe/Ca and Ti/Ca) (Mahiques et al., 2009; Govin et al.,
2012), and of productivity (Ba/Al and Ba/Ti) (Paytan and Kastner, 1996; Mahiques
et al., 2009). Recent studies show that the potential of elemental ratios including Ca20

as Fe/Ca or Ti/Ca are too sensitive to dilution effects by biological components to
allow reliable imprints of terrigeneous inputs (Govin et al., 2012). Our data support
this conclusion by showing that the high solubility of Ca in dust creates a depletion of
particulate Ca content during the settling of dust, which increases the Fe/Ca and Ti/Ca
ratios in particles. Thus, the dissolution effect is combined to the dilution by organic25

matter effect making difficult to use these ratios for estimate lithogenic fluxes. On the
contrary, our results show the stability of Al, Ba, Fe and Ti content in dust during their
sinking in the water column, confirming the reliable use of their interelemental ratios as
terrigeneous and productivity proxies.
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4.2 Mass budget in the sediment traps

A current method to estimate the total fluxes of dust in sediment traps is to use the Al
content of lithogenic particles (Bory et al., 2002). Here, using the Al mass fraction to
estimate the dust mass in the sediment traps, we found higher estimated dust mass
than measured total mass (Table 5). The low fractional solubility observed for Al (see5

Sect. 4.1.) implies that the Al content in dust stayed constant during settling, and hence
cannot explain the overestimation of mass between estimation using Al and actual
measurement. Linear regression between total mass and elemental mass enables to
estimate the % of a given element in the sediment traps. For instance, in Fig. 4, it
appears that Al is 4.82±0.12 % of the total mass for DUNE-P, a value significantly10

higher than the initial Al mass fraction in the seeded dust (4.12±0.39 %, Table 1). This
overestimation of mass percentage is also observed for all the other studied elements
except Ca, S and N. For these three elements, the mass fractions are significantly
lower in the sediment traps than in the added dust, in agreement with the dissolution
of evaporite minerals.15

Based on the assumption that the depletion of N and S in the sediment traps is due
to the dissolution of CaSO4 and Ca(NO3)2, we could assess the mass of seeded dust
that dissolved except for the experiment Q (Table 5). In the case of the DUNE-Q, the
estimated mass from Al is lower that the measured total mass. However, a loss of Ca is
observed between the theoretical Ca mass (estimated from dust mass content of Ca)20

and the value which is measured in the trap samples. In consequence, we considered
a potential dissolution of CaCO3, the major material containing Ca in NEC-Dust07.
So, for DUNE-Q, we used the Ca content in sediment traps to estimate the dissolved
part, considering that all the depletion of Ca is associated to the dissolution of calcium
carbonate (Table 5). On this basis of calculations, it appears that the dissolution of dust25

constituted a mass loss of around 7 g in each experiment i.e. that only about 34 g of
dust from the seeded 41.5 g remained under particulate form in the mesocosms. If we
compare the total mass measured in the sediment traps and the estimated mass of
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particulate dust considering dissolution (Table 5), it appears that the large majority of
total mass was due to dust settling. However, the dust fraction represented only 75 %
of total mass for DUNE-Q simulating a dry deposition whereas it was more than 97 %
for the other experiments simulating wet deposition. This means a difference of dust
settling in the two seeding protocols.5

The estimated dust mass fraction recovered in the sediment traps is presented as
a function of time in Fig. 5. It appears that a large part of the introduced dust was not
recovered in the sediments traps even after taking account of the dissolution. This is
consistent with our data on pAl concentrations in the water column and the results of
Bressac et al. (2012), which showed by optical measurements that in spite of a very10

rapid dust settling in the first hours after seeding, a part of dust still remained in sus-
pension 2 days after seeding for DUNE-R. Our data seem to show that it was still the
case even 7 days after seeding, since only 52 %, 11 %, 57 % and 41 % by mass of the
lithogenic particles initially added were recovered in the sediment traps in P, Q, R1 and
R2 seedings, respectively (Fig. 5). For the experiments P and R with EC-Dust, the tem-15

poral evolution of dust settling was very homogeneous up to 72 h. Then the settling of
lithogenic particles in the experiment R2 was significantly slowed down in comparison
to the experiments P and R1. This pattern explains the difference of dust mass ob-
served in the sediments traps at the end of the experiments. The low recovery of dust
mass in the sediment traps even 7 days after seeding suggests that more than 45 % of20

dust particles (Fig. 5) had sinking velocities inferior to 2.1 md−1, whereas the recovery
after one day indicates that less than 15 % of dust presented sinking velocities superior
to 14.7 md−1 for DUNE-P and DUNE-R. This is consistent with the results of Bressac
et al. (2012) which showed that the most rapid settling velocity of Saharan dust pool
could reach 24 to 87 md−1 during DUNE-R. These high velocities correspond to the25

