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Abstract

A Saharan soil, considered as a proxy for Saharan aerosols, was used to perform radio-labelled phosphate adsorption experiments using
33PO4

3–: leached particles were exposed to poisoned western Mediterranean seawater for varying lengths of time. The measured adsorption
capacity of Saharan dust for phosphate was 0.13 µmol g–1. Considering this value and an annual Saharan dust deposition of 12.5 t km–2 year–1,
we show that Saharan particles do not represent a significant sink for seawater phosphate in the western Mediterranean Sea. This result is in
agreement with that determined from a similar approach conducted in the eastern basin. As a consequence, the unusual N/P ratio measured in
the whole Mediterranean Sea (up to 29) cannot be explained by the adsorption process of seawater phosphate onto Saharan dust.

© 2003 Published by Éditions scientifiques et médicales Elsevier SAS.

Résumé

La fraction fine d’un sol composite saharien, considérée comme représentative de l’aérosol saharien en Méditerranée, a été utilisée dans des
expériences de marquage au 33PO4

3– afin de caractériser l’adsorption du phosphate présent dans la colonne d’eau, sur les poussières
sahariennes. Pour cela, des poussières sahariennes lessivées ont été introduites dans de l’eau de mer empoisonnée, collectée en Méditerranée
occidentale, durant 48 heures. La capacité d’adsorption des poussières sahariennes vis-à-vis du phosphate, ainsi mesurée, atteint une valeur de
0,13 µmol g–1, à l’équilibre. En considérant cette valeur ainsi qu’un dépôt annuel de poussières sahariennes de 12,5 t km–2 yr–1, nous avons
montré que ces particules éoliennes ne constituent pas un puits significatif de phosphate en Méditerranée occidentale. Ce résultat est en accord
avec une étude menée dans le bassin oriental. Par conséquent, le fort rapport N/P mesuré dans l’ensemble du bassin méditerranéen (jusqu’à 29)
ne peut être expliqué par le processus d’adsorption du phosphate présent dans la colonne de l’eau, sur les poussières sahariennes.
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1. Introduction

The intermediate and deep Mediterranean waters are char-
acterized by a dissolved inorganic nitrogen/dissolved inor-
ganic phosphorus (DIN/DIP, noted N/P) molar ratio, higher
than the Redfield molar ratio of 16 and typical ocean values.
This N/P ratio increases from 22 in the western part (Béthoux
and Copin-Montégut, 1986) to around 24–29 in the eastern
part (Krom et al., 1991; Béthoux et al., 2002), indicating that
the eastern basin is strongly phosphorus limited and that the
degree of P limitation increases from west to east (Krom et
al., 1991; Moutin and Raimbault, 2002). In the western
Mediterranean Sea, at the Dyfamed station, during the whole
year, the N/P ratio below 70 m is always higher than the
Redfield ratio (Marty et al., 2002). This supports the assump-
tion that phosphate is the limiting nutrient of biological
activity in this basin (Thingstad et al., 1998; Moutin and
Raimbault, 2002).

Several hypotheses can be proposed to explain this
anomalous N/P ratio observed in Mediterranean Sea. Look-
ing at nutrient budgets, Béthoux and Copin-Montégut (1986)
hypothesized that it may result from the biological fixation of
atmospheric nitrogen. An alternative hypothesis is that the
atmospheric deposition of nutrients may contribute to the
anomalous N/P ratio (Herut and Krom, 1996; Kouvarakis et
al., 2001). The N/P ratio measured in Mediterranean rainwa-
ter (60, 70 and 300, Migon et al., 1989; Herut et al., 1999a;
Markaki et al., 2003, respectively) and in Mediterranean
aerosol (152–261, Markaki et al., 2003) is higher than the
Redfield ratio. A third hypothesis was put forward by Krom
et al. (1991): phosphate (DIP) could be removed from seawa-
ter through inorganic adsorption processes onto mineral par-
ticles of atmospheric origin (Saharan dust). Indeed, Saharan
aerosols are rich in iron hydroxides and clay minerals, which
have a high affinity for DIP in seawater (Feely et al., 1990;
Wheat et al., 1996; Bjerrum and Canfield, 2002). These
authors suggested that such a mechanism may occur during
the sedimentation of Saharan particles through the water
column and, in particular, in deep waters. In this layer, there
is no competition with the biological uptake and the phos-
phate content is relatively higher than in the surface waters.

