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SUMMARY

The availability of nutrients in the surface ocean affects the marine primary
productivity (MPP), and the atmosphere represents an important source of nutrients to the
euphotic zone of the in the global ocean. Volcanic eruptions, can through atmospheric
transport, deposit volcanic ash into the ocean and partial dissolution of ash particles in
seawater can provide biologically relevant elements for the ocean. Despite the high input
of volcanic ash into the ocean, the role of volcanic eruptions in the surface ocean
biogeochemistry was largely overlooked.

The primary goal of this study is to evaluate the possible impact of explosive
volcanic eruptions on the surface ocean nutrient and its influence on MPP in different
oceanic regions (in high- and low-nutrient, low production areas), and influence on the
oceanic food-web. By using new clean-laboratory-based geochemical nutrient release
data from volcanic ash, and estimates of the marine flux of volcanic ash over long-term
periods and/or during single major eruptions, the study provides a new constraints on the
importance of volcanic ash deposition for marine nutrient-cycles compared to other major
sources such as desert dust. It is also indicated that increased phytoplankton abundance in
the surface ocean in large-scale ash fall-out regions can impact the marine food-web (e.g.,
the increased abundance of zooplankton and salmon fish). Shifts in the phytoplankton
community upon addition of volcanic ash can influence the export of biogenic material
into the deep ocean, and may eventually affect the carbon cycle.

The first paper reviews the role of volcanic ash for the biogeochemical iron-cycle.
It provides a summary of iron solubility of volcanic ash in seawater and freshwater. Also
discussed are the important parameters that may affect the iron-solubility from volcanic
ash (e.g., solution pH, grain size). The study illuminates unanswered important questions
within this new research field and provides recommendations for future studies.

The second paper examines the relative importance of volcanic ash on the high-
nutrient, low-chlorophyll (HNLC) regions with a focus on the Pacific Ocean. Fe-release
of a large number of volcanic ash samples from subduction zone volcanoes from the
Pacific Ring of Fire and also hot spot volcanoes were determined in clean-laboratories.

By using marine drill core data, the millennial-scale volcanic ash flux into the Pacific



Ocean is estimated. The significance of ash- and related iron-fluxes is evaluated by
comparing with the flux from mineral dust into the Pacific Ocean. The study shows that
volcanic ash is an important but hitherto underestimated atmospheric iron-source for the
Pacific surface ocean biogeochemical iron-cycle.

Satellite data demonstrated that the 2008 Kasatochi eruption caused a massive
phytoplankton bloom occurring in the ashfall region in the northeast Pacific (Langmann
et al. 2010). The third manuscript focuses on the impact the 2008 Kasatochi eruption may
have had on the marine food-web. The study provides geochemical evidence that the
iron-release from Kasatochi volcanic ash was sufficient to iron-fertilize the iron-limited
northeast Pacific. Moreover, it evaluates whether the Kasatochi eruption through Fe-
fertilization and increased phytoplankton growth and zooplankton abundance was
ultimately responsible for significantly enhancing the marine survival of sockeye salmon
and the unexpected salmon flood in the Fraser River in 2010.

The fourth manuscript investigates the impacts of Etna volcanic ash fall-out on
the Mediterranean surface ocean, a low-nutrient, low-chlorophyll (LNLC) region. I did
nutrient leaching experiments in seawater with thirteen ash samples from Mount Etna.
Moreover, I estimated the volcanic ash flux in the Mediterranean Sea (4 November 2002
eruption, as a case study) as a function of distance from the volcano in order to evaluate
the impact of a major Etna eruption. The study highlights the importance of phosphate,
iron and fixed nitrogen (e.g., nitrate) supply by the Etna volcanic ash fall potentially
impacting the MPP in the oligotrophic Mediterranean Sea. The biogeochemical impact of
ash fall from Etna volcano can cover distances as far as 400 km downwind from the
volcano.

The last manuscript focuses on the fertilizing and/or toxic effects of the volcanic
ash on different phytoplankton species in laboratory experiments. The diatom species
Thalassiosira pseudonana generally showed higher growth rates in seawater fertilized
with volcanic ash, whereas coccolithophoride species Emiliania huxleyi showed either no
or negative response. The study indicates that volcanic ash fall-out can cause changes in
the phytoplankton community structure, leading to diatom domination in the ash fall-out

regions.



ZUSAMMENFASSUNG

Die Verfligbarkeit von Nihrstoffen im Oberflichenozean beeinflusst die marine
Primérproduktion (MPP). Die Atmosphére stellt eine wichtige Nahrstoff-Quelle fiir die
euphotische Zone dar. Vulkanausbriiche konnen durch atmosphérischen Transport
Vulkanasche in den Oberflichenozean eintragen, wobei die partielle Auflosung von
Vulkanaschepartikeln in Beriihrung mit Meerwasser biologisch relevante Elemente
freisetzen konnen. Trotz des bekanntermallen hohen Eintrags von Vulkanasche war die
Bedeutung von vulkanischen Eruptionen fiir die Biogeochemie des Oberflichenozeans
bislang weitgehend libersehen worden.

Das primdre Ziel der vorliegenden Dissertation ist es, den mdglichen Impakt
explosiver Vulkanausbriiche auf das Néhrstoffbudget des Oberflichenozeans sowie den
Einfluss auf die MPP in unterschiedlichen Ozeanregionen (in sowohl Hoch- als auch
Niedrigndhrstoffgebieten mit niedriger MPP) zu evaluieren. Weiterhin sollte der
mogliche Einfluss auf das marine Nahrungsnetz mit in die Betrachtungen einbezogen
werden. Dies wurde erreicht durch die Generierung neuer Daten zur Freisetzung von
Néhrstoffen von Vulkanaschen in Reinraumlaboratorien, Abschidtzungen zum Fluss
vulkanischer Asche in den regionalen und globalen Ozean sowohl im Zusammenhang mit
einzelnen groBeren Ausbriichen als auch iiber geologische Zeitrdume fiir Ozeanbecken.
Die Untersuchungen fiithren hierdurch und durch den Vergleich mit Wiistenstaub als
andere wichtige Néhrstoffquelle zu neuen Einsichten und einem besseren Verstdndnis der
Bedeutung von Vulkanasche fiir marine Néhrstoffkreisldufe. Es gibt Hinweise, dass
Vulkanausbriiche durch die Anregung der MPP innerhalb groBskalierter
Aschefallregionen sogar Einfluss auf das marine Nahrungsnetz nehmen konnen (z.B. der
Erhohung der Héufigkeit von Zooplankton und Lachs). Weiterhin kann der Eintrag
vulkanischer =~ Asche in  den  Oberflichenozean zu  Anderungen  der
Phytoplanktonvergesellschaftung innerhalb der Aschefallregion fiihren, was iiber den
Einfluss auf den Export von biogenem Material in den tiefen Ozean den
Kohlenstoffkreislauf beriihren kann.

Die erste Studie liefert eine Ubersicht iiber die Rolle von Vulkanasche fiir den
biogeochemischen Eisenkreislauf. Sie fasst die Erkenntnisse zum Eisen-

Freisetzungsverhalten von Vulkanasche in Meer- und SiiBwasser zusammen und



diskutiert den Einfluss unterschiedlicher Parameter wie pH-Wert und Korngréfe der
Aschepartikel. Die Studie beleuchtet ungeklarte wichtige Fragen in einem neuen
Forschungsgebiet und bietet Empfehlungen fiir zukiinftige Studien.

Die zweite Studie untersucht die relative Bedeutung von Vulkanasche in
Hochnihrstoft-, Niedrig-Produktivititsgebieten (HNLC) mit Fokus auf dem Pazifischen
Ozean. Es wurde die Eisenfreisetzung einer groeren Zahl vulkanischer Ascheproben von
Subduktionszonenvulkanen des Pazifischen Feuerrings und einiger Ascheproben von
Hotspot-Vulkanen in Reinraumlaboratorien gemessen. Weiterhin wurde basierend auf
marinen Bohrdaten der millenische Eintrag von Vulkanasche in den Pazifischen Ozean
abgeschitzt. Die Bedeutung des Eintrags von Vulkanasche und der daran gekniipften
Freisetzung des Néhrstoffs Eisen fiir den Pazifischen Ozean wurde durch den Vergleich
mit dem Fe-Eintrag durch Wiistenstaub abgeleitet. Die Studie verdeutlicht, dass
Vulkanasche eine wichtige und hinsichtlich ihrer Bedeutung bislang unterschéitzte
atmosphérische Fe-Quelle fiir den Pazifischen Ozean und den biogeochemischen Eisen-
Kreislauf des Oberfldchenozeans darstellt.

Satellitendaten belegen eine massive Erhdhung des Phytoplankton-Wachstums im
Aschefallgebiet der 2008 Kasatochi Eruption (Langmann et al. 2010). Die dritte Studie
dieser Dissertation konzentriert sich auf den méglichen Einfluss des Ausbruchs auf das
marine Nahrungsnetz der Region. Die Studie liefert geochemische Daten dafiir, dass dass
Ausmass der Fe-Freistzung der Vulkanasche des 2008 Kasatochi-Ausbruchs fiir einen Fe-
Diingung des Fe-limitierten norddstlichen Pazifik ausreichte. Die Untersuchung evaluiert
auBBerdem, ob die Kasatochi-Eruption iiber eine Fe-Diingung, der Stimulierung des
Phytoplanktonwachstums und iiber eine Erhdhung der Zooplanktonhdufigkeit zu der
unerwarteten massiven Zunahme von Lachs im Fraser River im Jahr 2010 gefiihrt haben
kann.