formation of organic-mineral aggregates within the upper few meters of the water col-
umn after seeding (Bressac et al., 2012). However, only a part of dust seems to form
aggregates (Bressac et al., 2012). The lowest measured velocities could be explained
by the fine size distribution of seeded dust which presents a volume median diameter
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of about 6.5 µm. For DUNE-Q, these percentages reached 89 % of particles with sink-
ing velocities inferior to 2.1 md−1, and 1 % of particles with sinking velocities superior
to 14.7 md−1 (Fig. 5). This means that the large majority of deposited dust remained in
the water surface layer even 7 days after the dry event.

Then, from the mass budget found from the sediment traps and from pAl concen-5

tration in the water column, we made the total mass budget of dust integrated from
the surface to the sediment traps. We further used the estimated content of Al in the
sediments traps from the Fig. 4 (top) compared to the initial content in seeded dust,
in order to consider also the dissolution of dust particles during their settling. The re-
sults show that the total mass of dust in the mesocosms was 33.3 g, 11.6 g, 33.7 g and10

26.9 g respectively for the experiments P after 5 days, Q after 3 days, R1 and R2 after
6 days (these times corresponding to the last sampling in the water column). Thus,
considering the dissolved mass fraction from dust, we found a recovery of 96 %, 28 %,
99 % and 82 % of the initial dust mass, a half of which was in the sediment traps for
DUNE-Q and DUNE-R2 and 2/3 for DUNE-P and DUNE-R1. A critical point of uncer-15

tainties in this calculation is the integration of pAl within the water column to estimate
the mass of dust in suspension. As previously discussed, no measurement of pAl was
available under 10 m for P and Q experiments whereas potential high concentration of
pAl could be present at these depths. Thus, it is probable that this low depth resolution
was insufficient for the case of the Q experiment, which presented the largest mass20

fraction in suspension at the end of the experiment, and hence this could explained, at
least in part, the low rate of recovery for this experiment.

4.3 Estimation of fluxes associated to dust deposition

Results show that the temporal pattern of sinking of particles was not equivalent for
all the experiments, with a much slower settling observed for DUNE-Q, simulating dry25

deposition of dust, and the highest being observed for DUNE-P and DUNE-R1. Set-
tling particles consist of four major components: biogenic opal (opal), biogenic car-
bonate (bCaCO3), lithogenic particles, and organic matter (POC). In the Dust-Meso,
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the lithogenic particles corresponded essentially to added dust. In consequence, the
fraction of dust was calculated from the estimated mass% of Al in the sediments traps
from the Fig. 4, as for the mass budget. The fraction corresponding to biogenic opal
was determined from the measurement of biogenic Si, issued from sequential leaching
(Mosseri et al., 2005). In comparison to usual sediment traps studies, we know that5

a large part of Ca measured in the traps was issued from added dust. Thus, the total
mass of Ca is the sum of Ca as Ca(NO3)2, CaCO3 and CaSO4 present in dust, plus
the bCaCO3. The observations of S concentration in the trap showed that all the pro-
duced gypsum by dust treatment was not completely dissolved. The undissolved mass
of CaSO4 was estimated from the mass of particulate S. The total carbonate mass10

was so assessed from the total mass of Ca minus the mass of Ca related to gypsum.
The biogenic carbonate was finally estimated from the total carbonate mass minus the
estimated CaCO3 issued from dust (estimated from the Ca to total mass scatter plot
as for Al in Fig. 4). The organic matter was estimated as 2.4 times the organic carbon
(Klaas and Archer, 2002), which was issued from the total carbon mass less the total15

carbonate fraction of carbon.
On this basis, we have estimated the part of various fractions in the sediments traps.

The masses in the Control-Meso were typically at least one order of magnitude inferior
to the masses obtained in the Dust-Meso. The Control-Meso were dominated by the
POC fraction (30 to 50 %), then by the lithogenic fraction (20–30 %) whatever the ex-20

periment. Inversely, the lithogenic fraction was the main component of the mass in the
Dust-Meso, representing between 66 to 96 % of total mass with the lowest percentages
measured from 6 days after seeding (not shown). The fraction of POC represented up
to 14 % of the total mass. The highest POC concentrations were obtained for the ex-
periment P whereas the lowest for the experiment Q. From these data, the total mass25

flux, POC flux and the fluxes of many elements have been estimated from the mass
concentration and fraction in sediment traps (Tables 6 and 7). All the fluxes were sig-
nificantly lower in the experiment Q than in the other experiments, in agreement with
the low dust recovery found in the sediment traps of this seeding. The data will be

4925

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/11/4909/2014/bgd-11-4909-2014-print.pdf
http://www.biogeosciences-discuss.net/11/4909/2014/bgd-11-4909-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
11, 4909–4947, 2014

Chemical fate and
settling of mineral

dust

K. Desboeufs et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

discussed here by comparing the integrated POC fluxes between the various experi-
ments, a discussion on the POC evolution as a function of time is presented in Bressac
et al. (2013) for the R experiments.

