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Atmospheric deposition of volcanic ash has recently been recognized as an important nutrient source into the
surface ocean. Mount Etna (Italy), one of the world's most active volcanoes, is located in the oligotrophic
Mediterranean Sea (MedSea). Despite the active volcanismonMount Etna, the biogeochemical impacts of volcanic
ash fallouts on the marine primary productivity (MPP) remain largely unknown. Here we present the results of
seawaternutrient release experimentswith volcanic ash samples fromMount Etna that have been collected during
different eruptive episodes between 2001 and 2007. Our results show that volcanic ash fromMount Etna releases
significant amounts of fixed-N (35–855 nmol/g), P (7–970 nmol/g), Si (3–2060 nmol/g), Fe (10–130 nmol/g) and
Zn (b21 nmol/g). We further estimated an example representative of ash-fall from Etna based on the case-study
focusing on 4–5November 2002 activity, by using the general relation between the thicknesses of the ash deposits
and the ash depositional areas. Etna explosive eruptions can transport volcanic ash as far as 800 km,with ash emis-
sions exceeding the particle flux during dust storm events (of 10 g/m2 input) as far as 400 kmdownwind from the
volcano. Our results emphasize that Etna ash can provide a significant supply of nutrients, which can favor theMPP
in the central MedSea.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Volcanic ash ejected from various subduction zones and hotspot
volcanic eruptions rapidly mobilizes an array of biologically relevant
elements into the seawater, which can affect the marine primary pro-
ductivity (MPP) in the photic zone of the water column (Duggen et
al., 2007; Frogner et al., 2001; Jones and Gislason, 2008; Olgun et al.,
2011). Bio-incubation experiments with volcanic ash showed that
the nutrients released from ash are bioavailable for the phytoplank-
ton and utilized for reproduction (Duggen et al., 2007; Hoffmann et
al., 2012). Oceanic fertilization by volcanic eruptions has been further
evidenced by massive phytoplankton blooms in the ash fallout areas
in the Fe-limited regions (Hamme et al., 2010; Langmann et al.,
2010) and oligotrophic ocean regions (Lin et al., 2011; Uematsu et
al., 2004).
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Mediterranean Sea (MedSea), although a nearly-enclosed basin, is
a low-nutrient and low-chlorophyll (LNLC) region characterized by
very low nutrient levels (like the open ocean gyres) during the strat-
ification period in summer and autumn (Bethoux et al., 1998; Bonnet
et al., 2005; Moutin and Raimbault, 2002). External supply of nutri-
ents through atmospheric deposition plays an important role on the
MPP in the MedSea (Guerzoni et al., 1999; Krom et al., 1991; Markaki
et al., 2003). Large amounts of desert dust (20–50 × 1012 g/y) originat-
ing from adjacent arid regions in North Africa and Middle East are de-
posited into the MedSea (Guerzoni et al., 1999).

Mount Etna, located on the island of Sicily (Italy) in the central
MedSea, is the biggest volcano in Europe and one of the most active
world-wide (Fig. 1). Recent in situ seawater measurements within the
volcanic ash fallout region of Mount Etna showed that the chlorophyll-a
concentrations significantly (two to three folds) increased in the ash fall-
out regions in the MedSea (Censi et al., 2010). Volcanic ash plumes gen-
erated by Mount Etna are transported by the wind hundreds of
kilometers over the MedSea reaching as far as Greece and Libya (Figs. 1
and 3) (Andronico et al., 2008b; Dellino and Kyriakopoulos, 2003;
Kelepertsis et al., 2003). Tephra ejected in some of the eruptions was in
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Fig. 1. Satellite images showing the ash plumes (indicated by yellow arrows) erupted from Mount Etna (red triangles) being carried by the wind across the MedSea, a) 30 October
2002 International Space Station (ISS), NASA, the photo is looking to southeast, b) 27 October 2002, Moderate Resolution Imaging Spectroradiometer (MODIS), NASA, ash fall was
reported as far away as Libya traveling over 600 km (Andronico et al., 2005), c) 2 November 2002, (MODIS), NASA, the ash plume is transported north-western towards the
Tyrrhenian Sea in the western MedSea, d) 24 November 2006, Aqua, NASA, the ash plume from a strombolian eruption is transported south-southeast over the Ionian Sea. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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amounts as high as the yearly dust input in the MedSea (e.g., 2002–03
eruption ejected 38–50 × 1012 g ash) (Andronico et al., 2008b). How-
ever, despite the increasing explosivity and the large input of volcanic
ash from Mount Etna, the biogeochemical impacts of Etna ash on the
nutrient-starved MedSea remain largely unknown.

In this study, we performed nutrient-release experiments in sea-
water with volcanic ash samples from Mount Etna and a loess sample
consisting of dust originated from Sahara desert. We analyzed release
of fixed-N (NO3

−, NH4
+, NO2

−), P, Si and trace metals Fe, Zn and Cu. We
further constrained the propagation of ashflux in theMedSea downwind
of the eruption plume during an explosive eruption of Etna, based on 4
November 2002 eruption as a case study. Finally, our analysis/research
allowed us to evaluate the possible nutrient supply and the eventual bio-
geochemical impacts of the volcanic ash deposition in theMedSea during
explosive eruptions of Etna.

2. Samples and methods

2.1. Volcanic ash and mineral dust sample(s)

We have analyzed the seawater-nutrient release of thirteen Etna
ash samples and one loess sample from Cape Verde Island. Etna ash
samples used in this study were ejected from eruptions covering a
range in the years 2001 (n = 3), 2002 (n = 4), 2004 (n = 1), 2005
(n = 1), 2006 (n = 2) and 2007 (n = 2) (Table 1). The ash samples
were collected within few hours after the deposition by the scientific
team lead by Dr. Danielle Andronico. The sampling sites have been
previously selected around Etna based on the presence of more appro-
priate smooth and flat surfaces, thus permitting to collect the tephra de-
posit over a measured area (Andronico et al., 2009a,b). Ash samples
were then archived in the Sedimentology Laboratory at INGV-CT. The
ash samples used were composed of dry ash that had not been in con-
tact with water after deposition (pristine ash). The samples had not
been in contact with any metal containing equipment (e.g., sieves).
Most of the samples consist of ash particles (i.e. b2 mm in size), espe-
cially when the fallout deposit exceeds several km from the vents.