Die vierte Studie untersucht den Einfluss von Vulkanaschenfall des Atna Vulkans
auf den Mediterranen Oberfldchenozean, einer Niedrig-Néhrstoff, Niedrig-Chlorophyll
Region. Ich analysierte die Freisetzung von Makro-Nahrstoffen und Spurenmetallen
verschiedener Vulkanascheproben des Atna in Beriihrung mit Meerwasser. Der Eintrag
von Vulkanasche ins Mittelmeer (im Zusammenhang mit einem Ausbruch vom 4.

November 2002 als Fallstudie) wurde als Funktion des Abstands vom Vulkan



abgeschitzt, um den moglichen marin-biogeochemischen Einfluss eines groferen
Ausbruchs des Atna in unterschiedlichen Abstinden vom Vulkan einzugrenzen. Die
Studie konzentriert sich auf die Bedeutung von aus Vulkanasche freigesetztem Phosphat,
Eisen und fixiertem Stickstoff (z.B. Nitrat) und den moglichen Einfluss auf die MPP des
oligotrophen Mittelmeers. Hieraus geht hervor, dass der Vulkan in bis zu 400 km
Entfernung Einfluss auf biogeochemische Kreisldufe nehmen kann.

Die letzte Studie untersucht die diingenden bzw. toxischen Effekte von
Vulkanasche auf unterschiedliche Phytoplankton-Spezies im Zusammenhang mit
Laborexperimenten. Die Diatomee Thalassiosira pseudonana zeigt erhohte
Wachstumsraten in  mit Vulkanaschen gediingtem Meerwasser, wihrend die
Coocolithophoride Emiliania huxleyi entweder keine oder eine negative Reaktion zeigt.
Die Studie weist darauf hin, dass Vulkanaschenfall im Meer zu einer Begiinstigung von
Diatomeen und somit zu einer Verdnderungen der Phytoplanktonvergesellschaftung

fihren kann.
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INTRODUCTION

State of the art

Volcanic eruptions can eject vast amounts of volcanic ash that can be transported
far into remote parts of the ocean (Fig. 1). Upon deposition, volcanic ash can release
nutrients into the seawater and therefore may affect the marine primary production
(MPP), phytoplankton community structure, and can eventually (directly or indirectly)
impact the higher trophic levels in the oceanic food-web (e.g., zooplankton, fish). The
atmosphere is considered as a major route by which macro-nutrients and trace metals
reach the surface ocean (Duce et al., 1991; Guerzoni et al., 1999; Jickells, 1995). The
importance of volcanic ash on the biogeochemistry of the surface ocean, however, has
attracted only limited attention compared to the much better investigated effects of desert

dust.

Figure 1: Satellite images illustrating volcanic ash plumes transported in the ocean. Left
panel shows the Puyehue (Chile) eruption on 6 June 2011, the white ash plume across
Argentina and transported toward the Atlantic Ocean (MODIS, NASA). Right panel
shows the eruption of Kliuchevskoi volcano (Russia) on 30 September 1994, the brown

ash plume spreading out across in the northwest Pacific Ocean (captured by ISS, NASA).



Nutrient limitation in the surface ocean

The marine primary production (MPP) contributes to about half the Earth’s net
primary production (Field et al., 1998). Enhancement of MPP can strongly impact the
marine ecosystems and also may affect the global climate through drawdown of
atmospheric carbon dioxide. In addition, oceanic fertilization may increase the production
of dimethyl sulfide (DMS), which in turn impacts the formation of clouds and can exert a
climate cooling affect by influencing the global albedo (Lohmann and Feichter, 2005;
Turner et al., 2004).

The availability of nutrients in the sunlit part of the oceans is essential for the key
metabolic processes of the phytoplankton. Nitrate and phosphate are involved in the
nutritional processes and are incorporated into the soft-tissue of the plankton, while silica
is used in building the silicate skeletons of the diatoms (Chester, 2000). Essential trace
metals, such as iron, are involved in the metallo-enzymes that are crucial in the
photosynthetic and respiratory processes, chlorophyll synthesis and bacterial fixation of
atmospheric nitrogen (Morel et al., 2003; Sunda, 2001). In the present text, “nutrients”
refer to all the essential elements, while “macro-nutrients” refer to nitrate, phosphate and
silica, and “micro-nutrients” refer to the trace-metals.

Vertical distribution of nutrients in the water column is typically depleted in the
surface due to utilization by the phytoplankton, and enriched in deep-water following
remineralization of the sinking detritus. Upwelling process can bring nutrient-rich deep-
waters to the surface ocean, and increase the MPP in the regions such as the western
Africa, the western USA, the Peru and the southeast Asia (Chester, 2000) (Fig. 2).
Horizontal distribution of nutrients in the surface ocean is characterized by higher levels
in the coastal regions and the upwelling areas.

In terms of chlorophyll-a and the macro-nutrient concentrations, ocean regions
can be divided into three major classes; a) the high-nutrient, high-chlorophyll regions
(e.g., coastal zones), b) the high-nutrient, low-chlorophyll regions, and c) the low-
nutrient, low-chlorophyll regions (Fig. 2). If concentrations of a particular (or more)
nutrient(s) in the surface ocean are lower than the demand of the phytoplankton, these

oceanic regions become under-productive (low-chlorophyll regions). The biological
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impact of atmospheric supply of nutrients (e.g., via volcanic ash or desert dust) is

expected to be higher in the low-chlorophyll regions.

Figure 2: Marine primary production in the global ocean. NASA Sea-viewing Wide
Field-of-view Sensor (SeaWIFS) image showing the chlorophyll-a concentrations.
Arbitrary locations of the high-nutrient, low chlorophyll (HNLC) (red circles), and the
low-nutrient, low-chlorophyll (LNLC) ocean regions (yellow circles) are drawn based on
the comparisons of the chlorophyll-a concentrations and the macro-nutrient levels in the

surface ocean.

High-nutrient, low-chlorophyll (HNLC) regions have excess nitrate (5-30 umol/l),
and variable silica (< Spmol/l in the low silica regions, and > 60 umol/I in the high silica
regions) but very low amounts of iron (<0.2 pmol/l) (Boyd et al., 2004; Coale et al.,
2004; Parekh et al., 2005). HNLC regions cover about 40% of the global ocean and
located mainly in the subarctic Pacific, the eastern equatorial Pacific and the Southern
Ocean (Fig. 2) (Watson, 2001). HNLC regions are biologically active regimes with
intermediate but lower than expected primary production. Iron-deficiency is considered
to limit the MPP in the HNLC regions and the iron-hypothesis has been confirmed by a
range of iron-enrichment laboratory and field studies (e.g., (Behrenfeld et al., 1996; Boyd
et al., 2004; Coale et al., 2004; Martin and Fitzwater, 1988)).

11
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Low-nutrient and low-chlorophyll (LNLC) regions offer very low amounts of
macro-nutrients in the surface waters (nitrate < 50 nmol/l, phosphate <20 nmol/l, silica
<700 nmol/l) (Bonnet et al., 2005; Bruland and Lohan, 2003; Dugdale and Wilkerson,
1992; Sarthou and Jeandel, 2001). LNLC regions account for about half of the global
ocean, and are located mainly in the subtropical ocean gyres (little continental input) and
can be found in the regions with limited deep water mixing such as the Mediterranean
Sea (Fig. 2). Although nitrate has been traditionally known as the major nutrient,
phosphate can also be considered as the ultimate limiting nutrient in the LNLC regions

(Thyrrell, 1999).

The atmosphere: A major nutrient source in the surface ocean

The major external source of nutrients in the remote ocean is known to be
atmospheric deposition of wind-transported mineral dust (eroded crustal material)
(Jickells et al., 2005). Mineral dust, also referred as desert dust or aerosol dust, is derived
from arid and semi arid regions of the world (e.g., Sahara) and mainly deposited in the
Equatorial Atlantic and North East Pacific Ocean (Fig. 3) (Jickells et al., 2005). Mineral
dust is deposited into ocean by dry deposition and wet (by rain) deposition {Jickells,
2001 #1280}.

Average dust deposition (g/m?/year)

0.00 0.20 0.50 2.00 5.00 10. 20. 50.

Figure 3: Mineral dust deposition in the world oceans based on (Jickells et al., 2005).

1.00
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In terms of nutrient input, the dominating deposition mode is uncertain. Some
studies suggest that about 70% of the atmospheric particles are removed through dry
deposition {Jickells, 2001 #1280}, on the hand some studies suggested up to 95% of the
removal is through wet deposition {Jickells, 2005 #1760}. The processes in the
atmosphere (e.g., cloud cycling) and in the ocean (e.g., organic complexation) can be
extremely important for the solubility of nutrients released from the atmospheric particles
(Baker and Croot, 2010). For example, based on the small-scale experimental data, the
fraction of iron that is soluble in the aerosol dust ranges more than an order of magnitude
(0.001-80%) (Baker and Croot, 2010; Mahowald et al., 2009). Other atmospheric nutrient
inputs to the surface ocean considered so far are the extraterrestrial dust (Johnson, 2001),
and anthropogenic aerosols such as combustion products of biomass burning (Guieu et
al., 2005; Luo et al., 2008). In contact with surface ocean, volcanic ash particles can also
rapidly release both macro-nutrients and trace metals that can be bio-available for the

MPP, but the relative significance of volcanic ash remains poorly understood.

What is volcanic ash?

Volcanic ash is a size class referring to fragmented fine-grained particles of
submicron to less than two millimetres that are produced during volcanic eruptions (Fig.
4). Volcanic ash is generated by fragmentation of magma within the volcanic conduit
during eruptions (e.g., bubble burst due to gas expansion, water interaction, or rupture of
magma) (Dingwell, 1996). Tephra is the general term for fragmented volcanic material
that includes ash particles (submicron to <2 mm), lapilli (2 mm - 64 mm), and bombs and
blocks (> 64 mm) (Fisher and Schmincke, 1984; Schmincke, 2004). Since the term is a
size classification, it does not provide information about the chemical composition or a
particular volcanic process from which the ash is formed. The focus of this study is the
airborne volcanic ash that is produced during subaerial volcanic eruptions and which can
reach the surface ocean through atmospheric transport (Fig. 6).

