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[1] While the Mediterranean region is typified by frequent
summer fires, the 2003 heat wave that hit Europe, and
France in particular, made this season longer causing
devastating fires. Aerosol sampling performed in the French
Riviera between August and September 2003 indicated that
iron concentrations in 2003 were significantly higher than in
previous years. Continuous pyrogenic emissions are
suspected to be the cause of high Fe concentrations.
When these particles were dissolved in seawater, 2% of the
total iron content was found in solution. This amount could
be significant for the water column on a regional scale.
Indeed, these fires might explain the observed dissolved
iron enrichment of the surface mixed layer (+0.4 nM)
measured in the Ligurian Sea during August. In contrast to a
locally significant effect, pyrogenic inputs have little impact
on the global Fe budget since they represent at most 10% of
desert dust inputs. Citation: Guieu, C., S. Bonnet, T. Wagener,

and M.-D. Loÿe-Pilot (2005), Biomass burning as a source of

dissolved iron to the open ocean?, Geophys. Res. Lett., 32,

L19608, doi:10.1029/2005GL022962.

1. Introduction

[2] The iron cycle in the Mediterranean Sea is strongly
influenced by atmospheric inputs to the water column.
There are two major reasons for the sensitivity to the
atmospheric input. First, the close vicinity of continental
sources, especially the Saharan desert, provides a source for
considerable amounts of iron-rich dust. Secondly, the heavy
stratification of the surface water column during a large part
of the year, which dramatically reduces exchange between
surface and deep waters, allows the accumulation of the
atmospheric input to the surface mixed layer.
[3] According to Sarthou and Jeandel [2001], after the

spring bloom of phytoplankton, and in the absence of any
Saharan dust input, the surface mixed layer can become Fe-
depleted, with concentrations lower than 0.1 nM. Bonnet et
al. [2005] conducted incubation experiments in August
2003 to assess if, under such conditions, low iron concen-
trations in the surface mixed layer may limit primary
production, or at least control phytoplankton species com-
position. The seawater needed for these microcosm experi-
ments was collected at the beginning of August 2003.
Surprisingly, although almost no Saharan input has been
recorded since the beginning of stratification, water in the
surface mixed layer was found to be significantly enriched
in dissolved iron relative to underlying waters.

[4] This paper examines, using simultaneously collected
atmospheric and ocean data, the different hypotheses that
could explain this enrichment. In particular, the role played
by emissions from the significant amount of biomass that
burned in the Mediterranean area during the long heat wave
that hit Europe in summer 2003 is investigated.

2. Materials and Methods

2.1. Seawater Collection and Analysis of Dissolved Iron

[5] Seawater was collected at 10 meters on the 1st of
August 2003 in the Ligurian Sea at the JGOFS-DYFAMED
site (Figure 1). The stratification was clear with a thermo-
cline at 14 meters depth. Iron concentrations were measured
on shore using flow injection analysis with chemilumines-
cence detection (detailed description of the sampling, anal-
ysis and blanks is given by Bonnet et al. [2005]).

2.2. Aerosol Sampling and Analysis of Total
Particulate Iron

[6] Aerosol sampling was performed at the Cap Ferrat
site (altitude 138 m), a signal station located on a peninsula
close to the town of Nice (Figure 1). This site is exposed to
both natural and anthropogenic inputs [Migon et al., 2002].
Two acid-cleaned polycarbonate filter holders were placed
upside down (to avoid the impact of rain drops) at 3 meters
above the ground. Air was filtered through a Nuclepore 1

polycarbonate membrane with a pore size of 0.4 mm. The
flow rate was 1.3 m3.h�1 during collection, and the air
volumes filtered were on average 16 m3. At the end of
sampling, filters were stored inside clean petri slides. In
addition, a particle counter was placed close to the filter-
holders in order to identify the grain size distribution of
aerosols collected on the filters.
[7] Between August 21, 2003 and September 6, 2003, ten

aerosol samples were collected, analyzed for total iron, and
used to perform dissolution experiments. Aerosol samples
were HNO3/HF acid-digested inside a microwave oven
using suprapur reagents. GBW reference material (NRCC)
was digested following the same protocols as used with the
samples to test the reliability of the method. Reagent blanks
and filter blanks were included as control for possible
contamination during the process. Fe was analyzed in
digested samples by ICP-AES and concentrations deter-
mined using calibration graphs. Blanks (reagents alone and
reagents + blank filter) were below the detection limit.
Percent recovery obtained with the certified reference ma-
terial was Fe = 101% ± 2%, indicating a quantitative and
accurate digestion and analysis. K and Na were analyzed by
flame-AAS.
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2.3. Aerosol Dissolution Experiment