A description of the samples is shown in Table 1. For the purposes
of this paper we subdivide the eruptions into a) episodic, during which
the explosive activity lasted from a few minutes to several hours,
b) long-lasting, when we observe a continuous ash emission last-
ing several days, as occurred during the 2001 and 2002–03 erup-
tions, and c) lava fountain, when the ash is produced during lava
fountain episodes. Due to limitations in the sample quantity, four
ash samples were selected for macronutrient measurements for
twenty-hour contact with seawater. Six ash samples were selected for
bulk element content and volcanic glass composition determination.

The loess sample from Cape Verde Island simulates a Saharan aero-
sol. The same loess samplewas used previously inOlgun et al., 2011 and
Heller and Croot, 2011. This sample was collected from loess deposits
from the northeastern corner of the island of Sao Vicente (16.9°N,
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Fig. 2. Total P, Si, Fe and Zn contents of the selected samples versus the amounts of nutrients released in contact with the seawater. Total P, Fe and Zn contents are referred from the
bulk compositions, while Si content of volcanic ash samples was derived from volcanic glass composition (Table 3). Total P and Fe contents (wt.%) are re-calculated from the oxide
forms of P2O5 and Fe2O3 of the bulk compositions (Table 3). Release of P and Si into seawater was measured by standard photometric measurements by mixing 1 g of sample in
50 ml seawater (Table 2). Release of Fe and Zn was measured by means of voltametric measurements by mixing 50 mg sample with 20 ml seawater (Table 2).
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24.9°W) in the Cape Verdean archipelago that are composed of aerosols
transported fromNorth African deserts and described as 80–95% Saharan
origin (Heller and Croot, 2011). The loess sample was collected from
ground and sieved through 100 μm plastic filters. As we used samples
that were collected from ground (soil versus aerosols), higher grain-size
used may affect the nutrient release behavior of our dust sample com-
pared to the actual potential of the long-ranged transported aerosols
that deposit in the remote ocean.

2.2. Analytical methods

The release of NO3
−, NH4

+, NO2
−, P and Si was examined by means

of leaching experiments. Natural surface seawater used in the exper-
iments was collected from the eastern equatorial Atlantic during the
Meteor cruise M68-3. One gram of volcanic ash samples was mixed
with 50 ml Atlantic seawater in 60 ml Nalgene polypropylene (PP) plas-
tic bottles and themixtureswere shaken gently during the initial 20 min.
A set of experiments (for nine volcanic ash samples) was conducted for
one-hour contact time and another set of measurements (for four ash
samples) were conducted for one-hour and also for twenty-hour
contact time of ash and seawater (Table 2). Prior to the concentration
measurements, the solutions were filtered through a 5 μm mesh PTFE
filter (Sartorius). Seawater concentrations of macronutrients were
measured by standard routine photometry at GEOMAR. Measurements
with dust sample were done by using the same methodology applied
for the volcanic ash samples in order to allow direct comparison. The
measured concentrations of dissolved macronutrients were converted
to nanomoles per g of ash and dust (nmol/g ash, nmol/g dust).
Trace-metal release experiments (Fe, Zn and Cu) were performed
by voltammetric analyses using a hanging mercury drop electrode
(a Metrohm VA757 at GEOMAR) in situ in natural eastern equatori-
al Atlantic seawater (collected duringMeteorM68-3 cruise) for one-hour
contact time of ash and seawater. The natural seawater was buffered at
pH 8.0 by using 200 μl EPPS pH-buffer at the clean-laboratory. The pH
chosen for our experiments directly mimics the dissolution of nutrients
in the seawater through dry deposition process. Strict dry deposition is
a highly effective mechanism of dust deposition in MedSea, e.g., up to
56% in the eastern MedSea increasing up to 93% in summer (Bonnet
and Guieu, 2004; Kubilay et al., 2000).

Fe-release measurements were performed using Cathodic Stripping
Voltammetry with the same method used previously by Duggen et al.
(2007) and Olgun et al. (2011). An artificial Fe-binding organic ligand
(20 μl of TAC) was added in the seawater before the Fe-solubility mea-
surements (Croot and Johansson, 2000). Dissolution of Zn and Cu was
measured by means of Anodic Stripping Voltammetry (Duggen et al.,
2007). A known quantity of ash (~50 mg) was added to the prepared
20 ml seawater and an ash/seawater ratio of ~1/400 was obtained,
which mimics the deposition of a cm- to mm-scale ash layer onto the
sea surface (Duggen et al., 2007; Olgun et al., 2011). For mineral dust,
the mixing is representative for the concentration dust in rain during
Sahara dust events (Ridame and Guieu, 2002). The precision of the
voltammetric measurements was calculated from replicates. The de-
viation in the measurements, probably resulting from particle-size
heterogeneity in the sub-samples, ranges between 8 and 20% for
Fe- and b1–7% for Zn-measurements (Et-2001b n = 3; Et-2002c
n = 2; Et-2005 n = 2).
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Six Etna ash samples were selected (Table 3) for themajor elemental
compositions of glass shards and matrix glass that were determined by
electron microprobe analysis (JEOL-JXA-8200). For the measurements,
a fraction of the ash samples (~10 mg) were separated and sieved with
de-ionized water to the size fraction 32–125 μm using de-ionized
water. The ash particles weremounted on a traywith resin and analyzed
with a beam current of 6 nA and a beam size of 5 μm. The average glass
composition was inferred from ~25 individual measurements.

Bulk (total) Fe-contents of the six selected Etna ash samples and the
loess sample were determined by inductively coupled plasma spectrom-
etry at the Institute of Geosciences, CAUUniversity of Kiel. Approximately
100 mg of ash and the dust sample(s) was weighed into perfluoralkoxy
(PFA) vials and digested using a multi-step table-top procedure with
hydrofluoric acid, aqua regia, and perchloric acid. Fe-content (in wt.%)
was determined by inductively coupled plasma-optical emission spec-
trometry (ICP-OES) using a Spectro Ciros SOP instrument. SiO2 content
Table 1
Description of the Etna ash samples.