The Mediterranean Sea is strongly influenced by atmo-
spheric Saharan inputs and receives yearly considerable
amounts of mineral particles. Loÿe-Pilot and Martin (1996)
estimated a mean annual input of Saharan dust to the western
Mediterranean of 12.5 t km–2 year–1 for the period 1984–
1994, with a very high interannual variability. Probably due
to this very irregular temporal pattern, the Saharan dust
deposition in the north-western Mediterranean Sea is about
4 t km–2 year–1 (Ridame et al., 1999). This flux represents
approximately 90% of the total atmospheric particulate fall-
out to the water column (Loÿe-Pilot and Martin, 1996). Wet
deposition is considered to be a highly effective mechanism
of dust deposition in the western Mediterranean Sea (Loÿe-
Pilot and Martin, 1996; Guerzoni et al., 1997). By compari-
son, in the eastern Mediterranean, an annual total dust depo-

sition has been estimated to be 13 t km–2 year–1 for the year
1992, with 56% in dry form (Kubilay et al., 2000). It has also
been noted that Saharan particles represent a source of phos-
phate and dissolved iron for surface waters and may play a
significant role in the biological activity in the Mediterranean
Sea (Guieu et al., 2002a; Ridame and Guieu, 2002).

The aims of the present study were (i) to estimate, by use
of 33PO4

3– as a tracer, the adsorption capacity of the fine
fraction of a Saharan soil, representative of the Saharan
aerosols, for the DIP present in the western Mediterranean
waters and (ii) to determine whether Saharan dust represents
a significant sink for DIP in seawater, and thus may explain
the unusually high N/P ratio recorded in the western Medi-
terranean Sea.

2. Materials and methods

The adsorption experiments were carried out on board the
R/V La Thalassa during the Prosope cruise (productivity of
pelagic oceanic systems). The cruise took place from 4 Sep-
tember (Agadir, Morocco) to 4 October (Toulon, France)
1999. Subsurface seawater (5 m depth) was collected on
1 October 1999, at the Dyfamed station (Fig. 1), located in
the central Ligurian Sea (43°25'N, 7°52'E), by use of a
rosette equipped with 12–l Niskin bottles. The initial DIP
concentration in the surface seawater was estimated accord-
ing to the indirect method proposed by Moutin et al. (2002).
This DIP concentration was low, less than 1 nM, which is
characteristic of the Mediterranean surface seawater concen-
tration during the oligotrophic period (Moutin et al., 2002).

The fine fraction of a composite Saharan soil was used to
perform the adsorption experiments. Surface soil samples
were collected under clean conditions, in southern Algeria, a
region considered to be a significant source of Saharan dust
for the western Mediterranean Sea (Guieu and Thomas,
1996). All samples were combined in order to obtain a
composite Saharan soil. The fine fraction of this soil was
shown to be representative of the Saharan aerosol carried
over the western Mediterranean basin and will be designated
hereafter by “the Saharan dust*”. In particular, the grain size
distribution (<20 µm and median diameter of 9 µm), the
chemical and mineralogical compositions were very similar
to those measured in the particulate phase of pure Saharan
rains collected in Corsica (Guieu et al., 2002b; Ridame and
Guieu, 2002). The clay fraction represented about 50% of the
total mineralogical composition; the relative contents of total
phosphorus and iron were on average 0.14% and 4.97% in
weight, respectively.

For the present experiment, the Saharan dust* was leached
in order to minimize the release of the phosphorus associated
with the Saharan dust*. As Saharan particles reach the water
column mainly by wet deposition in the western basin, ultra
pure water (and not seawater) was chosen to leach the dust*:
50 mg l–1 were put into filtered ultra pure water (pH ~5.5) for
12 h, then the suspension was filtered through a 0.4 µm
membrane (nuclepore polycarbonate). The use of a 0.4 µm
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membrane could result in a loss of the very small particles.
However, the grain size distribution in volume of this dust*
has shown that the size fraction lower than 0.4 µm repre-
sented less than 3% of the total volume of particles (Ridame,
2001; Guieu et al., 2002b). The filter was then dried (40 °C)
for 24 h and particles were collected and stored inside a
desiccator.