[8] The second filter was added to 200 ml of 0.2 mm
filtered seawater (same seawater as used by Bonnet and
Guieu [2004]) in an opaque Teflon flask. As described by
Bonnet and Guieu [2004], the flasks were left undisturbed,
except for a gentle, twice-a-day shake for 7 days. This was
assumed to be representative of the contact time between
the atmospheric particles and seawater in such a highly
stratified system. On day 7, the seawater was filtered
through an acid-cleaned Nuclepore polycarbonate mem-
brane (pore size 0.2 mm) and acidified to pH 2 with HCl.
Total dissolved iron was measured using flow injection
analysis with chemiluminescence detection (see section 2.1).

3. Results

3.1. Aerosol Concentrations and Particle Size
Distribution

[9] The iron concentration of the aerosol samples ranged
between 0.209 to 0.509 mg.m�3 with an average concentra-
tion of 0.350 mg.m�3 (Figure 2). These concentrations were
quite stable during the period sampled (variation of coeffi-
cient = 25%). The particle size distribution in number was
identical for all samples: on average 90 percent of the
particles were in the size range 0.3–0.5 mm, 5 percent were
in the size range 0.5–0.7 mm and only �2% were >0.7 mm.
The aerosol size distribution in smoke plumes is character-

ized by two mass modes: one around 0.3 mm and the other
in the supermicron size range [Le Canut et al., 1996]. When
considering the volume particle size distribution, our data
show that over 50% of the particles collected had diameter
>1 mm. This is due to the close proximity of the fires and the
size increase of the pyrogenic particles by aging. Thus, it
seems reasonable to consider that these particles have a
deposition velocity on the order of 1 cm.s�1, in close
agreement with the velocity (1–2 cm.s�1) actually mea-
sured for forest fire aerosols by Kashparov et al. [2000].

3.2. Solubility of Burning-Period-Aerosol Iron in
Seawater

[10] During dissolution �0.6 to 2% of iron associated
with the sampled aerosols was found to dissolve in seawa-
ter. We have shown previously that the dissolution is highly
dependent upon the amount of atmospheric particles intro-
duced during a dissolution experiment [Guieu et al., 2002a;
Bonnet and Guieu, 2004]. As we do not know the mass of
collected aerosols, the dissolution rates obtained here are
represented as a function of the total iron concentration
resulting from the introduction of the particles to seawater
(Figure 3). Figure 3 also includes results from Bonnet and
Guieu [2004] for iron dissolution from typical Saharan dust
and anthropogenic dust. These prior experiments were
designed to mimic actual atmospheric input, taking into
account the dilution of atmospheric particles in the mixed
layer. For example, for a Saharan event of medium intensity,
a final dust concentration in the mixed layer of 0.1 mg.l�1

was assumed. Since the dust used by Bonnet and Guieu
[2004] had a total iron concentration of 5%, this is equiv-
alent to a total iron concentration of 90 nM in Figure 3. In
the present experiment, the particle load was much higher
than the actual input to the mixed layer. Additionally, these
particles contained much less iron than Saharan dust (see
section 4.5). Thus 2% iron dissolution is a reasonable value
for ‘natural’ conditions.

4. Discussion

4.1. Evidence of a Dissolved Iron Enrichment in the
Surface Mixed Layer

[11] In August 2003, we found that the concentration of
Fe in the mixed surface layer was 0.9 nM, indicating an

Figure 1. Location of atmosphere and seawater sampling
sites.

Figure 2. (left) Iron concentration in aerosol collected at
the Cap Ferrat Station in summer: 2003 (this study)
compared with 1995 [Journel, 1998], 2000, 2001 and
2002 [Michelon, 2003]. (right) Surfaces burnt in the French
Mediterranean regions for the studied years.