Sample
name

Eruption date Plume
direction

Eruption style (and duration)

Et-2001a 28 June 2001 SE Episodic ash emission (strombolian)
(b3 h)

Et-2001b 22 July 2001 E to SE Long lasting ash emission (days)
Et-2001c 03 August 2001 E to SE Episodic ash emission (days)
Et-2002a 29 October 2002 SSE Long lasting ash emission (days)
Et-2002b 30 October 2002 SSE Long lasting ash emission (days)
Et-2002c 3 November 2002 SE Long lasting ash emission (days)
Et-2002d 2 December 2002 S Long lasting ash emission (days)
Et-2004 17 November 2004 S Episodic ash emission (tens of

minutes)
Et-2005 8 January 2005 SW Episodic ash emission (3 b x b6 h)
Et-2006a 29 October 2006 S Episodic ash emission (minutes)
Et-2006b 21 November 2006 E Episodic ash emission (strombolian)

(3 b x b6 h)
Et-2007a 11 April 2007 SE Lava fountain episodes (b3 h)
Et-2007b 23 November 2007 NE Lava fountain episodes (6 b x b 10 h)
of the Saharan loess samplewas referred from the lithium tetraborate fu-
sion analyses (digestion with 0.5% tartaric acid and 4% nitric acid) in ITS
Testing Services (UK). Concentrations were measured by ICP-OES
analyses.

Zn and Cu contents (in ppm) of the digest solutionswere performed
by ICP-mass spectrometry (ICP-MS) using an Agilent 7500cs instru-
ment. Analytical quality routines involved the preparation and analysis
of procedural blanks, sample duplicates, and international certified ref-
erence materials BHVO-2, JR-1, and BRmeasured as unknowns. Analyt-
ical error as estimated from replicatemeasurements was better than 2%
RSD for Zn, Cu, and below 1% RSD for Fe. Details of analytical procedures
can be found in Garbe-Schönberg (1993).

3. Results

3.1. Volcanic ash from Mount Etna

Etna ash samples released variable amounts of fixed-N, along with P
and Si (Table 2). Fixed-N mobilized from volcanic ash (and Cape Verde
loess) was primarily nitrate (>75%) (Table 2). Within the one-hour of
contact with seawater, Etna ash samples released 35–855 nmol/g of
total fixed-N, 7–140 nmol/g of P, and 3–790 nmol/g of Si (Table 2). At
the endof twenty hour agitation, the four-selected ash samples released
about 250–970 nmol/g of total fixed-N, 10–970 nmol/g of P, and 90–
2060 nmol/g of Si. Each g of ash liberated 10–130 nmol/g of Fe, and
b0.1–30 nmol/g of Zn within the 60 minute contact with seawater
(Table 2). Etna ash samples did not mobilize detectable amounts of
Cu. Time dependent trace-metal release showed similar trends in rela-
tively higher mobilization within 20 min (Table 2).

Mobilization of P and Si fromEtna ashwas relatively higher compared
to the volcanic ash from subduction zone volcanoes (10–100 nmol/g of P,
and 50–200 nmol/g of Si; (Duggen et al., 2007)). Release of fixed-N, Fe,
and Zn is within the range found in the previous voltametric mea-
surements at pH 8 (~250–1150 nmol/g of N, 35–340 nmol/g of Fe,
2–27 nmol/g of Zn; (Duggen et al., 2010; Olgun et al., 2011)). Unlike



Table 2
Nutrient-release from the Etna volcanic ash samples and the Cape Verde loess sample. Release of fixed-N, P and Si were measured by standard photometry by mixing 1 g of volcanic
ash with 50 ml of Atlantic seawater after contact times of 1-hour and 20-hours. Fe and Zn release from ash and loess during 1-hour contact time was measured in-situ by stripping
Voltammetry by mixing 50 mg of volcanic ash with 20 ml Atlantic seawater buffered at pH 8. The results are expressed as nutrient release in nanomoles per g of ash or dust.

Sample name Contact time in seawater Total fixed-N (nmol/g) NO3
− (nmol/g) NH4+ (nmol/g) NO2

− (nmol/g) P (nmol/g) Si (nmol/g) Fe (nmol/g) Zn (nmol/g)

Et-2001a 1-hour 470 419 50 1 25 26 51 1.0
Et-2001a 20-hours 315 255 60 0 14 89 No data No data
Et-2001b 1-hour 478 387 90 1 18 19 69 6.0
Et-2001c 1-hour 855 835 20 1 18 3 41 4.0
Et-2002a 1-hour 158 149 7 2 13 4 30 0.0
Et-2002b 1-hour 88 86 1 1 17 3 11 0.0
Et-2002b 20-hours 169 90 53 27 186 1173 No data No data
Et-2002c 1-hour 149 144 3 2 21 20 23 0.4
Et-2002d 1-hour 49 37 9 3 28 37 28 0.7
Et-2004 1-hour 35 7 27 2 59 266 78 0.0
Et-2004 20-hours 520 82 303 136 970 2058 No data No data
Et-2005 1-hour 65 19 45 2 137 793 114 0.2
Et-2006a 1-hour 627 570 55 3 125 127 130 12.9
Et-2006b 1-hour 493 324 169 1 20 27 124 21.2
Et-2006b 20-hours 527 277 174 76 310 949 No data No data
Et-2007a 1-hour 222 136 86 1 26 69 26 1.6
Et-2007b 1-hour 86 44 41 1 7 39 32 8.2
Loess 1-hour 409 312 92 5 43 450 20–30 0
Loess 20-hours 492 385 99 8 43 1110 No data No data
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some of the subduction zone volcanic ash samples (releasing up to
50 nmol/g of Cu (Duggen et al., 2007)), Etna ash released no Cu
into the seawater.