Chemical composition of volcanic ash can range from silicic (relatively lower
MgO and FeO and higher Si0O,) to mafic (relatively higher MgO and FeO and lower SiO,

contents). Volcanic ash can be in colours ranging from white, brown, grey or black (e.g.,
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Fig. 1), reflecting the magma composition, where silicic ash has lighter colours compared
to mafic ash. In terms of nutrient supply into the oceans, silicic ash can play a more
important role as it is found more widespread in the ocean sediments due to higher
explosivity of subduction zone volcanoes. Aeolian fractionation can also affect the
chemical composition of the ash deposits since denser minerals tend to settle first
compared to silicate glass (e.g., olivine, clinopyroxene) (Larsson, 1937; Middleton et al.,

2003).

Chaitea(Chilc)
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Etna(Italy)
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minefals (e.g .
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Figure 4: Electron microprobe image of volcanic ash from (left) Etna eruption on 23
November 2007, and (right) Chaiten eruption on 3 May 2008. Ash samples consist of
volcanic glass shards indicated as the angular irregular particles (resembling puzzle-

pieces), and minerals (e.g., plagioclase, clinopyroxene).

Volcanic ash particles are typically composed of vitric fragments (volcanic glass,
pumice), pyrogenic crystalline minerals (inherited from magma), and lithic particles
eroded from the conduit (pieces of pre-existing rocks of any origin) (Fig. 4). Silicate glass
(or glass shard) is the chilled and fragmented magma, and typically is the dominating
component of a volcanic ash sample (Fisher and Schmincke, 1984). All solid particles
found in the volcanic ash plumes interact with the volcanic gases/acids forming a thin
layer of water-soluble salt coatings on the ash surface (Oskarsson, 1980) (Fig 7). Glass
shards are typically angular, irregular fragments with extraordinarily large surface-to-
volume ratio (Fig. 4). Pyrogenic minerals mainly include silicates, such as amphibole,
biotite, feldspar, olivine, pyroxene and quartz. Minerals are more abundant in the grain

size of about 63 um - 2 mm and are generally absent below 10 um, whereas glass shards
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can be much smaller like aerosols (Fisher and Schmincke, 1984). Total (bulk) nutrient
content of volcanic ash can vary by the proportions and composition of these individual

fragments (Delmelle et al., 2007; Fisher and Schmincke, 1984; Oskarsson, 1981).

Distribution of subaerial volcanoes in the world

Volcanoes are widespread around the world and found in all climate regions from
polar Alaska to tropical Indonesia (Fig. 5). Most of the subaerial volcanoes are
concentrated along the subduction zones (convergent plate boundaries) where oceanic
plates dive under the continental plates (Fig. 7) (Simkin and Siebert, 2000). For example,
a chain of numerous active and explosive volcanoes encircles the Pacific Ocean, so called
the Pacific Ring of Fire (Fig. 5). Hot spots are the volcanic regions that are thought to be
fed by an underlying mantle plume, such as the Hawaii hot spot region (Hall, 1987,
Simkin and Siebert, 2000).

A Subduction zones
A Other tectonic settings
(e.g. hotspot areas)

Fig 5: Distribution of subaerial volcanoes in subduction zones (red triangles) and other

tectonic settings such as hot spots (white triangles) based on (Simkin and Siebert, 1994).

The exact number of volcanoes that have erupted during the whole life span of the
Earth is not precisely known. During the past 10,000 years, there are about 1,500
volcanoes on land that have been active (Simkin and Siebert, 2000). The number of
submarine volcanoes is thought to be even larger than the number of subaerial volcanoes.
At present, there are about 550 volcanoes that have had known eruptions during the
recorded history (Simkin and Siebert, 2000). About 50-70 volcanoes erupt every year,

with at least one large eruption each year (e.g., Puyehue (Chile) and Grimsvétin (Iceland)
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in 2011, Table 1). An average of about 20 volcanoes erupt at any given time. The
frequency of volcanic eruptions can range from daily/weekly to a few years to hundred
thousand years, based on the scale of the eruptions. Table 1 summarizes the frequency of
eruptions based on the eruption magnitude described as “Volcanic Explosivity Index”
(VEI) that ranges from 0 to 8. Small-scale eruptions occur more frequent compared to

large-scale eruptions (Table 1).

Table 1: The type and frequency of volcanic activity based on Volcanic Explosivity

Index (VEI) (Newhall and Self, 1982; Simkin and Siebert, 1994).

VEI Plume Eruptive Eruption type Frequency Example
height  volume
(km)  (km’)
0 0.1 10° Hawaiian Continuous Kilauea
1 0.1-1 10° Hawaiian/Strombolian  Months Stromboli
2 1-5 107 Strombolian/Vulcanian Months/year  Galeras
3 3-15 107 Vulcanian Year/few Puyehue (2011)
years
4 10-25 10" Vulcanian/Plinian Year/few Eyjafjallackull
years (2010)
5 >25 1 Plinian 5-10 years Pinatubo (1991)
6 > 25 10 Plinian/Ultra-Plinian 1,000 years Krakatoa (1883)
7 >25 100 Ultra-Plinian 10,000 years  Tambora (1815)
8 > 25 1,000 Ultra-Plinian 100,000 years Toba (74 ka)

Volcanic processes that modify the surface composition of the volcanic ash particles

During an eruption, the surface composition of the ash particles is modified by
various reactions involved in different temperature dependent zones in the ash plume
(Oskarsson, 1980; Rose, 1977) (Fig. 6). In terms of surface composition and nutrient
solubility, freshly erupted volcanic ash is different from fossil ash. Fossil volcanic ash
that has been deposited on land for a few years to a few thousands of years becomes an
aeolian dust, and not reflect the same surface chemistry of freshly erupted ash. Fresh
(pristine) volcanic ash particles have water-soluble metal-bearing salt coatings and can
through volcanic eruptions be transported directly into the surface ocean and can rapidly
release soluble and bio-available nutrients (Duggen et al., 2007; Frogner et al., 2001;

Jones and Gislason, 2008).
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Figure 7: Volcanic processes occurring in the ash plume that can affect the
surface composition of the volcanic ash particles. The temperature

dependent zones are based on Oskarsson (1980).

Volcanic aerosols contain metal salts and acids which are adsorbed on the to the
surface of volcanic ash particles, forming deliquescent metal salt encrustations, and
crystalline salts (Oskarsson, 1980; Oskarsson, 1981). Acid magmatic gases such as HF,
HCI and SO, are the major anion donors of these highly soluble compounds adhering to
ash particles (Fig. 6) (Naughton et al., 1976; Oskarsson, 1981; Thordarson and Self,
1996).

The metal salts are commonly found as fluorides, chlorides and sulfates
(Naughton et al., 1976; Oskarsson, 1981; Thordarson and Self, 1996) and formed at
magmatic temperatures (~1300°C) from the degassed volatiles (e.g., ammonium iron (IIT)
chloride hydrate (2NH4CIFeClyH,0) (Fig. 6) (Oskarsson, 1980). Aerosol salts later
interact with the ash and are adsorbed to the ash particle surface (Smith et al., 1983).
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Upon further cooling (<700°C), possibly within the first minutes of the eruption, halogen
gases HF and HCI directly interact with the solidified silicate material by surface
adsorption (Oskarsson, 1980). Condensation of acids and formation of acid aerosols takes
place at lower temperatures. Sulphuric acid and halogen acids condensate at temperatures
below 338°C and 120°C, respectively (Oskarsson, 1980). Acids leach the ash surface and
forms a thin film (of nanometre scale) enriched in silica, aluminium and iron (the glass
forming elements) (Delmelle et al., 2007). The in-plume reactions (Fig. 6) can remove
loosely bound cations (such as iron) in the silicate glass structure and transforms the
surface into more soluble halide and sulphate salts (Fig. 6) (Delmelle et al., 2007;
Frogner et al., 2001), and in turn, affect the solubility of nutrients released from volcanic

ash.

rift  oceanridge e — subduction
ocean volcano (diverging p plate volcano
L margin) faut  plate 2 ocean trench e intireRR

(converging margin)

convection currents molten core © 2006 Encyclopadia Britannica, Inc.

Figure 7: Volcanic environments at the plate boundaries and at the hot spot regions

(http://www.britannica.com/EBchecked/topic/632078/volcanism).

Magma source and volcanic gases can, therefore, play an essential role in the
content of bio-relevant elements in the surface of the volcanic ash particles, particularly
the soluble salt coatings. It has been suggested that the HCI/HF volcanic gas ratio affects
the metal composition of the salt coatings (Oskarsson, 1980). For example, iron, zinc and
copper are found to be enriched in the salts that are created in volcanic environments with
high HCI/HF gas ratios (Oskarsson, 1980). Due to recycling of chlorine-rich seawater in
convergent plate margins (Fig. 7) (Anderson, 1975; Oskarsson, 1980; Symonds et al.,
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1988), subduction zone volcanoes generally have higher HCI/HF gas ratios compared to
hot spot volcanoes (Oppenheimer, 2004; Sigurdsson et al., 2000), and therefore likely to
produce ash that has higher iron contents in the soluble salt coatings. Explosive volcanoes
with larger eruption columns can provide longer volcanic gas and ash interaction, and
therefore may favour the soluble salt formation on the ash surface (Witham et al., 2005).
Dispersal of volcanic ash depends on the scale of the eruption (e.g., Hawaiian or
Plinian, Table 1), the wind strength and direction, and the grain-size distribution of the
ash particles (Fig. 6). Ash particles fall out of an ash plume according to their settling
velocities (denser settles first). Grain size-distribution of the ash deposits, therefore,
decreases with increasing distance from the volcanic source (Walker, 1971). Very fine
ash particles can be agglutinated, and deposited together with larger particles, therefore,
the ash deposits are rarely well-sorted (Wiesner et al., 1995). Fragments with low air-fall
velocities compared to wind strength may circle the globe before settling to ground (e.g.,

Pinatubo 1991 eruption) (Wiesner et al., 1995).