Figure 3. Dissolution of iron from aerosols collected
during summer ’03 (dots). The X-axis represents the iron
concentration that would be obtained upon 100% dissolu-
tion of Fe. Data for Saharan (squares) and anthropogenic
(triangles) particles from Bonnet and Guieu [2004].
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enrichment of 0.4 nM Fe with respect to underlying waters.
Despite the limited number of studies concerning the iron
cycle in the open Mediterranean Sea, most of the data
concern the DYFAMED site. Sarthou and Jeandel [2001]
found an increase in surface water dissolved iron, and they
hypothesized that, during this period of water column
stratification in this area (June–October), the strong strati-
fication and the low surface production may allow atmo-
spheric (dissolved) iron to accumulate in the surface mixed
layer. Guieu et al. [2002b] found that the surface water
enrichment measured in October 1998 was attributed to the
numerous Saharan inputs that occurred during the oligotro-
phic season. Estimation made from direct measurement of
the atmospheric deposition was in strong agreement with
the observed dissolved iron accumulation (0.8 nM) and
supports the atmospheric origin from Sahara of the iron
enrichment observed at this time. In contrast, after the
spring bloom of phytoplankton, and in the absence of any
Saharan dust input, the surface mixed layer can become Fe-
depleted, with concentrations less than 0.1 nM [Sarthou and
Jeandel, 2001]. Interestingly, each of these studies consis-
tently showed that, below the thermocline, concentrations
remain constant up to 150 m and are of the order of 0.50 nM.

4.2. Saharan Dust Did Not Cause the Enrichment

[12] In 2003, after the beginning of the stratification, only
small inputs from Saharan dust were recorded on both sides
of the Ligurian Sea. One rain event at Cap Ferrat accounted
for a dust flux of 0.288 g.m�2, and three, small rain events
recorded in Corsica accounted for a total dust flux of
0.310 g.m�2. These fluxes are of the same order of
magnitude and we can assume that the flux in the Ligurian
Sea was not higher than measurements on both sides of it.
We also expect that the main dissolution of iron from these
particles occurred in seawater because dust deposition was
associated with almost no rainfall. By applying an aerosol
Fe dissolution percentage (0.4%) (established by Bonnet
and Guieu [2004] for the corresponding dust concentration
in seawater), and considering that the total iron concentra-
tion in Saharan dust is 4.5 % [Guieu et al., 2002b], we
calculated that a flux of at most �0.300 g.m�2 of dust
would have increased the dissolved concentration in the
surface mixed layer by 0.06 nM, which is only 15% of the
observed enrichment.

4.3. Evidence of Higher Iron Aerosol Concentration in
Summer 2003

[13] The iron concentration of the aerosols samples
collected during summer 2003 were compared with con-
centrations measured at the Cap Ferrat site during the same
period but for previous years (Figure 2). 1995 and 2000
were influenced by high Saharan inputs and have a high
mean Fe concentration; the other years were less influenced
by Saharan events and reflect more the ‘‘usual’’ local
background (mainly ‘‘polluted’’) and show lower Fe mean
concentrations. The data clearly indicate that, in summer
2003, the iron concentration was higher (average of 0.350
mg.m�3) when compared to an average for the previous
years’ data of 0.190 mg.m�3. While the Mediterranean
region is typified by frequent summer fires, the 2003 heat
wave that hit Europe, and France in particular, made this
season longer, causing devastating fires. High temperatures

stoked forest fires from Poland to the Iberian Peninsula,
with blazes so extensive that they were easily observed by
satellite (e.g., MODIS TERRA, http://modis.gsfc.nasa.
gov/). The fires in southern France and Corsica started at
the beginning of July and lasted 2.5 months, destroying
�620 km2 just within the French coast of the Ligurian Sea
(http://www.promethee.com). Compared to previous years
for which aerosol concentrations are available (Figure 2,
right), the burned surface in the French Mediterranean
region was higher by at least a factor of three. The highest
iron aerosol concentrations coincide with this increase of
burned biomass. Our aerosols were collected while burning
was occurring relatively close to the sampling site, and we
strongly suspect that this is the cause of the observed high
concentrations. It is expected that the usual background of
anthropogenic pollutant and suspended soil particles con-
tributed to our signal, but were small in comparison to the
pyrogenic contribution. It is well known that non-sea salt K
(NSSK) is a good indicator of burned biomass [Andreae,
1983], not only in terms of elemental concentration, but also
by normalizing it relative to other elemental concentrations
such as Al [see Ruellan et al., 1999, and references therein].
Al was not measured in our samples, and we compared our

NSSK/Fe ratio to different end-member ratios (NSSK was
estimated from Na, considering that Na in the aerosol was
entirely of marine origin). Except for one sample with
particularly high NSSK/Fe ratio of 1.8, the ratio obtained
during our study was 0.63 ± 0.12: this is higher than the
ratio for polluted aerosols (0.27: Urban particulate matter -
standard reference #1648, NIST) and for crustal aerosols
(0.49 in continental crust [Wedepohl, 1995]), confirming
that K primarily originates from fire.