The major and trace element contents (except for N) of the bulk
ash and the volcanic glass are shown in Table 3 and Fig. 2. Bulk phos-
phorus contents, re-calculated from P2O5, are 0.1–0.2 wt.%, with sim-
ilar phosphorus contents found for volcanic glasses 0.2–0.3 wt.%.
SiO2-contents of the volcanic glasses do not vary much ranging from
49 to 50 wt.%. Fe-contents of Etna ash are 7–8 wt.%, re-calculated
from oxide forms Fe2O3 for bulk and FeO for volcanic glass. Variation
of Fe-content of the bulk ash and the volcanic glass is relatively small
(b1% Fe), indicating that the glass compositions likely dominate the
total Fe-content of the samples (Table 3). Zn and Cu content of the
Table 3
Major- and trace-element contents of the bulk ash samples, volcanic glass shards and the C
ICP-OES for major elements and by ICP-MS for Zn and Cu. Bulk SiO2-concentration of the vo
tron microprobe analyses.

Major element oxides (wt.%) Et-2001b Et-2002c Et-2

SiO2 50.2 50.7 49
Al2O3 Bulk 17.6 17.1 16

Glass 16.6 16.5 16
Fe2O3 Bulk (Fe2O3) 9.8 11.2 10

Glass (FeO) 10.6 10.4 10
Fea Bulk 6.9 7.8 7

Glass 8.2 8.1 8
P2O5 Bulk 0.7 0.7 0

Glass 0.9 0.9 0
Pa Bulk 0.15 0.14 0

Glass 0.30 0.29 0
MnO Bulk 0.2 0.2 0

Glass 0.2 0.2 0
MgO Bulk 4.4 5.3 4

Glass 3.1 3.0 3
CaO Bulk 9.1 10.2 9

Glass 7.6 7.2 7
Na2O Bulk 3.9 3.3 3

Glass 5.2 5.2 4
K2O Bulk 2.0 1.9 3

Glass 3.5 3.8 3
TiO2 Bulk 1.5 1.7 1

Glass 2.0 2.0 2

Trace elements (ppm)
Zn Bulk 101 99 94
Cu Bulk 112 155 164

a Re-calculated from oxide-forms.
bulk ash samples ranges between 100–110 ppm, and 110–160 ppm,
respectively.

3.2. Cape Verde loess

Cape Verde loess sample released 536 nmol/g of total fixed-N
(expressed as nitrate), 43 nmol/g of P, and 450 nmol/g of Si within
one-hour contact with seawater. After twenty hour contact with sea-
water, loess sample released 630 nmol/g of total fixed-N, 43 nmol/g
of P, and 1110 nmol/g of Si (Table 2). P-release from Cape Verdean
loess did not increase during twenty hour experiment, while other
nutrients showed higher mobilization rates. Fe-release of the loess
sample is 20–30 nmol/g of Fe referred from Olgun et al. (2011). The
ape Verde loess sample. Bulk element concentrations of the samples were analyzed by
lcanic ash samples was referred from the volcanic glass composition measured by elec-

004 Et-2005 Et-2006b Et-2007b Loess

.8 50.1 50.5 49.2 21.8

.8 16.8 17.1 17.5 6.6

.8 16.6 16.3 16.2 –

.5 10.7 10.4 10.5 9.3

.6 10.2 10.5 10.6 –

.4 7.5 7.3 7.4 6.5

.2 7.9 8.2 8.2

.7 0.6 0.8 0.8 0.5

.8 0.8 0.8 0.7 –

.16 0.14 0.17 0.17 0.10

.27 0.27 0.26 0.24

.2 0.2 0.2 0.2 0.1

.2 0.2 0.2 0.2 –

.3 4.7 4.5 4.1 7.4

.3 3.1 3.2 3.6 –

.2 9.6 9.3 9.0 25.1

.1 6.8 7.4 8.6 –

.4 3.5 3.9 4.0 1.3

.6 5.3 4.8 4.7 –

.0 2.2 2.3 2.3 0.5

.4 4.4 3.6 2.9 –

.7 1.7 1.6 1.7 2.4

.0 2.0 2.1 2.1 –

104 108 110 87
136 158 150 45



Table 4
Amount of volcanic ash deposition as a function of distance from Mount Etna, based on
4 November 2002 ash emission used as a case study. Estimations in this study were
based on the linear relation between the natural logarithm of ash layer thicknesses
and the square root of the depositional areas (Fierstein and Nathenson, 1992; Pyle,
1989). Ash densities used in the estimations are 2100 kg/m3 and 3100 kg/m3, repre-
sentative for Etna ash (D. Andronico, unpublished data). Thickness conversions are done
by using 30% porosity for proximal and distal ash layers, and 50% and 30% interparticle
pore spaces for proximal and distal of the ash deposits, respectively (Kutterolf et al.,
2008). Themethod for ash deposition estimations is provided in detail in the Supplementa-
ry material.

Distance downwind
from Etna

Isomass
width

Amount of volcanic
ash deposition

Data source

11 km (onshore) 5 km 5000 g/m2 Andronico et al. (2008b)
17 km (onshore) 9 km 3000 g/m2 Andronico et al. (2008b)
21 km (Ionian coast) 12 km 2000 g/m2 Andronico et al. (2008b)
31 km 15 km 1000 g/m2 Andronico et al. (2008b)
55 km 20 km 300 g/m2 Andronico et al. (2008b)
100 km 30 km 231–233 g/m2 This study
200 km 52 km 90–94 g/m2 This study
300 km 74 km 36–38 g/m2 This study
400 km 97 km 14–15 g/m2 This study
500 km 119 km 5.6–6.3 g/m2 This study
600 km 141 km 2.2–2.6 g/m2 This study
700 km 164 km 0.9–1.0 g/m2 This study
800 km 189 km 0.3 g/m2 (Athens

ash fall)
Kelepertsis et al. (2003)
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release of Zn and Cu from the loess sample was below the detection
limit (b0.01 nmol/g ash).