Birth of a new interdisciplinary research field: Oceanic fertilization by volcanic

eruptions

The majority of previous studies on volcanic ash had focused on the effects on the
soil fertility (Ugolini and Dahlgren, 2002) or the fertilizing/toxic effects on fresh waters
(Witham et al., 2005). Oceanic fertilization by explosive volcanic eruptions is a new but
rapidly growing research field showing a remarkable increase in the number of
publications over the last years (Fig. 8). In the frame of the interdisciplinary research
project NOVUM-1 (Nutrients originating volcanoes and their effects in the euphotic zone
of the marine ecosystems. Part 1: volcanic ash) funded by IFM-GEOMAR, I have
contributed to six publications related to this new research field, five of which are
presented in this dissertation (Chapter I to V). Figure 8 summarizes the publications
focusing on the oceanic biogeochemical impacts of volcanic eruptions. Although, the
present dissertation focuses on volcanic ash ejected from subaerial eruptions, I did not
exclude the few publications focusing on other volcanic products (aerosols, gases and

pumice rafts) and a submarine eruption (Fig. 8).
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Figure 8: Graph showing the increasing scientific interest on the marine biogeochemical
impacts of volcanic eruptions. The publications are referred in the main text and contain
scientific papers, communication letters, a master thesis and recent manuscripts (excludes
poster abstracts). The studies that I have contributed to are; Duggen et al. (2010);
Hoffmann et al. (submitted to Marine Chemistry); Olgun et al. (submitted to Marine
Chemistry); Olgun et al. (2011); Olgun et al. (submitted to Marine Ecology Progress
Series); Teschner (2009).

The communication letter by (Spirakis, 1991) was the first publication mentioning
the potential oceanic iron-fertilization by volcanic ash. In June 1991, Pinatubo volcano in
Philippines created a large-scale volcanic eruption and ejected vast amounts of ash and
aerosols in the atmosphere that traveled around the globe. Just after the large Pinatubo
eruption, an unexpected CO, drawdown occurred in the Northern Hemisphere, which has
been speculated to be linked to iron-fertilization of Southern Ocean by the Pinatubo ash
(Sarmiento, 1993). Hemispheric O,/N, gradient were found to be consistent with
additional O, pulse from Southern Hemisphere oceans during austral summer 1991-92
(Keeling et al., 1996).

In a subsequent paper, Watson (1997) discussed the possible long-term affects of

oceanic fertilization by Pinatubo volcanic ash, which was based on the changes in the
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rain ratio of inorganic to organic carbon by the diatom blooms (Watson, 1997). However,
due to lack of satellite images in the year of Pinatubo eruption, it remained speculative
whether the carbon anomaly was triggered by a CO, uptake by the oceans or the land
biota (Jones and Cox, 2001).

Based on the four marine drill cores collected along the Atlantic Ocean (on a
north-south transect), Bains et al. (2000) suggested that oceanic fertilization by volcanic
ash fallouts or increased inputs from the continents may have caused an increased export
primary productivity in the Paleocene/Eocene (thermal maximum) boundary (about 55
Myr ago). The authors argued that increased biological carbon pump into the oceans may
have effectively reduced atmospheric greenhouse gases, cooling the Earth and returning
the climate back to late Paleocene conditions (Bains et al., 2000).

Frogner et al. (2001) was the first experimental study examined the release of
nutrients (phosphate, silica, iron and manganese, by means of flow-through experiments)
in seawater from a volcanic ash sample from the Icelandic Hekla eruption in 1991. The
study also suggested that the adsorbed metal-salts on the ash particles would dissolve
much faster than volcanic glass pointing out the importance of the surface reactions in the
eruptive plume (Frogner et al., 2001).

In the following years, studies focusing on the ice-cores from Antarctica and
Greenland evidenced strong correlations between the volcanism and the climate,
potentially due to oceanic fertilization by volcanic eruptions (Bay et al., 2004; Bay et al.,
2006). However, no firm conclusions could be drawn from the findings whether the
climate affected the volcanism (e.g., ice-sheet unloading) or volcanism affected the
climate (via ocean fertilization) (Bay et al., 2004; Bay et al., 2006).

Frogner Kockum (2006) investigated the aluminum and fluoride related to
volcanic aerosols and discussed the possible consequences on the phytoplankton in fresh
waters and the seawater. The results of the geochemical experiments and the modeling
data (by PHREEQC geochemical model) suggested that high pH buffering capacity of
seawater will reduce the toxic effects of aliminoflouride complexes in marine
environments (Frogner Kockum, 2006).

The first satellite evidence showing enhanced MPP related to a volcanic eruption

was the study by Uematsu et al. (2004). Based on the SeaWIFS data, the authors showed
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the enhanced chlorophyll-a concentrations in the surface ocean after the eruption of
Miyake-Jima (Japan) in 2001 in the south of Kuroshio Island (Uematsu et al., 2004). A
likely reason of the enhanced chlorophyll-a concentrations in this nutrient-deficient ocean
region has been suggested to be high emissions of ammonia gas (NH3) from the Miyake-
Jima volcano (Uematsu et al., 2004).

Duggen et al. (2007) conducted the first voltametric experiments with volcanic
ash and also the first ash-fertilization bio-incubation experiments providing direct
evidence that marine diatom species Chaetoceros dichaeta can utilize iron released from
volcanic ash (Fig. 9). The comprehensive study showed that an array of nutrients (fixed-
nitrogen, phosphate, silica, iron, zinc and copper) rapidly (on minute-scale) mobilized
from volcanic ash (Duggen et al., 2007). The study also provided evidence by satellite
data pointing increased chlorophyll-a (captured by SeaWIFS) during the July 2003
eruption of Soufriere Hills volcano in Lesser Antilles (Duggen et al., 2007).

Another geochemical study by Jones and Gislason (2008) focused on the nutrient
release from six volcanic ash samples, by means of flow-through experiments. The
authors suggested a potential pH decrease in the ash fallout regions (Jones and Gislason,
2008). Although there has been no evidence from field measurements confirming the pH-
drop in seawater, malformation of aragonite pteropod shells found in the marine
sediments has been linked to a pH decrease during recent eruptions Soufriere Hills
Volcano (Montserrat) (Wall-Palmer et al., 2011).

Gabrielli et al. (2008) examined Greenland ice by using sixty snow pits and found
anomalous methane sulfonic acid peaks associated with early biological productivity in
late winter 1991 in the North Atlantic Ocean possibly due to oceanic (phosphate-
)fertilization by the Hekla (Iceland) 1991 eruption (Gabrielli et al., 2008). The study also
provided evidence for Pinatubo (Philippines) 1991 fallout as far as Greenland (Gabrielli
et al., 2008).
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Figure 9: Increase in the photosynthetic efficiency and chlorophyll-a concentrations in
the volcanic ash fertilized natural seawaters, based on the bio-incubation experiments

with diatom species Chaetoceros dichaeta by Duggen et al. (2007).

Cather et al. (2009) proposed that large ignimbrite eruptions might have produced
climate forcing through oceanic iron fertilization by silicic volcanic ash and expanded the
primary production that leads to a drop in CO, from the atmosphere (Cather et al., 2009).
The study correlates the ignimbrite fluxes (back to early Eocene, about 50 Myr) with the
oxygen and carbon isotopic anomalies compiled from benthic foraminifera from more
than forty Deep Sea Drilling Project and Ocean Drilling Programme sites (Cather et al.,
2009). Atmospheric CO, anomalies between 1958-1995 at Mauna Loa Observatory
(Hawaii) also showed remarkable CO, drawdown followed by two large eruptions
(Agung 1963 and Pinatubo 1991) (Cather et al., 2009).

In another paper in the same year, Jicha et al. (2009) found strong relation
between the deep-sea oxygen isotopes and the peak periods of arc volcanism, and the
authors suggested that voluminous circum-Pacific volcanism during the late Eocene may
caused fertilization of the Pacific Ocean and cooled the climate in Eocene/Oligocene
boundary (about 34 Myr ago) (Jicha et al., 2009).

The experimental study by Teschner (2009), in the frame of NOVUM-project,
focused on pumice, another volcanic product that is highly porous and can float in the
surface ocean long-distances. Based on the experimental data, the study suggested that
the release of iron and silica from pumice can fertilize the eastern equatorial Pacific

Ocean, a major HNLC region (Teschner, 2009).
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A submarine volcanic eruption in August 2006 by the Home Reef volcano in
Tonga in southwest Pacific ejected pumice material that reached the surface ocean
resulting a greenish-blue discoloration in the surface water (Mantas et al., 2011;
Teschner, 2009). Investigation of the satellite data (MODIS) indicated enhanced
chlorophyll-a concentrations in the pumice raft region (Mantas et al., 2011). Based on the
visual interpretations, the bloom detected in southwest Pacific was dominated by the
nitrogen-fixing cyanobacteria Trichodesmium sp., which is known to positively respond
to the external input of iron (Mantas et al., 2011).

The 7-8 August 2008 eruption of the Kasatochi volcano in Aleutian Islands
located in the north Pacific has been suggested to fertilize the iron-limited northeast
Pacific Ocean and created a massive diatom bloom evidenced by the satellite data
(MODIS) (Hamme et al., 2010; Langmann et al., 2010a; Langmann et al., 2010b). The
Kasatochi eruption provided the first satellite evidence of ash fertilization in an iron-
limited region.