The total and lithogenic fluxes obtained for DUNE-P and DUNE-R (Table 6) are
higher than typical fluxes observed in regions under dust deposition influence, typically5

around 50 mgm−2 d−1 (Bory et al., 2002 for Northeastern tropical Atlantic Ocean; Ter-
non et al., 2010 for Western Mediterranean). However, our data are consistent with the
observed lithogenic fluxes after a large dust event (22 gm−2) in Mediterranean reach-
ing 1 gm−2 d−1 at 200 m (Ternon et al., 2010). In the same way, the POC fluxes (10–
20 mgm−2 d−1) are consistent with typical POC fluxes measured in Western Mediter-10

ranean (Miquel et al., 1994; Goutx et al., 2000; Lee et al., 2009; Ternon et al., 2010).
Contrary to major fractions, little information is available on the elemental fluxes asso-
ciated to a large dust wet deposition event. As the lithogenic fraction predominates in
all the Dust-Meso sediment traps for the different experiments, most elemental fluxes
correspond to the content of these various elements in the added dust. Our measured15

fluxes of trace metals (Table 7) constitute so an original assessment of the fate of the at-
mospheric input of these metals in a marine environment. This database could enable
us to distinguish the contribution of dust and other sources, e.g. anthropogenic, in the
biogeochemical cycling of these elements. Moreover, the typical comparison between
atmospheric and marine dust fluxes estimated from Al contents shows that estimated20

atmospheric deposition fluxes are 2–3 times lower than oceanic sediment trap fluxes
(Bory et al., 2002; Ternon et al., 2010). Here, in very controlled conditions, we observed
that the estimation of dust mass from Al is on average 30 % larger than the real added
mass of dust. As mentioned before, Al is often used for estimating the dust mass in
sediment traps (e.g. Bory et al., 2002). Our results show that the dissolution of evap-25

orite minerals formed during atmospheric dust transport due to cloud processing could
generate an overestimation of the dust total mass estimated like that. This suggests
that the uncertainties on the estimation of lithogenic fluxes from Al content in sediment
traps could be very largely higher than 100 %.
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From observations during experiments R, Bressac et al. (2013) propose a ballast ef-
fect of added dust on the organic matter present in the mesocosms to explain the high
degree of covariance between POC and lithogenic fluxes in the Dust-Meso. We ob-
served that the positive covariance between lithogenic and POC fluxes exists also for
the experiments P and Q. In order to estimate the efficiency of dust settling to ballasting5

organic matter as POC, we estimated the mass ratios of lithogenic matter (= dust in the
Dust-Meso) to organic carbon in the sediments traps (Litho/POC in Table 6), i.e. dust
fluxes normalized to the POC fluxes. The obtained mean ratios are around 30, in the
range of values found in the case of “real” wet dust deposition events into surface sea-
water with high organic matter concentrations (Ternon et al., 2010). In the same way,10

the lowest ratio (13) obtained for the experiment Q corresponding to a dry deposition
is consistent with the ratio observed by Ternon et al. (2010) in Mediterranean summer
conditions with a strong stratification of the water column and low Chl a concentrations.
To explain these different behaviours between dust and POC fluxes, it is important to
consider the difference of seeding protocol simulating wet or dry deposition (Table 1),15

but also the physical and biogeochemical conditions in the 4 experiments (Guieu et al.,
2010 and 2013). During the experiment P, the stratification of the column water inside
the mesocosms was not marked whereas stratification was observed during the whole
DUNE-Q experiment and toward the ends of both R-seeding periods. However, the dust
settling is quasi-similar for DUNE-P and DUNE-R1, meaning that the stratification effect20

is probably low. Moreover, initial biogeochemical conditions were typical of oligotrophic
conditions for all the experiments with very low Chl a concentrations in the range 0.07–
0.11 µgL−1 (Ridame et al., 2014). The chlorophyll concentration was at least doubled
for DUNE-P and DUNE-R, proving a fertilizing effect of dust on phytoplankton (Ridame
et al., 2014). Inversely, no Chl a increase was observed after seeding in the Q experi-25