Based on the major and trace element contents, Cape Verde loess
sample consists of 0.1 wt.% phosphorus (re-calculated from P2O5),
22 wt.% SiO2, 6.5 wt.% Fe (recalculated from Fe2O3), 87 ppm Zn, and
45 ppm Cu (Table 3). The phosphorus content of Cape Verde loess
sample is consistent with the Saharan soils from southern Algeria
(Mills et al., 2004; Ridame and Guieu, 2002). Fe-content of the loess
sample (6.5 wt.%) was similar to those found for other Cape Verdean
loess samples (7.6% Fe; (Desboeufs et al., 2001)).

Nutrient-mobilization from the Cape Verde loess sample is within
the range found for Etna ash (Table 2, Fig. 2). However, as we used
only one type of dust sample, it is difficult then to assess the natural
variability in the dust samples, thus making comparison with the
wide range of observed values for the nutrient-release from Etna ash
complicated. In terms of methodology, our study shows the first data
for macro-nutrient release from dust in seawater, and therefore, pro-
vides a basis for comparison with volcanic ash. Comparison of total P,
Si, Fe and Zn content of the bulk samples showed no correlation the re-
lease of P, Si, Fe and Zn (Fig. 2).

4. Discussion

The results of the geochemical experiments show that, upon a
short contact time with seawater volcanic ash from Etna volcano
readily dissolves macro-nutrients and trace metals that can be bio-
available for the phytoplankton in the nutrient-starved MedSea. The
phytoplankton response to episodic volcanic ash inputs may see an
initial response in a couple of days which can last up to several weeks
(e.g., bloom related to Kasatochi eruption lasted 5–6 weeks (Hamme
et al., 2010; Langmann et al., 2010)). Therefore, in order to evaluate
the biogeochemical impacts of Etna ash, the ash-fall during single erup-
tions has to be considered. External supply of nutrients from volcanic
ash fall during an explosive Etna eruption can be constrained by com-
bining the amount of ash deposition (g/m2) and the nutrient release
per gram of Etna ash (nmol/g ash).

4.1. Volcanic ash-fall during an explosive eruption of Mount Etna

Although a large fraction of ash ejected frommost of the explosive
Etna eruptions has been deposited offshore, the amount of ash fall in
the MedSea has not been constrained yet. Marine ash layers are gen-
erally used for correlating and mapping of the ash deposition areas in
the ocean (isomassmaps) (Kutterolf et al., 2008). Such drill core studies
are, however, very rare world-wide, except for the Central American
volcanic arc (Kutterolf et al., 2008) and for the 1991 Pinatubo volcanic
eruption in the Philippines (Wiesner et al., 1995). In the absence of cor-
related Etna ashes in marine sediments, an alternative way to estimate
the ash deposition in the open sea is to combine the onshore data with
the ash fall records in remote distances (e.g., Greece).We estimated the
amount of ash fall in g/m2 as a function of distance downwind in the
MedSea by using the 4–5 November 2002 activity as a case study, by
using the universal relation between the thickness of the ash layers
and the depositional areas (Fierstein and Nathenson, 1992; Pyle, 1989).

Intense explosive activity that started on 4 November 2002 lasted
about 18 h, generating ash plumes reaching up to ~6 km above the sea
level (a.s.l.) and ejecting about 1.4 × 1012 g of tephra (Andronico et al.,
2005). Ash-fall in the coastal region during 4 November 2002 eruption
ranged from 300 g/m2 to 2000 g/m2, which was extrapolated by using
the ash layers collected on land (Andronico et al., 2008b). Volcanic ash
ejected from this event was transported as far as Greece, depositing
0.3 g/m2 of ash in Athens (20 mg of ash collected over sampled over
706 cm2 collectors) (Kelepertsis et al., 2003). Based on the backward
wind trajectories (Kelepertsis et al., 2003), the eruption plume traveled
around 800 km from the volcano (see Supplementary material). In
order to estimate the amount of ash-fall between Mount Etna and
Athens, we used the relation between the thickness and the area of
ash deposits. Since fallout deposits thin exponentially from the source,
the relation between the ln [thickness] and the square root [area] is
quasi-linear (Fierstein and Nathenson, 1992; Pyle, 1989). Based on the
ln [thickness] versus sqrt [area] graphs, it is possible to calculate the
ash-layer thicknesses for given isopach areas. The method used for
ash deposition estimates is provided in detail in the Supplementaryma-
terial. Only for the 4 November 2002 eruption it was possible to use this
method, as the ash deposition in other places (e.g., Libya or Kefalonia)
was not measured.

Based on our ash fall estimates, the amount of ash deposition grad-
ually decreases downwind from the volcano (Table 4). The maximum
variation (based on the range of ash density) is about ±1.5 g/m2 rang-
ing from 231 g/m2 to 234 g/m2 found at 100 km distance from the vol-
canic source. The variation in the ash-load decreases down to less than
0.1 g/m2 ash in 800 km downwind from the volcanic source (Table 4).
Ash deposition estimations involve some uncertainties related to di-
mensions of isomasses (discussed in Supplementary material), howev-
er, the variations in the open sea can be considered as negligible in
terms of nutrient supply since the nutrient solubility of Etna ash sam-
ples is highly variable (Table 2). These ash fall estimations are represen-
tative for moderate level eruptions similar to 4 November 2002 event,
notably, higher-level eruptions can deposit 10 to 100 times more ash
into the sea (e.g., 1991 Pinatubo 1991 eruption deposited >20 g/m2

ash in the South China Sea as far 600 km from the volcano (Wiesner
et al., 1995)).