In the study by Lin et al. (2011), the authors diagnosed a bloom-like patch a week
after the Anatahan 2003 eruption in the Mariana Islands located in the LNLC north west
Pacific Ocean oligotrophic gyre. In addition, nutrient release (nitrate, phosphate and iron)
experiments with ash sample from Anatahan eruption (in Milli-Q water), confirmed the
likelihood of oceanic fertilization by the Anatahan ash fallout (Lin et al., 2011).

The role of airborne volcanic ash for the surface ocean biogeochemical iron cycle
has been reviewed in Duggen et al. (2010) (presented in Chapter I). More recently,
another review paper has focused on volcanic and atmospheric controls on the iron
solubility of volcanic ash particles (Ayris and Delmelle, in press). Synopsis of the
publications and manuscripts that I have contributed is given in the following section

“Aims and outline of the thesis”.
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Aims and outline of the thesis

The major goal of this thesis is to evaluate the possible impacts of volcanic ash
deposition on the surface ocean biogeochemistry and the MPP. I focused primarily on the
nutrient release behavior of volcanic ash in the seawater. In order to better understand the
relative importance of volcanic ash for the surface ocean, another necessary aspect was
the quantification of the volcanic ash deposition into the oceans. Therefore, we estimated
the offshore volcanic ash flux over large ocean basins or during single large eruptions,
and evaluated the nutrient input from volcanic ash in comparison with that from mineral
dust, in terms of not only the chemical behavior but also the particle fluxes into the
ocean.

Iron is a key nutrient, which affects the MPP in various ocean areas including
HNLC and LNLC regions. The first three chapters of the thesis focus on iron input from
volcanic ash. The first paper (Chapter I) reviews the chemical behavior of volcanic ash in
terms of iron release in freshwater and in seawater (Duggen et al., 2010). The paper also
summarizes the experimental literature data and discusses the major discrepancies related
to the experimental set-ups (e.g., solution pH, ash-to-seawater ratio, particle size effect).
The review paper provides milestones and key future research questions in order to
develop a better understanding of volcanic iron and surface ocean interactions.

The second paper (Chapter II) focuses on the Pacific Ocean, the largest ocean
body that covers about 70% of the major HNLC regions (Fig. 10). The Pacific Ocean at
the same time hosts various active and explosive volcanoes (the Pacific Ring Fire, Fig.
10) and exposed frequently to volcanic ash deposition (Olgun et al., 2011). The paper
provides a nearly global range of Fe-release from volcanic ash in seawater. Furthermore,
volcanic ash flux into the Pacific Ocean is estimated (based on the marine drill core data),
and the results are compared with the mineral dust and associated iron deposition. Spatial
distribution of volcanic ash and mineral dust deposition are discussed with a particular

focus on the iron-limited regions.
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Figure 10: Iron-limited ocean regions and distribution of active volcanoes based on
(Olgun et al., 2011). Average surface ocean iron concentrations are based on (Parekh et

al., 2005). Distribution of volcanoes are based on (Sigurdsson et al., 2000).

The third manuscript (Chapter III) focuses on a specific eruption the Kasatochi
August 2008 in the Aleutian Islands that deposited volcanic ash into the iron-limited
northeastern Pacific Ocean (Fig. 10) (Olgun et al., submitted to Marine Ecology Progress
Series). The Kasatochi eruption has been suggested to create a massive diatom bloom in
the northeastern Pacific Ocean evidenced by the satellite data (Hamme et al., 2010;
Langmann et al., 2010b). The manuscript examines the iron-input from the Kasatochi ash
fallout and provides geochemical evidence for the iron-fertilization by the Kasatochi
eruption. The manuscript further evaluates the possible marine ecological impacts of the
Kasatochi eruption on the higher trophic levels in the marine food-web, including the
sockeye salmon population in the Fraser River in Canada.

The fourth manuscript (Chapter IV) concentrates on the Mount Etna, one of the
most active volcanoes in the world, which is located in the low-nutrient, low-chlorophyll
Mediterranean Sea (Fig. 11) (Olgun et al., to be submitted). The manuscript examines the
release of nutrients; fixed-nitrogen, phosphate, silica, and iron, zinc, copper from Etna
ash, with a particular focus on the phosphate since MPP in the Mediterranean Sea is
limited largely by the availability of dissolved phosphorous. The manuscript also
provides ash flux estimates as function of distance from the volcano during an explosive

Etna eruption (4-5 November 2002 eruption). Ash and related nutrient flux during an
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Etna eruption is discussed in comparison with the mineral dust flux during dust storm

events in the Mediterranean.
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Figure 11: (Left) An ash plume ejected from Mount Etna (Sicily, Italy) on 30 October
2002. The ash plume was transported as far as Libya (ISS, NASA). (Right) Map of the
Mediterranean Sea showing the region that is likely to be affected during explosive

volcanic eruptions of Mount Etna (Olgun et al., submitted to Marine Chemistry).

The fifth manuscript (Chapter V) shows the results of bio-incubation experiments
with volcanic ash conducted by Dr. Linn Hoffmann. The aim of the manuscript is to
understand how phytoplankton responds to different types volcanic ash with a focus not
only on the fertilizing but also the potential toxic effects of volcanic ash on the
phytoplankton growth. The species dependence is tested by two different phytoplankton;
a diatom species Thalassiosira pseudonana, and a coccolithophoride species Emiliania
huxleyi. The results of the biological experiments are discussed in relation with the trace-
metal release from volcanic ash samples and copper ligand production of phytoplankton

when grown in the ash fertilized seawater.
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Sampling and analytical methods

Sampling

Volcanic ash samples used in this study are dry (pristine) samples that are
collected soon after the eruptions. I have analyzed fifty eight pristine volcanic ash
samples that stem from sixteen different volcanoes distributed world-wide, including the
chain of active volcanoes around the Pacific Ocean (the Pacific Ring Fire) and hot spot

volcanic regions such as Hawaii and Iceland (Fig. 12).
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Fig 12: Location of the samples used in this study. Red circles indicate locations of the
volcanic ash samples. Volcanoes located in the subduction zones are indicated as gray
triangles, and other tectonic regions (e.g., hot spots) as white triangles. The dust sample

collected on Cape Verde Island is indicated as a red rectangle.

The composition of the volcanic ash samples ranges widely from basaltic (with
silica <50 wt.%) to rhyolitic (silica > 50 %). Ash deposits that lay several months to
hundreds of years (fossil ash) are less relevant for this study since they are exposed to
weathering and the most soluble compounds (e.g., the metal-salts) on the ash surface are
likely to be leached by rain. Aside from the fossil ash, which is readily available, the
freshly- and dry-collected ash is less accessible. The ash sample set is therefore a
valuable compilation and was provided by scientific collaborations with several
universities and institutes all around the world such as Japan, Russia, Europa, USA (see

Supplementary Chapter II).
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Most of the ash samples were collected during the field studies shortly after the
eruptions (i.e. couple of hours to 1-2 days). To avoid the contamination from the ground
or mixing with the older deposits, these samples were picked from the upper layer of the
ash deposits. Some of the samples were collected from the plastic plates provided for ash
sampling nearby the volcano or within the university campuses (e.g., Sakura-Jima,
Japan). Only one sample, the Kasatochi volcanic ash sample used in Chapter III, was
collected from a fishing boat, which entered the heavy volcanic ashfall region in
northeast Pacific around 13 km distant from the volcano. The sampling sites vary from a
few kilometers to more than a hundred kilometers from the volcanic source. The samples
were stored in plastic bags, and any contact with metal-bearing material was avoided
(e.g., metal-sieves).

In addition to volcanic ash samples, a dust sample was used for comparison of the
nutrient from volcanic ash and mineral dust. The mineral dust sample was provided by
Dr. Maija Heller (IFM-GEOMAR). The dust sample was collected from the loess
deposits in Calhua (Fig. 12) located in the northwestern part of the Cape Verdean island
of Sao Vicente (16.9°N, 24.9°W) on July 2007. The loess deposits are composed of
aerosols transported from arid regions in North African deserts (e.g., Mali, Niger, Chad
and southern Algeria), which are transported by the west African trade winds. The dust
sample was sieved through 100 um plastic filters and stored in plastic bags. Based on the
elemental analyses (Heller and Croot, 2011) the dust sample consists of silt from the

Sahara desert.
Analytical Methods

Trace metal release measurements by stripping voltammetry

Seawater release of iron, zinc and copper were determined by electrochemical
analyses by means of stripping voltammetry based on (Croot and Johansson, 2000;
Duggen et al., 2007), under clean laboratory conditions with a hanging mercury drop
electrode, a Metrohm VA757 at IFM-GEOMAR (Fig. 13). Voltametric method allows
determination of specific ionic species of concentrations as low as 10" mol/l (Croot and
Johansson, 2000). Iron-release measurements were done by Cathodic Stripping

Voltammetry (CSV), while zinc and copper measurements were done by Anodic
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Stripping Voltammetry (ASV).

The measurements were conducted in situ in seawater by mixing defined
quantities of sample (~50 mg) and natural seawater (~20 ml) following the method
previously applied by (Duggen et al., 2007) for the trace-metal release from volcanic ash.
The ash samples were unsieved representing the dissolution of a natural sample. The
mass (mg) to solute (ml) ratio is 1:400 mimics the deposition of centimeter-to decimeter-
scale ash layers in the ocean, which are frequently found in the marine sediments (Straub

and Schmincke, 1998).

Figure 13: The author doing voltammetric trace-metal measurements in the clean

laboratory at the west-shore campus of [IFM-GEOMAR.