ment. It is known that dust affects biogeochemical processes in marine environment via
both a fertilizing role for marine biota (Bishop et al., 2002) and a ballast effect for POC
export (Fischer et al., 2009), the ballast effect increasing the sinking velocity of parti-
cles (Ploug et al., 2008). Moreover, it has been suggested that the high lithogenic fluxes
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associated to dust deposition occur only when there is simultaneous presence of or-
ganic matter and lithogenic material (Ternon et al., 2010). This organic matter could be
freshly produced due to a fertilizing effect of deposited dust or older. Our results confirm
these previous observations by showing that the highest POC and lithogenic fluxes are
observed when an increase of chlorophyll concentrations is observed. On the contrary,5

the observations for the experiment Q simulating dry dust deposition show a slower
dust settling and a low POC export related to an ineffective fertilizing effect for primary
productivity. Thus, ballasting from dust resulted in 4-fold higher POC fluxes in presence
of phytoplankton than without Chl a. This observed primary-productivity dependence
of lithogenic fluxes in our controlled oligotrophic conditions shows that a high POC10

export related to dust event needs both a fertilizing effect and mineral ballast of dust
seeding. The high covariance observed between lithogenic and POC fluxes is similar
for all the experiments simulating wet deposition, suggesting that the measured ratio
Lithogenic/POC fluxes around 30 (Table 6) could be used as reference to estimate the
POC export triggered by wet dust deposition event.15

Recently, Bressac and Guieu (2013) defined the “lithogenic carbon pump” to de-
scribe the relation between the lithogenic ballasting and POC export, independently of
the biological contribution to POC export. They suggest that the age and quantity of or-
ganic matter could be also essential to estimate the efficiency of the “lithogenic carbon
pump”. From this concept, Bressac et al. (2013) show that this lithogenic carbon pump20

represented 50±8 and 42±3 % of the POC fluxes after the DUNE-R1 and DUNE-
R2 seeding, respectively. They propose that the relative decrease in the lithogenic
ballasting after the second seeding is due to the scavenging of most of the biogenic
particles from the water column following the first seeding. Comparing these conclu-
sions with our observations on the POC fluxes during P and Q experiments suggests25

that the “lithogenic carbon pump” is inefficient for DUNE-Q since the POC fluxes in
the Dust-Meso were similar with the ones in the Control-Meso. This implies that the
initial organic matter presented probably a too low concentration or an inappropriate
quality (e.g. thickiness) to induce a lithogenic ballasting in this experiment, whereas
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the fertilizing effect associated to the experiments P and R is able to produce sufficient
fresh organic matter to activate the lithogenic carbon pump. Thus, our results suggest
that the “lithogenic carbon pump” due to dust deposition needs probably to be associ-
ated with a fertilizing effect to be efficient when initial organic matter is insufficient or
inefficient to be adsorbed on dust.5

5 Conclusion

Determination of elemental particulate composition in sediment traps and along the
water column in mesocosms constitutes useful data for assessing the evolution of dust
particles after their deposition into seawater and the associated fluxes. Our measure-
ments showed that the dust predominated the particulate phase in sediment traps at10

the bottom of mesocosms (15 m depth) and that dust particles were still in the 15 m wa-
ter column after 164 h. The measured lithogenic and POC fluxes in mesocosms were
consistent with direct observed fluxes in the water column after dust deposition (Ter-
non et al., 2010), confirming that our data were representative of the mechanisms of
export after dust deposition event. Besides elemental fluxes usually estimated, e.g. Al,15

Ba or Ca (Winkler et al., 2005), the suite of elements analysed in the sediment traps
enabled us to obtain a database on the fluxes of several trace elements which consti-
tutes original measurements on atmospheric metals fluxes associated to dry and wet
dust deposition.

Comparing the recovery of initial added dust mass in the sediment traps reveals a dif-20

ference in the dust settling of dust between the various seeding experiments. A high
recovery rate of dust mass (82 to 99 %) along the water column measured in DUNE-P
and DUNE-R was associated to the highest POC and lithogenic fluxes. This corre-
sponded to the seeding experiments carried out with EC-Dust, i.e. “aged” dust and
simulating wet deposition, when a significant Chl a increase was observed. Inversely,25

the experiment Q, simulating a dry deposition event of NEC-Dust, i.e. “fresh” dust,
presented the lowest recovery of dust mass in the sediment traps, with around 89 % of
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dust remaining in the water column after 6 days. This low sinking velocity involved a low
POC export in association with a low Chl a increase during this experiment. Our data
imply that being inefficient to fertilize mesocosms, the dry deposition of fresh dust in
our oligotrophic conditions is inefficient to trigger a high POC fluxes by a ballast effect.
On the contrary, they point the efficiency to the wet deposition of aged dust to imply5