By using the ash deposition estimates based on 4 November 2002
event, it is possible to compare the ash flux with the dust deposition
during dust storm events in the MedSea. Low frequent extreme dust
events deposit about 29 g/m2 (measured at DYFAMED side in the
western MedSea) (Ternon et al., 2010). Average dust storms deposit
about 10 g/m2 dust (Guieu et al., 2010); while relatively more frequent
low-level dust events deposit around 0.05 g/m2 dust (Ternon et al.,
2010). Estimated volcanic ash flux during the 4 November 2002 event
10–50 times exceeds the extreme dust events 300–350 km downwind
from the eruption source (Table 4), the amount of the ash fall is above
an average dust storm event 400–450 km downwind from the volcano,
and the amount of ash fall is above the frequent low-level dust events of
0.05 g/m2 dust flux as far as 800 km from the volcanic source (Table 4).
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4.2. Biogeochemical implications of nutrient supply during an Etna
eruption

The region that is frequently affected by the Etna ash fallout is the
central MedSea includingmostly the Ionian Sea and the Tyrrhenian Sea
(Fig. 1). The phytoplankton biomass in the Ionian basin has been char-
acterized by annual maxima in late winter and annual minima in late
summer, with a decreasing trend from north to south in terms of mag-
nitude of response (D'Ortenzio and D'Alcala, 2009). The ultimate limit-
ing nutrient for the phytoplankton growth in theMedSea has long been
considered to be P (Bonnet et al., 2005; Guerzoni et al., 1999; Thingstad
and Rassoulzadegan, 1995; Thingstad et al., 1998), with an increasing
trend from west to east (Krom et al., 1991), while recent studies sug-
gested limitation of nitrogen (N) in the western and central MedSea
and co-limitation of N and P in the eastern basin (Tanaka et al., 2011).
Depending on the time of the year the region limitation may shift to
another macro-nutrient such as silica (Si) associated particularly to
diatom production (Leblanc et al., 2005). Fertilizing potential of Etna
ash fallout has been evidenced by the two to three times increased
chlorophyll-a concentrations which were correlated with increased
Fe-concentrations in the ash fallout region in the Ionian Sea during
July 2001 eruption (Censi et al., 2010). However, due to lack of macro-
nutrient measurements (N and P, especially) in the Etna ash fall region
in the Ionian Sea, the main mechanisms resulted to the chlorophyll-a
increase remained largely unknown.

Here we predicted the input of dissolved nutrients in the surface
water (upper 1 m) by using ash fall estimates based on 4 November
2002 case and the nutrient-release from Etna ash and Cape Verde loess.
Relatively longer residence times of particles in the atmosphere-sea in-
terface (e.g., upper 40 cm)may result to a transient decrease in nutrient
release over water depth (Pulido-Villena et al., 2010).We assumed a ho-
mogenous distribution of particles within the 1 m of the water column,
which may underestimate the possible nutrient enrichment in the sea
surface. In addition, nutrient release from ash particles is probably not
linearly correlated with ash particle concentrations (Baker and Jickells,
2006). It is therefore very likely that, the nutrient-supply of nutrients es-
timated below may underestimate actual supply in the open sea (with
low ash-fluxes) and may overestimate the supply in the coastal regions
with extremely high particle fluxes. Furthermore, a fraction of the nutri-
ents in the seawater may be scavenged by adsorption onto the ash parti-
cle surface, similar towhat has been suggested for dust particles (Ridame
et al., 2003).
4.2.1. Phosphate
P-concentrations in the MedSea are as low as b1–6 nM throughout

the stratified period between May and December (Fig. 4) (Krom et al.,
2005; Pulido-Villena et al., 2010). The highest P-concentrations are
found during winter mixed period reaching values of 200–350 nM,
which decrease down to 30 nM after the spring bloom in April
(Pulido-Villena et al., 2010). The highest possible input of P estimat-
ed based on themaximum P-release from Etna ash would range from
226 nM up to 1940 nM within the ash fallout region in the first
100 km downwind from the volcano, which is above the highest
P-concentrations during winter mixed period (Fig. 4). The lowest es-
timate for P-input (based on minimum P-release) would range from
2 nM to 14 nM, which can provide an important source of P through-
out the stratified period (Fig. 4). Based on the P-release per g of Cape
Verdean loess in our study (43 nmol/g, Table 2), P-input by during
dust events is below 1.2 nM. Based on P-uptake measurements, the
concentration of bioavailable P was estimated to be 3 nM (Moutin
et al., 2002). Assuming 3 nM of P a threshold for biological response,
P-fertilization potential of Etna ash fallout can extend as far as 600 km
in the MedSea, with the highest impact within the first 100–150 km
downwind from the volcano (Fig. 4). Therefore, following the deposi-
tion of volcanic ash into the sea surface, ash plumes ejected from Etna
may have significant effect on the MPP through supplying P, the ulti-
mate limiting nutrient in the surface MedSea.

4.2.2. Nitrogen
N-concentrations during the stratified season in the MedSea are as

low as P (less than detection limits of 50 nM) (Bonnet et al., 2005;
Mihalopoulos et al., 1997). Since the nutrient limitation in the MedsEa
may immediately shift P to N or vice versa (Herut et al., 2005), addition
of an array of nutrientsmay enhanceMPPmore effectively compared to
the addition of a single element. The concentrations of fixed-N tomain-
tain phytoplankton demand in some coastal regions in the MedSea
found to be high (e.g., 220 nM in the coastal zone of Gulf of Lion)
(Diaz and Raimbault, 2000), while the requirement of fixed-N is proba-
bly lower in the open sea. The input of total fixed-N related to Etna ash
fallout would be 70–1710 nM in the coast, 8–200 nM in the first
100 km downwind from the volcano, decreasing 0.5–13 nM at dis-
tances 400 km (Fig. 4). The maximum input of fixed-N from Etna ash
would be above 250 nM up to about 50 km downwind from the volca-
no, which can be considered as significant for MPP, while theminimum
estimates are slightly lower than the limit to sustain N demand for new
production (e.g., 61–123 nM, in the 30 km coastal zone) (Fig. 4).

Based onN-release fromour CapeVerde dust sample, dust deposition
in the upper 1 m of the water column would be 16–18 nM during
extreme dust storms (29 g/m2), 5–6 nM during average dust storms
(10 g/m2) and b0.03 nM during low intensity dust events (0.05 g/m2).
N-supply fromdust deposition suggests that dust storms canprovide sig-
nificant N during dust storms, while the impact of low level dust deposi-
tion can be considered as negligible in terms of biological response.