The seawater used for the experiments was retrieved during the Meteor cruise
M68-3 in the Eastern Equatorial Atlantic, filtered with 0.2 pm membranes immediately
after collection and stored in an acid-cleaned polyethylene carboy. Other containers used
during the experiment were made of cleaned quartz glass or polytetrafluoroethylene. The
pH of the natural seawater is buffered at pH 8 by adding 200 pl of 1 M EPPS pH-buffer
(4-(2-hydroxyethyl)piprazine-1-propanesulfonic acid) to 20 ml seawater. The solution-pH
chosen for the experiments mimic the dissolution of trace-metals under seawater
conditions through dry deposition process, which is considered the globally dominant

deposition process for atmospheric dust particles (Jickells and Spokes, 2001).
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Labile Fe measurements were performed by using an established CSV-method
using a competing ligand (Croot and Johansson, 2000). Dissolved Fe in oxic seawater
precipitates quickly through oxidation of more soluble Fe (II) to poorly soluble Fe (III)
(Millero and Sotolongo, 1989). Prior to measurements, a competing ligand TAC (2-(2-
Thiazolylazo)-p-cresol) was added to seawater to avoid adsorption of the released Fe
(Boyd et al., 2000). 20 ml of Atlantic seawater were mixed with 20 pl of 10 nM TAC
ligand and 200 pl of IM EPPS. The release of Fe from the Cape Verde dust sample was
determined in the same way to allow direct comparison with the volcanic ash data.

The samples are added into seawater in a polyethylene voltametric cell-cup. Prior
to the mixing of volcanic ash and the seawater, the background concentrations of the
seawater were measured by three blank measurements. After addition of the samples into
the seawater (t,), the concentrations were measured every few minutes (t,) during the 60
minutes contact with seawater, to test the rapid impact of a volcanic ash fall in seawater.
Background concentrations were subtracted from the concentrations after the sample
addition. Trace-metal release after sample addition were later converted into release in
nanomoles per gram of ash (nmol/g). The sensitivity of analyses was referred from repeat

measurements.

Macro-nutrient release from volcanic ash by Agitation experiments

The release of NO3_ , NH 4+, NOZ_, PO 43_ and SiO, were examined by means of

leaching experiments. One gram of unsieved ash sample was mixed with 50 ml low-
nutrient seawater (nutrient <1 umol/l) from Ocean Scientific International. The solution
is prepared in 60 ml Nalgene polyprophylene (PP) plastic bottles, and shaked gently for
about twenty minutes. After agitation times of one hour and twenty hours (for selected
samples), the particulate material was separated from the seawater by filtering through a
5 um mesh PTFE filter (Sartorius). Macro-nutrient concentrations in the seawater were
measured by standard routine photometry at IFM-GEOMAR. Measurements with the
dust sample followed by the same methodology used for volcanic ash for direct
comparison. The measured concentrations of dissolved macro-nutrients (in pM/L) were

converted to nanomoles per gram of ash and dust (nmol/g ash, nmol/ g dust).
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Analyses of volcanic glass composition by means of electron microprobe

The major elemental compositions of the glass shards (or the matrix glass) of
volcanic ash samples were determined by electron microprobe analysis by a JEOL-JXA-
8200, at IFM-GEOMAR (Fig. 14). For the measurements, a ~10 mg sub-sample of
volcanic ash sample was sieved to 32-125 pm size using de-ionized (DI) water. The ash
particles were mounted on a tray with resin, polished and analyzed with a beam current of
6 nA and a beam size of 5 um. Element compositions were calibrated by the standards
with different glass compositions, i.e. LIPARI for basaltic samples, VGA99 for andesitic
samples and RHYO for rhyolitic samples. Average glass composition of a sample were
inferred from ~25 individual measurement points on the ash particles. The chemical
composition of the glass (or the matrix) were tested by Energy Dispersive X-ray (EDX)

analyses.

Figure 14: Picture of the electron microprobe used for volcanic glass composition

determination at the east-shore campus of [IFM-GEOMAR.

Bulk composition analyses of volcanic ash and Cape Verdean loess by means of
inductively coupled plasma spectrometry

Bulk (total) element-contents of the volcanic ash samples and the dust sample
were determined by inductively coupled plasma spectrometry at the Institute of
Geosciences at the University of Kiel. Approximately 100 mg of volcanic ash and the

loess sample(s) were weighed into perfluoralkoxy (PFA) vials and digested using a multi-
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step table-top procedure with hydrofluoric acid, aqua regia, and perchloric acid. Fe-
content (in wt.%) was determined by inductively coupled plasma-optical emission
spectrometry (ICP-OES) using a Spectro Ciros SOP instrument. SiO, content of the
Saharan loess sample was referred from the lithium tetraborate fusion analyses (digestion
with 0.5 % tartaric acid and 4% nitric acid) in ITS Testing Services (UK). Concentrations
were measured by ICP-OES analyses. Zn, Cu, Pb and Cd contents (in ppm) of the digest
solutions were performed by ICP-mass spectrometry (ICP-MS) using an Agilent 7500cs
instrument. Analytical quality routines involved the preparation and analysis of
procedural blanks, sample duplicates, and international certified reference materials
BHVO-2, JR-1, BR measured as unknowns. Analytical error as estimated from replicate
measurements was better than 2 % RSD for Zn, Cu, Pb and Cd and below 1 % RSD for
Fe. Details of analytical procedures can be found in (Garbe-Schonberg, 1993).
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Abstract. Iron is a key micronutrient for phytoplankton
growth in the surface ocean. Yet the significance of vol-
canism for the marine biogeochemical iron-cycle is poorly
constrained. Recent studies, however, suggest that offshore
deposition of airborne ash from volcanic eruptions is a way to
inject significant amounts of bio-available iron into the sur-
face ocean. Volcanic ash may be transported up to several
tens of kilometers high into the atmosphere during large-
scale eruptions and fine ash may stay aloft for days to
weeks, thereby reaching even the remotest and most iron-
starved oceanic regions. Scientific ocean drilling demon-
strates that volcanic ash layers and dispersed ash particles
are frequently found in marine sediments and that therefore
volcanic ash deposition and iron-injection into the oceans
took place throughout much of the Earth’s history. Natu-
ral evidence and the data now available from geochemical
and biological experiments and satellite techniques suggest
that volcanic ash is a so far underestimated source for iron
in the surface ocean, possibly of similar importance as aeo-
lian dust. Here we summarise the development of and the
knowledge in this fairly young research field. The paper

Correspondence to: S. Duggen
BY (svend_duggen@skoleforeningen.de)

covers a wide range of chemical and biological issues and
we make recommendations for future directions in these ar-
eas. The review paper may thus be helpful to improve our
understanding of the role of volcanic ash for the marine bio-
geochemical iron-cycle, marine primary productivity and the
ocean-atmosphere exchange of CO; and other gases relevant
for climate in the Earth’s history.

1 Introduction
1.1 Purpose and structure of the review paper

It is widely recognised that soils formed on volcanic mate-
rials are highly fertile (Schmincke, 2004). This is due to
the relative ease with which a range of macro- and micro-
nutrients are released from the silicate glass and minerals
upon weathering. In contrast, the fertilising potential of
tephra for the marine environment is not well understood.
There is, however, evidence from ocean sediment cores that
large amounts of volcanic ash (tephra with size less than
2mm) produced during explosive events can enter the ma-
rine environment. Volcanic ash plumes can travel consider-
able distance before the ash is being deposited onto the sur-
face of open oceanic regions (Fig. 1). Whilst the process

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Fig. 1. NASA satellite images of eruptions of the volcanoes Chaiten
in Southern Chile in 2008 and Etna on Sicily in 2002. The pictures
illustrate seaward transport and offshore deposition of volcanic ash
(eastward in the Atlantic sector of the Southern Ocean for Chaiten
and southward into the Central Mediterranean Sea for Etna vol-
cano). Depending on composition the colour of the volcanic ash
visible from space ranges from white (e.g. Chaiten) to brown (e.g.
Etna).

is somewhat similar to mineral dust deposition, only a few
recent studies have attempted to describe the effect that ash
addition may have on the ocean nutrient budget, marine pri-
mary productivity (MPP), biological carbon pump and cli-
mate (Olgun et al., 2010; Duggen et al., 2007; Jones and
Gislason, 2008; Frogner et al., 2001; Langmann et al., 2010).
Laboratory and field investigations suggest that, through the
addition of key micronutrients such as Fe, volcanic ash depo-
sition over the ocean may repeatedly have been responsible
or at least involved in climate forcing mechanisms through-
out the Earth’s history (Jicha et al., 2009; Cather et al., 2009;
Bay et al., 2004, 2006; Bains et al., 2000).

The purpose of this review is to critically summarise our
current knowledge on surface ocean fertilisation in relation
to volcanic ash input. We briefly outline this young research
field from a historic perspective, thereby showing how ideas
and complexity developed. Milestones and problems in im-
proving our understanding of this subject are highlighted and
we try to draw the reader’s attention to key future research
questions. The first sections provide a general introduction
to the field and are followed by a more in-depth discussion
on various physico-chemical and biological aspects linked
to volcanic ash-ocean surface interaction. We hope that this
contribution will provide the ground for developing future
interdisciplinary research activities involving both the Earth
and Ocean science communities.