Acid-washed polycarbonate bottles (Nalgene—1 l) were
filled with 100 ml of unfiltered seawater collected at Dy-
famed station, poisoned with HgCl2 (final concentration in
the sample = 24 mg l–1) to avoid biological uptake. After the
dust* addition (5 and 96 mg l–1 d.w.), 25 µl of a working
solution containing a mix of non-radioactive KH2PO4 (con-
centration added in the samples = 300 nM of stable
phosphate—representative of the Mediterranean deep wa-
ters) and radiotracer 33PO4

3– (20 µCi of 33P—Amersham
BF1003) were added to each bottle. The concentration of
33PO4

3– was negligible compared to the stable concentration
of DIP. The bottles were then placed in a deck incubator with
circulating surface seawater for an incubation of 48 h. Ali-
quots were sampled at t = 1.5, 3.5, 8.5, 26 and 48 h in
duplicate and filtered through a 0.2 µm membrane (polycar-
bonate Nuclepore). The control (no dust* addition) was used
to quantify DIP adsorption onto particulate matter initially
present in the seawater, the retention of 33P on the filter and
the bottle adsorption effect.

Radioactivity on filters was measured after the cruise at
the LOB laboratory in Marseille, by a scintillation liquid
counter (Packard 2100TR). The radioactivity of the total
tracer added to the sample was counted in triplicate from
25 µl of the working solution. The difference obtained be-
tween duplicates was less than 15%. Although the mean
activity measured on the control filters was less than 10% of
that measured on the sample filters, this value was subtracted
from the activity measured on the sample filters.

In this experiment, we assumed that the 33P radiotracer
and the stable DIP behaved in an identical manner, and thus,
that the adsorbed fraction quantified from the radiotracer was
representative of the non-radioactive DIP fraction actually
adsorbed on to Saharan dust*.

3. Results

It was shown, from the control, that only a maximum of
0.04% of the added phosphate could be taken up from the
poisoned seawater by other processes than adsorption onto
Saharan dust* meaning that the DIP adsorption onto sus-
pended particles initially present in surface water is negli-
gible.

The percentage of phosphate adsorbed onto the mineral
particles increased with the contact time of particles in sea-
water and with the amount of dust* introduced (Table 1). The
adsorbed fraction onto mineral dust was relatively weak:
only 0.2% and 4.3% of the phosphate added to the samples
were removed from the solution by the particulate phase
during the 48 h period of the experiment, for dust concentra-
tions of 5 and 96 mg l–1, respectively (Table 1). The adsorp-
tion process was relatively rapid during the first 8 h of the
experiment. After a contact time of 48 h, the adsorption
process tends towards a plateau, indicating that adsorption of
DIP reached an equilibrium state.

The concentration of DIP (initially 300 nM) removed by
the particles after a contact time of 48 h was 0.6 and 13 nM
for dust* concentrations of 5 and 96 mg l–1, respectively
(Table 1).

The adsorption capacity, defined as the adsorbed amount
of DIP onto particles per unit mass (g) of Saharan dust, was
invariant with the amount of dust* introduced in seawater
(Fig. 2). After a contact time of 48 h, the adsorption capacity
reached an equilibrium value of 0.13 µmol DIP adsorbed per
gram of dust*.