a high POC fluxes associated to its fertilizing effect. In this case, the results show that
the lithogenic fluxes were typically 30-fold higher than the POC fluxes. Thus, our data
emphasize a chain reaction between the fertilizing effect of dust, their ballast effect and
POC fluxes. However, our data do not enable to conclude if the type of deposition (dry
or wet) is a critical parameter in this relation due to the difference in used dust between10

the experiments simulating dry or wet deposition.
Moreover, our results show that about 15 % of initial dust mass was dissolved in

the water column in the first 24 h after seeding. This loss of mass was associated
to the depletion of Ca, N and S in the dust recovered in the sediment traps, which
was due to the rapid dissolution of calcite for DUNE-Q and from the new minerals,15

as gypsum or calcium nitrate formed by artificial cloud processing of seeded dust in
DUNE-P and DUNE-R. This dissolution constitutes an important source of dissolved
nitrate in the seawater, suggesting the potential importance of atmospheric deposition
of “aged” dust as source of new N for oligotrophic area. In spite of this dissolution, the
typical interelemental ratio, as Ti/Al or Ba/Al were not affected during the dust settling,20

confirming their interest as proxy of lithogenic fluxes or of productivity, respectively.

Supplementary material related to this article is available online at
http://www.biogeosciences-discuss.net/11/4909/2014/
bgd-11-4909-2014-supplement.zip.
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Atmosphere) program in February 2009, (http://solas-int.org/activities/project-endorsement.
html). The sediment trap treatments have been performed by the national service “La Cel-
lule Pièges” from INSU LEFE-CYBER (L. Coppola, N. Leblond). The soil dust samples have
been obtained from F. Dulac in collaboration with M. Labiadh from the Tunisian Institute of Arid
regions (IRA) in Medenine.5
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Table 1. Main operational details for seeding and sediment traps collection. The dust type is
detailed in the Sect. 2.1 and hence e.g. EC Dust07 means evapocondensed dust collected in
2007.

Dust seeding Sediment traps collection

Date Dust Added Deposition First Last Average
type mass type sample sample Resolution

DUNE-P 11–18 Jun 2008 EC-Dust07 41.5 g Wet Seeding+24 h Seeding+168 h 48 h
DUNE-Q 20–27 Jun 2008 NEC-Dust07 41.5 g Dry Seeding+24 h Seeding+168 h 48 h
DUNE-Rs1 27 Jun–3 Jul 2010 EC-Dust09 41.5 g Wet Seeding+22 h Seeding+166 h 24 h
DUNE-Rs2 3–9 Jul 2010 EC-Dust09 41.5 g Wet Seeding+24 h Seeding+144 h 24 h

4936

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/11/4909/2014/bgd-11-4909-2014-print.pdf
http://www.biogeosciences-discuss.net/11/4909/2014/bgd-11-4909-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
11, 4909–4947, 2014

Chemical fate and
settling of mineral

dust

K. Desboeufs et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 2. Chemical composition of the fine fraction of soil (< 20 µm) used for different seedings.

Experiment Q Experiment P Experiment R
NEC (±) EC (±) EC (±)

Dust07 Dust07 Dust09

%Ca 18.62 0.33 17.95 1.22 16.54 0.16
%Si 15.16 0.93 13.59 1.64 11.94 0.07
%C 6.75 0.01 5.35 0.06 5.08 0.02
%Al 4.48 0.12 4.12 0.39 3.32 0.03
%Fe 2.28 0.19 2.31 0.04 2.26 0.03
%Mg 1.85 0.17 1.72 0.28 1.29 0.02
%K 1.19 0.08 1.15 0.20 0.96 0.01
%Ti 0.33 0.03 0.33 0.03 0.34 0.01
%N 0.11 0.01 1.19 0.05 1.36 0.09
%S 0.012 0.001 1.54 0.01 1.69 0.02
P (ppm) 442 86 454 148 552 30
Sr (ppm) 358 23 329 39 307 27
Mn (ppm) 354 17 354 49 342 18
Ba (ppm) NA NA 269 14
V (ppm) NA NA 58 7.2
Ni (ppm) NA NA 25 1.1
Cu (ppm) 15.0 2.7 15.5 2.7 16.4 1.0
Co (ppm) 11.0 2.0 8.4 3.0 8.8 2.5
Mo (ppm) 0.8 0.3 0.7 0.2 0.9 0.1
Li (ppm) NA NA 0.32 0.01
Nd (ppm) NA NA 0.19 0.06

NA: not available.
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Table 3. Total and elemental masses (mg) in the sediment traps of Control-Meso (samples xxC)
and Dust-Meso (samples xxD) for the 4 seeding experiments: Q, P, R1 and R2.