1.2 Giving birth to a new interdisciplinary research
focus — overview from a historical perspective

More than 70 years ago, Gran (1931) and Harvey (1937) sug-
gested that the lack of Fe in surface oceanic areas receiving
little continental inputs is a limiting factor to phytoplankton
growth and thus marine primary productivity (MPP) (Gran,
1931; Harvey, 1937). It is only in the late 80s that ship-based
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experiments in the subarctic North Pacific ocean confirmed
this idea (Martin and Fitzwater, 1988). Since then, the role of
artificial and natural Fe sources or inputs in influencing the
surface ocean nutrient budget, MPP, biological carbon pump
and atmosphere-ocean exchange in oceanic regions has been
a very active research area, involving a range of laboratory,
mesocosm and field studies (Blain et al., 2007; Martin et al.,
1990; Boyd et al., 2000, 2004; Cooper et al., 1996; Coale et
al., 1996, 2004; Behrenfeld et al., 1996).

Although Fe concentrations are very low (<1 nM) in vast
areas of the surface ocean (De Baar and De Jong, 2001)
(Fig. 2), the effect of Fe-fertilisation on MPP varies across
regions. Artificial and natural inputs of Fe are particu-
larly relevant for biogeochemical cycles in high-nutrient low-
chlorophyll (HNLC) oceanic areas, which have plenty of
macro-nutrients, such as nitrate and phosphate but are Fe-
limited. In these areas, the addition of minor amounts of Fe
to surface waters can trigger large phytoplankton blooms and
MPP increase. In other parts of the ocean, where the levels of
both macro- and micro-nutrients (e.g. Fe) are relatively low
(Low-Nutrient Low-Chlorophyll (LNLC) or oligotrophic ar-
eas such as the subtropical ocean gyres), additional Fe alone
is unlikely to have the same immediate biological effects as
in HNLC areas. In open oceanic regions with relatively low
fixed nitrogen concentrations (e.g. nitrate), however, Fe can
control rates of nitrogen fixation (partly in connection with
phosphate) (Mills et al., 2004; Morel et al., 2004).

Spirakis (1991) was the first author who envisaged the po-
tential for volcanic ash to influence the marine biogeochem-
ical Fe-cycle. In his abstract, Spirakis hypothesised that vol-
canic ash can deliver bio-available Fe to the ocean in the
same way as mineral dust does, and that increases in MPP
following ash deposition should be detectable by monitoring
the ocean colour from space (Spirakis, 1991). Mt. Pinatubo
volcano, Philippines, erupted about at the same time, and
Sarmiento suggested that the observed relative drawdown of
atmospheric CO» in the Northern Hemisphere following this
eruption was the result of increased MPP fertilisation due
to Fe-fertilisation of the Southern Ocean by Pinatubo ash
(Sarmiento, 1993). Unfortunately, satellite-derived ocean
colour images were not available at that time to verify this
idea. In a subsequent paper, Watson suggested that the atmo-
spheric oxygen pulse detected in the Southern Hemisphere
ocean following the 1991 eruption of Mt. Pinatubo (Keel-
ing et al., 1996) was a consequence of ash addition to the
Fe-limited Southern Ocean, a major HNLC area (Watson,
1997). Cather et al. (2009) show, using a plot of the de-
velopment of atmospheric CO; in the period of 1958-1997,
that two of the four largest eruptions in this period (Agung
in 1963 and Pinatubo in 1991) were followed by a pro-
nounced atmospheric CO;-drawdown. Watson (1997) em-
phasised that large-scale Fe-fertilisation by volcanic ash may
also have longer term effects, on the order of thousands of
years, through changes in the inorganic to organic carbon
rain ratio associated with a diatom phytoplankton bloom. In
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order to link oceanic Fe-addition to C-cycles, Watson used
the C:Fe ratio of diatom phytoplankton observed in iron-
limited areas, which is on the order of 10°. This large num-
ber stresses that even relatively small amounts of iron added
to the surface ocean may have a strong impact on the MPP
and C-cycles. Bains et al. (2000) and Jicha et al. (2009)
took the ash fertilisation hypothesis further by suggesting
that intense volcanism in the past contributed to the termi-
nation of global warmth at the Paleocene/Eocene boundary
and global cooling at the Eocene/Oligocene boundary. This
implies that surface ocean Fe-fertilisation by volcanic ash
might be among the essential processes shaping the Earth’s
climate history. More recently, Bay et al. (2004) and Bay et
al. (2006) provided statistical evidence from ice core data for
a causal connection between volcanism and millennial cli-
mate change. Unclear, however, is whether volcanism caused
climate change (e.g. through increased Fe supply to large sur-
face ocean areas) or, vice versa, climate change rapidly influ-
enced volcanic activity (e.g. through sea level change causing
changing pressure conditions in magma chambers of coastal
volcanoes).

It had long been known that leaching of fresh ash (ash
which has not been exposed to rain water) with near-neutral
pH water results in the mobilisation of soluble salts present
on the ash surface (Witham et al., 2005). The first experimen-
tal test, however, specifically dedicated to assessing the sea-
water solubility of Fe and other macro- and micro-nutrients
in volcanic ash was carried out only recently (Frogner et al.,
2000,2001). Using ash from the 1991 eruption of Hekla, Ice-
land, these authors demonstrated that an array of macro- and
micro-nutrients relevant to phytoplankton, including P, Si,
Fe, and various trace metals were readily released upon expo-
sure of the ash material to seawater. Importantly, most of the
nutrient release occurred within ~45 min of contact time im-
plying that a significant fraction is released in the sun-lit sur-
face ocean where algae can thrive on it. These results added
more credence to the suggestion that volcanic ash can fer-
tilise the ocean, and hence influence MPP in certain oceanic
areas. A more comprehensive study on the potential role of
volcanic ash in influencing the surface ocean biogeochemical
iron-cycle was presented by Duggen et al. (2007). The results
of time-dependent solubility experiments with Antarctic sea-
water and five ash samples from three subduction zone volca-
noes (Arenal in Costa Rica; Mt. Spurr in Alaska and Sakura-
jima in Japan) demonstrated a rapid (minute-scale) release
of iron along with several other nutrients. The ash materials
studied were from subduction zone-related volcanoes (SZV),
which are more likely to generate large and far-reaching ash
eruptive plumes than volcanoes from hot-spot zones. Bulk
(i.e. unsieved) ash was used in all experiments, and an iron-
complexing organic ligand was added to the Antarctic seawa-
ter, mimicking the presence of siderophores in natural sur-
face ocean water. Duggen et al.’s data showed that signifi-
cant amounts of iron (on the order of several tenths to hun-
dred nmol per gram of ash) can be released from the ash at
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Fig. 2. World map showing surface ocean iron-concentrations, loca-
tions of iron-limited (HNLC) regions and subaerially active volca-
noes in subduction zones and other tectonic settings. Data sources
are: Surface ocean iron-concentrations (Parekh et al., 2005), loca-
tion of volcanoes (Sigurdsson et al., 2000).

time-scales matching those required for the ash particles to
sink through the sunlit part of the surface ocean where phy-
toplankton thrives (the euphotic zone) (Fig. 3). The source
of this soluble and rapidly delivered iron is believed to be the
sulphate and halide salts deposited onto the surface of ash
particles. These probably occur as thin (<10 nm) coatings
on the ash and are formed during interaction of the ash and
gas materials within the volcanic eruption plume (Delmelle
et al., 2007) (Fig. 4).

Another geochemical study examined the release of bio-
logically relevant elements, including iron, upon exposure
of volcanic ash to seawater and ultra-pure water (Jones and
Gislason, 2008) by means of flow-through experiments. The
ash samples (sieved to 45-125 um size) used in this study
were mainly from subduction zone volcanoes (Galeras in
Columbia; Lascar in Chile; Soufriere Hills on Montserrat;
Mt. St. Helens in the USA; Sakura-jima in Japan; Santiaguito
in Guatemala) but one was from the Iceland hotspot (Hekla
volcano). The study confirms that airborne volcanic ash re-
leases significant amounts of iron on contact with water. In-
terestingly, Jones and Gislasson (2008) also measured a large
but transient reduction in pH (up to ~4 pH units) of the wa-
ter immediately after contact with the ash, although this did
not occur with all samples. As discussed in details below
this effect of the ash on pH bears important implications for
the oceanic iron-cycling. First, despite the pH-buffering ca-
pability of the surface ocean, a temporary drop in pH can
potentially occur in marine ash fall-out areas with high ash-
loadings, e.g. in the vicinity of a volcano, thereby affect-
ing surface ocean iron solubility (direct pH effect). Second,
an increase in the acidity of fog and cloud water in contact
with airborne ash may promote iron leaching from the sili-
cate glass and mineral components of the ash material. The
amount of iron added to the ocean surface through volcanic
ash may thus vary depending on the predominant deposition
process (wet or dry) (Fig. 3).

More recently, Olgun et al. (2010) presented an extended
set of data demonstrating the release of soluble iron from
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airborne volcanic ash. Data for geochemical experiments
with forty pristine ash samples from fourteen subduction
zone and two hotspot volcanoes confirm that ash from volca-
noes in different tectonic settings release significant amount
of iron on contact with seawater. The study also includes
aeolian dust samples and suggests that, for dry deposition,
the iron release behaviour of the two atmospheric sources is
comparable (35-340 nmol Fe/g ash and 20-200 nmol/g dust
during the first hour of contact with seawater). The role of
wet deposition (involving the interaction with fog or cloud
water prior to deposition into the surface ocean) for the solu-
ble iron-release from volcanic ash and aeolian dust, however,
remains to be investigated. As outlined in the discussion be-
low the Fe-release behaviour of volcanic ash is likely to be
higher for wet compared to dry deposition.