Fig. 1. PROSOPE cruise track showing the location of the station DYF (Dyfamed) where radio-labelled experiment was performed.
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4. Discussion and conclusion

The adsorption capacity determined in our study was
compared to that determined by Herut et al. (1999b), using
loess from the Negev desert. In their radio-labelled experi-
ment, 90 mg l–1 of previously leached loess were added to
unfiltered and poisoned seawater (initial DIP concentra-
tion = 0.2 µM) spiked with 32PO4

3–. These particles were
sieved through a 63 µm mesh and had the following chemical
characteristics: P total = 0.04%, Fe total = 2.3% (in weight).
These concentrations are much lower than those measured in
the Saharan dust carried over the western Mediterranean
basin (P total ranging from 0.25% to 0.4% in weight (Guer-
zoni et al., 1999), and on average P total = 0.08% and Fe
total = 4.5% in weight (Guieu et al., 2002b)). The estimated
adsorption capacity by these authors was about 0.15 µmol
DIP adsorbed per gram after a contact time of 5 min and
0.20 µmol DIP adsorbed per gram at the equilibrium (about
2 h). The kinetic behaviour of loess towards DIP is different

to that observed in our study even though the particulate
concentrations of dust and the initial DIP concentration were
similar in both studies. For example, in our experiment, the
adsorption capacity recorded after a contact time of 1.5 h is
0.02 µmol DIP adsorbed per gram. During the kinetic reac-
tion, the adsorption capacity calculated by Herut et al.
(1999b) is higher by a factor of about 2 compared to our data.
These differences between the two experiments could be the
consequence of the use of two different types of dust (loess
and composite Saharan soil) that have different chemical
(mineralogy and total concentration of elements) and physi-
cal (grain-size distribution) properties.

The leaching step could influence the DIP adsorption. By
decreasing the amount of iron hydroxides present on the
surface of the particles, the leaching can decrease phosphate
adsorption. However, the dissolution associated with the Sa-
haran iron has been shown to be very low (Guieu et al.,
2002a), and thus the leaching should not affect the adsorption
process to a great extent. On the other hand, the leaching step
could increase the DIP adsorption by decreasing the amount
of phosphorus on the particles. In our experiment, the
leached dust* used was representative of the Saharan par-
ticles collected in rainwater that reach the water column and
sink to the deep waters of the western Mediterranean Sea.
The phosphate concentration used in this work (0.3 µM) was
representative of the actual concentration in the intermediate
and deep western Mediterranean waters (0.3-0.4 µM,
Béthoux et al. (1998); Marty et al. (2002)). In addition, no
biological uptake of DIP could have out-competed the inor-
ganic adsorption process. Therefore, we assume that the DIP
adsorption capacity of the leached Saharan dust* determined
in this study is representative of the actual adsorption process
taking place in the waters of the western Mediterranean Sea.

The adsorption capacity of Saharan dust for DIP was used
to estimate the potential sink that these particles represent for
DIP in the western Mediterranean waters. In this calculation,
we used a mean DIP concentration in the Mediterranean
water column of 0.35 µM. For example, 5 mg l–1 of sinking
leached Saharan dust* would remove only 0.65 nM of DIP,

Table 1
Mean percentage of 33P adsorbed and mean DIP concentration adsorbed (nM) onto Saharan dust* for each duration of exposure (hours), for two leached dust*
concentrations introduced into poisoned seawater: 5 and 96 mg l–1. The DIP concentration in the samples was 300 nM (added with the stable phosphate). The
adsorption percentage is defined as follows:

Fraction adsorbed � % � = � Activity of the filter − Activity of the blank
Activity of the total tracer added � × 100

Time of filtration (h) 5 mg l –1 96 mg l –1

% 33 P adsorbed onto the particulate phase 1.3 0.03 0.8
3.4 0.08 1.5
8.3 0.12 2.6
25.7 0.19 3.7
48.1 0.20 4.3

nM of DIP adsorbed onto the particulate phase 1.3 0.1 2.4
3.4 0.2 4.5
8.3 0.4 7.9
25.7 0.6 11.1
48.1 0.6 12.8