Samples ID Sampling time (h) Total mass C N Al Ca S

Experiment P

P1C 24 132±86 30.0±18.8 3.7±2.2 3.1±2.2 5.2±3.2 1.0±0.7
P2C 72 272±191 59.1±41.9 6.9±5.5 9.0±6.3 11.1±7.2 1.0±0.7
P3C 120 140±122 33.7±25.7 3.2±2.8 2.4±3.4 5.1±6.0 0.8±1.0
P4C 168 225±210 17.2±16.5 1.6±1.5 1.2±1.1 2.7±2.5 0.5±0.4
Cumulated mass 769±327 140.0±12.8 15.4±2.8 15.7±3.2 24.1±1.2 3.2±0.5
P1D 24 5051±1458 350±93 12.6±1.2 234±78 747±260 29.4±1.2
P2D 72 9092±3008 633±219 22.1±7.2 443±145 1340±432 31.1±12.2
P3D 120 3544±1755 281±153 11.9±6.4 168±86 499±254 12.7±7.2
P4D 168 788±229 107±22 8.8±1.0 34±11 93±26 4.2±1.2
Cumulated mass 18 475±1690 1372±149 55.4±6.9 881±78 2679±220 77.4±13.4

Experiment Q

Q1C 24 98±54 22.9±9.4 3.3±1.0 2.2±1.6 5.5±3.5 0.6±0.3
Q2C 73 92±51 19.0±10.8 2.3±1.2 1.7±1.4 4.1±2.8 0.4±0.3
Q3C 120 112±15 24.2±4.6 3.0±0.7 2.5±0.5 5.6±0.6 0.7±0.2
Q4C 168 146±84 31.8±18.7 3.7±2.2 3.9±2.8 6.9±4.4 1.1±0.7
Cumulated mass 448±165 97.9±35.0 12.3±4.0 10.4±5.7 22.1±8.6 2.8±1.3
Q1D 24 480±198 53.0±19.0 5.3±2.3 22.2±14.3 54.4±33.6 2.4±1.2
Q2D 73 781±28 69.0±3.2 4.4±0.4 30.4±8.8 73.8±20.2 2.1±0.6
Q3D 120 703±260 66.7±23.2 4.7±1.5 24.7±9.5 59.6±21.9 1.8±0.6
Q4D 168 368±118 36.1±11.2 2.8±0.7 13.2±4.4 31.1±10.4 1.1±0.4
Cumulated mass 2332±419 224.8±38.3 17.2±3.8 90.5±30.4 218.8±70.1 7.4±2.2

Experiment R1

R3C 22 276±14 45.6±3.6 3.7±0.6 6.8±1.3 16.7±1.6 1.8±0.5
R4C 46 285±115 55.7±23.8 5.6±2.5 7.1±3.7 12.2±5.6 1.7±1.0
R5C 70 173±43 34.5±7.5 3.6±0.7 3.9±0.9 5.3±0.6 1.1±0.3
R6C 94 168±75 35.8±15.7 4.0±1.9 3.4±1.2 4.1±1.3 1.0±0.4
R7C 118 89±19 18.1±4.0 2.1±0.6 1.3±0.2 2.5±0.3 0.5±0.1
R8C 142 38±15 7.1±3.4 0.8±0.4 0.2±0.1 0.4±0.1 0.1±0.0
R9C 166 68±21 14.1±3.5 1.7±0.4 1.9±0.7 5.4±3.0 0.6±0.3
Cumulated mass 1096±111 210.9±22.6 21.5±2.7 24.6±1.5 46.7±2.8 6.9±0.6
R3D 22 3890±599 305±37 12.8±2.2 137±29 496±77 7.9±1.9
R4D 46 5424±956 385±62 14.6±3.3 199±40 651±98 10.1±2.2
R5D 70 4193±1012 314±87 14.0±4.6 182±51 455±106 10.0±2.6
R6D 94 3784±483 302±39 16.9±3.8 165±21 557±177 10.1±1.9
R7D 118 1345±513 112±40 6.9±1.7 59±20 253±201 4.2±1.8
R8D 142 533±98 47±9 3.1±0.8 19±7 111±97 1.4±0.7
R9D 166 500±228 51±22 4.2±1.6 19±8 49±8 1.6±0.6
Cumulated mass 19 669±2757 1515±229 72.6±14.8 781±118 2573±628 45.3±8.7