4.2.3. Iron
Despite the high input of Fe-bearing desert dust in the MedSea,

Fe-concentrations are very low b0.13 nM in the open sea (Sarthou
and Jeandel, 2001) and b1–3 nM in the coastal region in the Ionian
Sea (Censi et al., 2010). It has been suggested that the deposition of
reduced Fe to surfacewaters ofMedSea has the potential to induce phy-
toplankton blooms (Saydam, 1996). For example, Fe-concentrations
during a Saharan dust storm on July 1988 (off the coast of Libya) were
increased by 6 nM, which has been suggested to create an Emiliania
huxleyi bloom that has been evidenced by the Meteosat scenes (Dulac
et al., 1996). In contrast, a recent mesocosm study in the western
MedSea suggested that, through scavenging of Fe on to the dust particles
(by 0.4 ± 0.1 nmol Fe/mg dust), high particle fluxes during large-scale
dust events might act as sink of Fe rather than a source (Wagener et
al., 2010). Fe-input for Cape Verde loess is relatively low compared to
volcanic ash, which ranges 0.6–0.9 nM, 0.2–0.3 nM, and b0.01 nM Fe
for the extreme dust events, average dust storms and low level dust
events, respectively.

Microcosm experiments with seawater collected from MedSea
showed that addition of Fe + Pmore effectively stimulates MPP com-
pared to the addition of Fe alone or P alone, which has been linked to
increasedN2-fixation that is co-limited by P and Fe (Bonnet et al., 2005).
Since Etna ash provides P alongwith Fe, ash fallout from Etna can there-
fore impact the surface N-concentrations directly through nutrient dis-
solution and/or indirectly through N2-fixation by the addition of P and
Fe. The contribution of N2-fixation can reach up to 35% of new produc-
tion in the western basin, while the impact is found to be negligible in
the eastern Levantine Basin (Bonnet et al., 2011). Due to the decreasing
impact of N2-fixation from west to east, Etna ash plumes that are
transported to western direction (e.g., Tyrrhenian Sea) would have
more impact on the N2-fixation compared to the plumes transported
to the east towards the Ionian Sea.

Dry deposition of Etna ash can supply 22–260 nM of Fe in the
coast, and 10–130 nM of Fe about 30 km from the coast, 1–12 nM
within 300 km distance, decreasing down to 0.1 nM to 2 nM in the
distances 400 km downwind from the volcano (Fig. 4). Dissolved Fe
concentrations in the Ionian coast within the Etna ash fallout region
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during 21 July 2001 were by 600–670 nM (Censi et al., 2010), signifi-
cantly higher compared to our estimates based on the new geochemical
data (highest by 260 nM) (Fig. 4). High concentrations of dissolved Fe
in the ash fallout region can be due to the increased lysis of phytoplank-
ton (by grazing), whichmay in turn increase the complexation of the Fe
released from Etna ash (i.e. higher organic ligand concentrations)
(Censi et al., 2010). Also, through storage time of our samples, a possible
decay of the soluble Fe-compounds (e.g., Fe-bearing salts) may have
resulted to a reduction in the actual Fe-mobilization from volcanic ash
(Jones and Gislason, 2008; Olgun et al., 2011).
4.2.4. Silica
Si-concentrations in the MedSea are relatively high during the

stratified season (700 nM) (Fig. 4) (Bonnet et al., 2005; Schink and
Kingston, 1967). However, severe Si-limitation of diatom spring blooms
has been observed at least for one coastal zone, in the Gulf of Lion,
where the Si concentrations were lowered down to 120 nM, indicating
the significance of Si especially after the spring bloomperiod (Leblanc et
al., 2005), which is an ultimate nutrient required by the diatoms, dom-
inating the new production in the MedSea (Socal et al., 1999). Further-
more, recent biological experiments have shown that, when grown in
ash-fertilized seawater, diatoms (e.g., Thalassiosira pseudonana) benefit
more from volcanic ash compared to coccolithopores (e.g., Emiliania
huxleyi) (Hoffmann et al., 2012). It is therefore very likely that ash fall-
out from Etna may change the composition of phytoplankton assem-
blage towards domination of diatoms in the surface water, and further
increase demand of Si in the euphotic zone. The maximum Si-input
from Etna ash fallout within 200 km downwind from volcano would
range 193–4115 μM, suggesting that Etna eruptions can impact on
Si-budget in the surface of MedSea waters (Fig. 4). However, the mini-
mum supply of Si is probably insignificant (below 5 nM) pointing out
the importance of the Si-mobilization behavior of the ash (Fig. 4).
Si-supply based on the data from Cape Verde loess sample would
range between 13–32 nM, 5–11 nM, and b0.1 nMcalculated for the ex-
treme dust events, average dust storms and low level dust events,
respectively.
4.2.5. Zinc
Typical Zn-levels are around 3 nM in the MedSea (Ruiz-Pino et al.,

1991), with highest Zn concentrations of 10 nM found in the Alboran
Sea (Sherrell and Boyle, 1988). Zinc is a bioactive trace metal required
by the phytoplankton and also a co-factor in alkaline phosphatase en-
zyme that allows phytoplankton to utilize phosphate from organic
compounds (Morel and Price, 2003). In the North Atlantic Ocean,



Table 5
Summary of ejected tephra during explosive eruptions of Mount Etna within 10 years period between 1998 and 2008. Offshore deposition in the Mediterranean Sea is calculated by
assuming 50% of ejected tephra deposited offshore.

Year Period Description Deposited tephra mass

1998 11 June 1998–4 Feb. 1999 >22 paroxysms, alternating magnitude of eruptions on the Voragine
Crater. Plumes reached 12 km (a.s.l.) on 22 July 1998.

0.8−3.0 × 1012 g(a, b) on 22 July 1998
(in 12 min)

2000 26 Jan.–24 June
28–29 Aug.

Paroxysm events reached up to 3 times per day on some days in
February, 64 lava fountain episodes within less than six months.
Plumes reached a maximum height of 6 km a.s.l.

6.3–9.6 × 109 g(c)a

2001 17 July–9 Aug. Flank eruptions in the SE crater. The most explosive phases 20–24 July
and 31 July–5 August. Plumes reached 5 km a.s.l. Closure of Catania
airport for several days.