Fig. 2. Adsorption capacity (micromoles of DIP adsorbed onto particles per
gram of Saharan dust*), as a function of exposure time (h), for two leached
dust* concentrations: 5 and 96 mg l–1.
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which corresponds to 0.2% of the DIP present (0.35 µM).
This indicates that such concentration of leached Saharan
dust* in the water column does not significantly modify the
phosphate concentration in the waters. Consequently, Sa-
haran particles do not represent a significant sink for DIP in
the western Mediterranean waters. It has to be noted that such
a particulate concentration (5 mg l–1) is much higher than the
natural concentration expected in the water column. There-
fore, this calculation leads to an overestimation of the DIP
sink.As Saharan dust represents a source of phosphate for the
water column, we calculated the phosphate concentration
released by 5 mg l–1 of fresh Saharan dust* in seawater
(0.35 µM of phosphate). For such a particulate concentration,
about 30 nM of DIP will be liberated in seawater (Ridame
and Guieu, 2002). The concentration of adsorbed DIP ac-
counts for about 2% of the concentration of DIP released by
the dust. Consequently, the scavenging process of DIP onto
Saharan dust in seawater is negligible compared to the disso-
lution process of Saharan phosphorus in seawater.

The time required to adsorb the necessary amount of DIP
onto Saharan dust to reach a N/P ratio of 22 was calculated.
The following parameters were considered: (i) a mean DIP
concentration of 0.35 µM in a water column of 1500 m, (ii) a
mean Saharan dust flux of 12.5 t km–2 year–1 in the western
basin (Loÿe-Pilot and Martin, 1996) and (iii) an adsorption
capacity for Saharan dust of 0.13 µmol DIP adsorbed per
gram of Saharan dust (this study). To explain the difference
observed between the N/P ratio of 22 and the Redfield ratio
of 16, the Saharan dust must scavenge 0.13 µM of DIP. From
our calculation, the scavenged DIP flux due to Saharan dust
was estimated to 1.1 × 10–6 µmol l–1 year–1. Consequently,
the time required to remove 0.13 µM of DIP from the water
column by adsorption onto Saharan dust would be on the
order of 100 000 years. This is much higher than the resi-
dence time of the deep water in the Algero-provencal basin
(~10–15 years, Andrié and Merlivat, 1988).

This calculation clearly demonstrates that the scavenging
process of DIP onto Saharan dust*, considered as a proxy for
Saharan aerosols, cannot explain the unusual N/P ratio mea-
sured in western Mediterranean Sea. Likewise, Herut et al.
(1999b) have concluded that the process of DIP removal by
loess particles is not able to explain the phosphate deficit in
the eastern basin characterized by unusually high N/P ratio
(~27–29).

Considering the entire Mediterranean Sea, the high N/P
ratio in intermediate and deep waters (from ~22 up to 29)
cannot be explained by adsorption process of DIP from the
water column onto Saharan dust, thus invalidating the hy-
pothesis of Krom et al. (1991) for the Mediterranean.

An alternative explanation to this high N/P ratio in Medi-
terranean Sea, proposed by Béthoux and Copin-Montégut
(1986), is that the biological fixation of atmospheric dinitro-
gen (N2) may increase the DIN concentration in the water
column, leading to an increase of this ratio. Some recent
studies, based on the measurements of nitrogen stable iso-
tope ratios in settling organic matter tend to confirm this

assumption for the western Mediterranean basin (Kerhervé et
al., 2001) and for the eastern Mediterranean basin (Sachs and
Repeta, 1999). Pantoja et al. (2002) estimated that up to 20%
of the nitrogen in the western basin and up to 90% in the
eastern basin may derive from biological N2 fixation. The
process of nitrogen fixation could be an essential key in
explaining the high N/P ratio in Mediterranean waters. At the
present time, the N2 fixation in Mediterranean Sea has not
been experimentally quantified and specific studies must be
undertaken to confirm if this contribution is significant to the
nitrogen budget of the Mediterranean Sea. A recent study
conducted by Markaki et al. (2003) demonstrated that the
N/P ratio measured in the atmospheric deposition in eastern
Mediterranean Sea (up to 350) can exceed by a factor of up to
22 the Redfield N/P ratio of 16. This result confirms the
hypothesis that the atmospheric inputs of nutrients (N and P)
may reinforce the unusual N/P ratio in Mediterranean Sea.
Then, the anomalous N/P ratio in Mediterranean may be the
result of a combination between the process of nitrogen
fixation and the contribution of atmospheric deposition of
nutrients.
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