Experiment R2

R11C 24 76±11 16.9±2.2 2.1±0.2 2.4±0.3 5.9±1.6 0.7±0.1
R12C 48 50±15 11.2±2.7 1.4±0.3 1.0±0.5 4.2±3.8 0.4±0.3
R13C 72 58±7 12.2±3.2 1.4±0.3 1.2±0.0 7.7±2.5 0.4±0.1
R14C 96 23±23 4.0±4.0 0.6±0.6 0.3±0.3 3.0±3.0 0.3±0.3
R15C 120 19±19 3.4±3.4 0.4±0.4 0.3±0.3 1.8±1.8 0.2±0.2
R16C 144 19±19 4.0±4.0 0.6±0.6 0.2±0.2 1.9±1.9 0.2±0.2
Cumulated mass (mg) 245±24 51.8±5.6 6.3±0.6 5.3±0.8 24.6±2.4 2.2±0.2
R11D 24 4461±517 323±31 14.9±2.6 161±54 566±148 8.6±3.1
R12D 48 2836±520 200±42 12.3±2.8 119±21 386±70 6.2±1.2
R13D 72 3456±1348 249±97 12.6±3.5 145±67 496±230 8.4±3.0
R14D 96 677±254 54±18 3.0±0.9 24±11 87±38 1.3±0.6
R15D 120 352±233 31±22 2.1±1.7 13±9 48±31 1.1±0.8
R16D 144 181±120 19±12 1.8±1.1 6±4 24±16 0.7±0.4
Cumulated mass (mg) 11 962±2117 876±151 46.7±7.2 467±98 1608±260 26.4±3.9
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Table 4. Enrichment factors (X/Al)sediment/(X/Al)dust in the material collected in the sediment
traps of the Dust-Meso for the 4 DUNE experiments.

Exp. C N Ba Ca Co Cu Fe Li Mn Mo Nd P S Sr Ti

Q 1.62 7.32 0.58 1.18 1.26 0.99 0.75 2.91 0.88 1.01
P 1.14 0.19 0.70 1.67 1.32 0.99 0.72 1.09 0.22 0.76 0.96

R1 1.24 0.22 0.93 0.63 1.95 2.21 1.04 1.08 0.94 1.08 0.96 1.27 0.11 1.03 1.02
R2 1.19 0.24 1.02 0.69 1.92 1.18 1.08 1.13 0.94 0.86 0.97 1.23 0.11 1.01 1.09
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Table 5. Mass budget in sediment traps: the dissolved mass of dust corresponds to the dis-
solved mass of CaCO3 for the Q experiment and of CaSO4and Ca(NO3)2 for P, R1 and R2
experiments, estimated from the S, N and Ca contents measured in sediment traps.

Total mass (mg)
Experiments measured (±) Estimated Dissolved % Estimated mass from Total dissolved % of

from Al mass of dissolved Al corrected of the mass for initial dust in
dust (mg) mass dissolved mass (mg) dust (mg) total mass

Q 2332±419 2019 265 13 % 1 755 6296 75 %
P 18 474±1690 21 373 4209 20 % 17 165 6412 93 %

R1 19 669±2757 23 557 4816 20 % 18 741 7322 95 %
R2 11 962±2123 14 067 2616 19 % 11 451 7213 96 %
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Table 6. Integrated POC, lithogenic, opal and biogenic CaCO3 mass fluxes (mgm−2 d−1) deter-
mined from mass in sediment traps for the 4 seeding experiments.

P Q R1 R2

control 4.3±3.2 2.8±1.3 6.8±4.3 1.6±1.2
POC flux dust 21.9±11.8 5.0±2.5 17.1±10.0 10.9±9.7

ratio 5.1 1.8 2.5 6.8

control 6.3±7.0 4.4±2.5 8.0±6.4 2.5±2.4
Lithogenic flux dust 646±499 63.7±21.9 565±392 359±341

ratio 103 14 71 144

control 1.5±1.4 1.0±0.7 13±13 1.4±0.4
Opal flux dust 30±24 2.4±0.7 12±22 19±65

ratio 19 2 1 14

control <DL 0.2±0.1 1.0±2.5 1.46±1.1
CaCO3bio flux dust 28±29 6.7±2.5 98.1±74 61±56

ratio 34 94 42

Litho/POC
control 1.5 1.6 1.2 1.6
dust 29.5 12.8 33.1 32.9
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Table 7. Average of integrated elemental mass fluxes (mgm−2 d−1) determined from the ele-
mental masses in sediment traps of Control-Meso and Dust-Meso for the 4 DUNE experiments
P, Q, R1 and R2.