18 × 1012 g(d)

1.0–2.3 × 1012 g(e)

2002–2003 27 Oct. 2002–9 Jan. 2003 Phreatomagmatic intense activity in the SE crater. Plumes rose
4–6 km high a.s.l., reached Greece and Libya (Dellino and
Kyriakopoulos, 2003; Kelepertsis et al., 2003). The plume tracked
over 1000 km into the North Africa.

38–50 × 1012 g(f, g, h)

(the entire period)

2006 14–31 July and 31 Aug.–15 Dec. Alternating eruptive intensity with light to moderate ash fallout
lasting several hours to 2–4 days intervals.

>0.4 × 1012 g(i, j, k)

(total of some daily records)
2007 11–29 Apr., 15–21 Aug. 4–5 Sept.,

1 Oct–24 Nov.
Long-lasting powerful lava fountain episodes started at the SE crater.
Plumes reached 5 km a.s.l.

3.1–4.5 × 106 g(l)a

(4–5 September)
Ejected tephra between 1998 and 2008 41–76 × 1012 g/decade
Offshore ash flux into the MedSea (assuming 50% of the ejected material is deposited offshore)(m) 20–27 × 1012 g/decade

(2–3 × 1012 g/year)

a) Folch et al. (2009), b) Andronico et al. (1999), c) Alparone et al. (2003), d) Behncke and Neri (2003b), e) Scollo et al. (2007)), f) Andronico et al. (2008b), g) Andronico et al.
(2005), h) Carn (2005), i) Andronico et al. (2009a), j) Andronico et al. (2009b), k) Corradini et al. (2008), l) Andronico et al. (2008a), m) Olgun et al. (2011).

a Tephra volumes are converted to mass by using two densities 2100 kg/m3 and 3100 kg/m3 representative for Etna ash.
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the lessening of P-limitation of N-fixers was linked to Zn that is pos-
sibly introduced by the dust particles (Mills et al., 2004). However,
some of the ash samples and also the Cape Verde loess sample did
not show any Zn-release during the first hour contact with seawater
(Fig. 4). Highest input of Zn related to the Etna ash fallout would be
42 nM in the coast, and above 3 nM in distances about 150 km down-
wind from Etna (Fig. 4). Addition of Zn together with P by the ash fall
may therefore increase the up-take of P and relieve the P-limitation in
the MedSea.

4.2.6. Copper
The MedSea, especially the central and eastern part, is close to

Cu-toxicity during large part of the year (Paytan et al., 2009). Our
voltammetric experiments showed that, Etna ash releases no detect-
able amounts of Cu during the first hour of interaction with seawater.
This is consistent with the long-term kinetic experiments by Etna ash
showing that the dissolved Cu concentrations remain below 1 nM until
the end of the first week (Censi et al., 2010). Therefore, our study sug-
gests that the volcanic ash fallout during Etna eruptions is unlikely to in-
crease the Cu-toxicity in the MedSea.

4.3. Input of Etna volcanic ash and mineral dust in the MedSea

The MedSea is one of the highest dust input regions in the global
ocean (20–50 × 1012 g/y), with dust input of 3–7 × 1012 g/y in the
western, 4–11 × 1012 g/y in the central, and 13–32 × 1012 g/y in the
eastern MedSea (Guerzoni et al., 1999). The total amount of tephra
ejected from Etna during a ten year period between 1998 and 2008 is
about 40–53 × 1012 g (Table 5). However, the ash fraction that has
been deposited in the MedSea is unknown, which is very dependent
on the eruption columnheight,winddirection and grain size distribution
of the ash plume. Based on the ash layers found in the eastern equatorial
Pacific Ocean marine drill cores, the fraction of ash that is deposited off-
shore is found to be 80 ± 10% of the ejected tephra from the Central
American volcanoes (Kutterolf et al., 2008; Olgun et al., 2011). Assuming
that at least half of the ejected tephra from Etna was deposited into the
MedSea (which can be considered as minimum), the amount of off-
shore ash input corresponds to 2–3 × 1012 g/y (Table 5), which is
about 25–50% of the annual dust deposition in the central MedSea
(4–11 × 1012 g/y). It is important to note that a single eruption of
Etna can deposit ash in the sea in amounts comparable to the yearly
dust input in the central MedSea (as high as 1.5 × 1012 g on 22 July
1998, assuming 50% offshore; Table 5). The ash layers in the seafloor
probably contribute about one fourth of the marine sediments in the
central MedSea floor, which may also provide additional nutrients
through upwelling during mixed winter conditions. Compared to
the more widespread inputs of desert dust that affect the entire
MedSea, the impact of Etna ash affects mainly the central MedSea
region.

Over the last decades, due to a gradual transition of the magma
source (Branca and Del Carlo, 2005; Schiano et al., 2001), there has
been a dramatic increase in the frequency of explosive eruptions of
Etna (Andronico et al., 2005; Behncke and Neri, 2003a; Branca and
Del Carlo, 2005). Between 1995 and 2011 Mount Etna produced more
than 150 eruptive episodes (Andronico et al., 2008b). Focusing exclu-
sively on the ash producing events, the explosive eruptions of Etna
can be considered as episodic. However, frequent episodes can occur
within a single day and notably explosivity can last several months
like the 2002–2003 eruptive activity (Table 5). Increased explosivity
of the Etna over the last decades, suggests that the biogeochemical im-
pact of Etna ash fallout on theMPP in the nutrient-starved LNLCMedSea
is likely to increase in the near future.

5. Conclusions

Volcanic ash ejected during Etna eruptions releases fixed-N, P, Si,
Fe and Zn into seawater. Ash-fall estimates based on the 4–5 November
2002 Etna ash emission event showed that, during explosive eruptions
Etna volcanic ash-fall in the central MedSea exceeds the particle flux
during extreme dust storm events. New supply of nutrients during ex-
plosive eruptions of Etna can provide an atmospheric source of nutri-
ents in the oligotrophic surface waters of MedSea, Etna ash fallout
may provide a good source of dissolved nutrients and can eventually
impact the MPP in the central MedSea.
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