4.4. Potential Impact on Seawater [Fe] in the
Ligurian Sea

[14] To our knowledge, very little data exists on iron
concentrations in aerosols emitted by fires [Maenhaut et al.,
1996, Reid et al., 1998]. In a more specific study devoted to
the determination of the photochemically available Fe in
ambient aerosols, Siefert et al. [1996] considered aerosols
emitted under different environmental conditions, including
strong fires. For a series of samples collected close to a fire,
they showed a high increase in total Fe concentrations
associated with high amounts of suspended particles result-
ing from the combustion of biomass and the suspension of
dust and soil particles. From a series of samples collected on
a site at a distance of 100 km from a fire, they found a three-
fold increase in Fetotal compared to the concentration in
marine air masses, having a Fe concentration of 0.316 ±
23 mg.m�3. This is very similar to the mean concentration of
our aerosol during the 2003 summer (0.350 mg.m�3).
[15] We can use data collected in this and previous

studies to check the hypothesis that the observed enrichment
in the mixed layer was related to pyrogenic emissions: iron
concentration = 0.350 mg.m�3; 2 % of the iron content of
these particles can be dissolved in seawater; these particles
have a deposition velocity of 1–2 cm.s�1. The duration of
the emission before the seawater sampling was 30 days
(fires started at the beginning of July in the Mediterranean
Region). We have assumed that the particle flux and the
dissolution from the particles affects the whole mixed layer,
whose depth was 12 m in July and 15 m in august.
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[16] Given the above assumption, we expect that an
increase of 0.22 to 0.45 nM of dissolved iron in the entire
mixed layer could have resulted from the deposition of these
aerosols that were influenced by the fires. The 0.4 nM
enrichment measured in the Central Ligurian Sea likely
included a minor contribution from Saharan dust, a very
small contribution of the ‘‘usual’’ polluted background and
a main fraction due to aerosols emitted by fires. In addition
to the Fe concentration in the usual background aerosol, Fe
content of such pyrogenic aerosols may have included Fe
content of the plants themselves and a lithogenic fraction
that was entrained at the time of the fires. A number of
assumptions were made in this calculation. In particular, the
deposition velocity is a poorly constrained factor. Also, the
percentage of dissolution could be higher for a more
realistic particle concentration. Since our data support that
the impact on [Fe] is high compared to other sources, we
can conclude that, at the regional and seasonal scale,
biomass burning is a significant source of dissolved iron
for the surface seawater. Furthermore, as pointed out by
Beniston [2004], heat waves like the one recently experi-
enced in Europe may become more common as climate
responds to enhanced atmospheric greenhouse gases.
Among other consequences we may expect a stronger
impact to the marine system from pyrogenic emissions on
a regional scale.

4.5. Potential Impact at the Global Scale

[17] Recent discussions of the global iron cycle have
typically focused on eolian input as the most significant
source [Parekh et al., 2004]. Given our original results, it is
reasonable to compare the contributions of desert and
pyrogenic iron sources globally (Table 1).
[18] The total particle flux from burned biomass is

estimated to be 104 � 1012 g.yr�1 [Andreae, 1991]. The
Fe content of such particles is not very well constrained, and
we considered here the recent quantity of 0.4% of iron in
burned ash/char in boreal forest fire [Harden et al., 2004].
This concentration is in agreement with statistics from Reid
et al. [1998]: 0.2–0.8% in smoke hazes in Brazil. Consid-
ering that 2% of iron attached to these aerosols will dissolve
in seawater (this study), this calculation gives a soluble iron
flux originating from the pyrogenic source of 8.3 �
109 g.yr�1. Taking into account that the data used in this
calculation are quite imprecise, this number should only be
considered as order of magnitude.
[19] Nevertheless, using the total iron flux emitted from

desert sources [Gao et al., 2001] and applying a percent-
age of dissolution of iron of 0.8% [Bonnet and Guieu,
2004], we conclude that the input from pyrolitic source
represents less than 10% of the desert source. The
pyrogenic fluxes were considered at the global scale,
and this percentage thus should be even lower when

considering only the inputs to the surface of the ocean.
Our results indicate that pyrogenic aerosols have little
impact on the global marine iron cycle.
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