N (±) Al (±) Ba (±) Co (±) Cu (±) Fe (±)

control

P 0.6 0.3 0.6 0.4 0.004 0.004 0.0004 0.0003 0.001 0.001 0.4 0.3
Q 0.5 0.2 0.4 0.2 0.002 0.001 0.0001 0.0000 0.0003 0.0001 0.2 0.1
R1 0.8 0.4 0.9 0.7 0.007 0.005 0.0003 0.0002 0.056 0.040 0.5 0.4
R2 0.3 0.2 0.2 0.2 0.001 0.001 0.0001 0.0001 0.0004 0.0003 0.1 0.1

dust

P 2.0 0.9 33.6 25.5 0.14 0.11 0.013 0.010 0.018 0.015 51.9 34.2
Q 0.7 0.4 3.4 1.6 0.03 0.01 0.001 0.000 0.001 0.001 1.7 0.8
R1 2.5 1.4 27.3 18.8 0.20 0.14 0.014 0.010 0.028 0.026 53.1 34.9
R2 1.9 1.5 18.7 17.1 0.15 0.14 0.010 0.009 0.011 0.010 35.2 31.0

Li (±) Mn (±) Mo (±) Nd (±) P (±) Ti (±)

control

P 0.004 0.003 0.005 0.003 0.001 0.001 0.002 0.001 0.10 0.04 0.05 0.04
Q 0.004 0.001 0.002 0.001 0.0003 0.0001 0.000 0.000 0.09 0.03 0.03 0.01
R1 0.0001 0.0002 0.009 0.007 0.00005 0.00004 0.004 0.002 0.04 0.02 0.05 0.04
R2 0.0002 0.0002 0.002 0.001 0.00001 0.00001 0.001 0.001 0.02 0.01 0.01 0.01

dust

P 0.134 0.097 0.24 0.20 0.034 0.025 0.07 0.05 0.4 0.3 2.6 2.0
Q 0.006 0.002 0.02 0.01 0.004 0.002 0.003 0.002 0.1 0.1 0.3 0.1
R1 0.029 0.020 0.26 0.19 0.12 0.08 0.6 0.4 2.9 2.0
R2 0.021 0.019 0.18 0.17 0.08 0.08 0.4 0.3 2.1 1.9
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Figure 1: Electronic microscope image of neoformation of gypsum (CaSO4) from initial calcite (CaCO3) mixed with 
sulfuric acid during cloud processing simulation.  

 
 
 
 
 
 

(a)  (b) 

 Figure 2: (a) Cumulative total mass as a function of time after seeding in the Dust-Meso sediments traps for the 4 
experiments and (b) Picture of collected mass in the sampling bottles of sediment traps for the experiment P 24 h 

after seeding.   
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Fig. 1. Electronic microscope image of neoformation of gypsum (CaSO4) from initial calcite
(CaCO3) mixed with sulfuric acid during cloud processing simulation.
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Figure 1: Electronic microscope image of neoformation of gypsum (CaSO4) from initial calcite (CaCO3) mixed with 
sulfuric acid during cloud processing simulation.  
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 Figure 2: (a) Cumulative total mass as a function of time after seeding in the Dust-Meso sediments traps for the 4 
experiments and (b) Picture of collected mass in the sampling bottles of sediment traps for the experiment P 24 h 

after seeding.   
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Fig. 2. (a) Cumulative total mass as a function of time after seeding in the Dust-Meso sediments
traps for the 4 experiments and (b) picture of collected mass in the sampling bottles of sediment
traps for the experiment P 24 h after seeding.
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Figure 3: Temporal evolution of particulate aluminium concentrations in the Dust-Meso for the four seedings. Stars 
represent the points where the average mesocosms concentration of three replicated mesocosms is used, triangles 

two replicated mesocosms and circles only one mesocosm.  The grey vertical bars highlight the time points when 
the seeding took place.  

Fig. 3. Temporal evolution of particulate aluminium concentrations in the Dust-Meso for the
four seedings. Stars represent the points where the average mesocosms concentration of three
replicated mesocosms is used, triangles two replicated mesocosms and circles only one meso-
cosm. The grey vertical bars highlight the time points when the seeding took place.
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Fig. 4. Al and N mass vs. total mass in each sediment trap of all the samples of the Dust-Meso
for the 4 experiments and linear regression for experiments P and R2.
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Figure  5: Mass percentage of recovered dust in the sediment traps in comparison to the added mass at t0 
considering the dissolution of evaporite species for the experiments P, R1 and R2 as a function of time after 

seeding.  
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Fig. 5. Mass percentage of recovered dust in the sediment traps in comparison to the added
mass at t0 considering the dissolution of evaporite species for the experiments P, R1 and R2
as a function of time after seeding.
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