In their experiments, Duggen et al. (2007) also measured
the biological response of phytoplankton to ash in contact
with seawater. The bio-incubation tests were performed un-
der iron-limited conditions with an Antarctic diatom species
(Chaetoceros dichaeta), typically found in phytoplankton as-
semblages in the iron-limited (HNLC) Southern Ocean. Two
key biological parameters, namely chlorophyll a (Chl-a)
concentration (as a proxy of biomass) and the photosynthetic
efficiency (as a measure of the efficiency with which algae
use sunlight for photosynthesis) were monitored during 18
days. Both the Chl-a and photosynthetic efficiency were sig-
nificantly higher when the diatoms grew in the ash-fertilised
seawater. For the first time, this study demonstrated that ash-
derived iron can boost phytoplankton growth in iron-limited
oceanic areas. However, Duggen et al. (2007) stressed that
volcanic ash in contact with seawater also releases metals
such as copper and zinc that may be toxic to phytoplank-
ton. Assessment of the relative importance of these ele-
ments in mitigating the positive effect of volcanic iron re-
quires further investigations. Recent unpublished works con-
ducted with different phytoplankton species, representative
of other oceanic regions, also reveal that the biological re-
sponse to volcanic ash addition differs with the species con-
sidered (L. Hoffmann, personal communication, 2008).

Scientists interested in the potential for volcanic ash to
act as fertiliser for oceanic phytoplankton growth are also
searching for natural evidence. Since 1997, satellite-borne
detectors such as MODIS (Moderate-Resolution Imaging
Spectraradiometer) and SeaWiFS (Sea-viewing Wide Field-
of-View Sensor) have provided true colour images of the sur-
faces of the oceans on a daily basis. These data can be used
to retrieve bio-optical parameters such as Chl-a (see sum-
mary of satellite techniques in Langmann et al., 2010). Us-
ing SeaWIFS images, Uematsu et al. (2004) argued that the
plume produced by the powerful 2000 eruption of Miyake-
jima volcano, ~200km offshore Japan, instigated a rise in
surface ocean Chl-a levels in the oligotrophic area down-
wind of the source (Uematsu et al., 2004). However, in this
case, the inferred increase in MPP was primarily linked to in-
puts of ammonium-sulphate aerosols present in the volcanic
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cloud. By combining MODIS and SeaWIFS data, Duggen
et al. (2007) noticed that the large (ca. 160 kmx 140km)
greenish-blue discolouration repeatedly observed in the olig-
otrophic water in the vicinity of the active Soufriere Hills
volcano, Montserrat (Lesser Antilles) was associated with
significant increases in Chl-a levels. This was tentatively at-
tributed to increased phytoplankton growth due to frequent
ash addition. However, mineral dust both airborne or sus-
pended in surface ocean water may also affect the satellite-
derived image colour, and this may be misinterpreted for an
increase in Chl-a, or may add a pseudo-Chl signal to a true
Chl-signal. Further, it is unclear whether the alleged phyto-
plankton bloom near Montserrat was due to iron release fol-
lowing ash input, deposition of N-rich salt aerosols, or both.
Noticeably, data from seawater samples collected during a
cruise east of Sicily in the ash fall-out area of the large-scale
2001 eruption of Etna volcano (see Fig. 1) showed strongly
increased concentrations of dissolved iron (up to several hun-
dred nM) and other trace metals that are reported to be linked
to enhanced Chl-a levels (Randazzo et al., 2009). In a more
recent contribution, Langmann et al. (2010) provided new
satellite-based evidence that volcanic ash fall-out can be a
significant source of available iron in HNLC areas. These
authors argue that the ash from the Kasatochi volcano in the
Aleutian subduction zone caused a large-scale phytoplank-
ton bloom in August 2008 in the northeast subarctic Pacific.
The bloom started several days after the onset of ash depo-
sition over the surface ocean. Convincingly, the area studied
corresponds to that where biological experiments were con-
ducted to demonstrate the so-called iron fertilisation hypoth-
esis (Martin and Fitzwater, 1988).

Jones and Gislason (2008) drew attention to the problem
posed by ageing of the ash, even when the sample is stored in
dry conditions. Apparently, ash ageing leads to a decrease in
the amounts of elements that can be mobilised from ash. New
data determined on a large number of ash samples originating
from subduction zone volcanoes seems to support this theory
(Olgun et al., 2010). The decay appears to affect samples
more than a few years old. Clearly, this issue will have to be
taken into consideration for future flux estimates of iron to
the surface ocean, both on a regional, short-term scale (e.g.
during single major eruptions) or on a basin-wide long-term
scale (e.g. for an oceanic basin over geological timescales).

Estimates of the flux of iron from volcanic ash to the sur-
face ocean are necessary to improve our understanding of
the role of volcanic ash for the oceanic iron-cycle. Based
on iron-release data, Duggen et al. (2007) calculated that
the deposition of 1 mm of subduction zone-related ash over
the ocean may raise the surface ocean iron concentrations
by a few nM. Such input would be enough to cause sig-
nificant MPP response in an iron-limited (HNLC) oceanic
area, as >2nM Fe-increase were shown in mesoscale iron-
enrichment experiments to be sufficient to stimulate a mas-
sive phytoplankton bloom (Wells, 2003). Further, deep
oceanic sediments, including those in iron-limited HNLC
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areas, contain ash layers with thickness on the mm-, dm- and
even up to the meter-scale (Straub and Schmincke, 1998).
Thus, heavy volcanic ash fall may swamp the surface of the
ocean with iron, at least within the ash fall-out area. In
such case, iron fertilisation may extend outside the ash fall-
out area, as oceanic currents can transport iron-fertilised sur-
face ocean waters far away from the site of iron-injection.
However, it remains unclear how much of the iron added by
a single major eruption remains in solution and in a bio-
available form. As discussed in more detail below, this
strongly depends on iron speciation and on the presence of
iron-complexing organic ligands.

Olgun et al. (2010) provided estimates of the flux of iron
linked to the dry deposition of volcanic ash into the surface
ocean. In their study the authors consider two endmember-
scenarios: 1) the effect within the ash-fall out area of a single
major volcanic eruption and 2) the flux of iron from subduc-
tion and hotspot volcanic ash into the entire Pacific surface
ocean over geological time-scales. The study demonstrates
that a single major eruption can have a significant impact on
the surface coastal and open ocean iron budget and may be
able to raise iron-concentrations by up to several tenths or
hundreds of nM. The basin-wide flux estimate suggests that
the flux of iron from volcanic ash into the Pacific surface
ocean is within the same order of magnitude as the flux of
iron from aeolian dust. The study also compares deposition
patterns of the two atmospheric iron sources into the Pacific
surface ocean and stresses that their relative importance in
a given area of the Pacific depends strongly on the short- to
long-term temporal and spatial distribution patterns. It thus
appears that volcanic ash is a major and hitherto underesti-
mated component in the millennial-scale atmospheric input
of iron to the surface ocean. This holds particularly for the
Pacific Ocean that covers about half of the Earth’s surface,
hosts about 70% of the iron-limited, HNLC oceanic areas
and is surrounded by a ring of explosive subaerial volcanoes
(the so-called Pacific Ring of Fire).

Finally, it is worth noting that input of volcanic ash carry-
ing soluble iron may also be mediated through the melting of
ice that received ash fall. A recent piston core study of sedi-
ments in the Atlantic sector of the Southern Ocean suggests
that ash which fell on sea ice was subsequently transported
more than 1000 km away from the site of deposition (Nielsen
et al., 2007). If the ash deposited in sea ice has maintained
its full potential to release soluble and bio-available iron, nat-
ural iron addition during ice melting may occur in the open
ocean far away from the ash fall-out area of the volcano.

2 What is volcanic ash?
Freshly erupted volcanic ash (pristine or juvenile ash) is dif-
ferent from “fossil ash” and aeolian dust. The surfaces of

pristine ash particles were argued to host soluble salts that
may contain iron and were formed through gas-particle in-
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teraction in the plume of volcanic eruptions (see Delmelle
et al., 2007; Duggen et al., 2007; Jones and Gislason, 2008;
Frogner et al., 2001 for discussion) (Fig. 4). Fossil volcanic
ash, on the other hand, is ash that has been deposited on land
and was subject to hydrological and soil processing, which
effectively removed any soluble salts attached to the surface
of ash particles. Fossil ash particles may be remobilised by
wind and become a component of the aeolian mineral dust
load but in general, the readily soluble salts adsorbed onto
pristine ash are washed away during exposure to meteoric
water. Therefore, fossil ash does not exhibit the same be-
haviour as pristine ash when exposed to water.

Volcanic ash is produced by a variety of volcanic processes
such as bubble burst due to gas expansion in the magma,
magma rupture at high shear rates, abrasion from friction
and collision (e.g. during an explosive eruption), magma-
water interaction at crustal depth and crystal disintegration,
and can be emitted by both subaerial and submarine volcanic
eruptions. A general term for fragmented volcanic mate-
rial is “tephra”, the classification of which is based on the
grain size, distinguishing three main types: 1) ash (particles
below 2mm down to the micrometer-scale), 2) lapilli (2—
64 mm), and 3) bombs and blocks (>64 mm) (Schmincke,
2004; Fisher and Schmincke, 1984). Here we focus on the
significance of airborne volcanic ash that may reach the sur-
face ocean through atmospheric transport following explo-
sive subaerial eruptions.

The atmospheric dispersal of airborne volcanic ash is gov-
erned by the type and magnitude of the volcanic eruption
(e.g. Strombolian, Hawaiian, Plinian etc.), wind direction
and size and density of the ash particles (Fig. 3). Sedi-
mentation of airborne ash particles from the volcanic erup-
tion plume depends on settling velocity, which in turn, de-
pends on density and particle diameter. In general, maxi-
mum particle size and grain size distribution decreases with
distance from the volcanic source (Walker and Croasdale,
1972). However, sorting is rarely perfect since fine parti-
cles commonly aggregate (e.g. through electrostatic forces
and under the effect of moisture) and are deposited together
with larger particles. The median diameter of ash particles in
deep oceanic sediments usually varies between 125 to 63 um
and smaller (Pedersen and Surlyk, 1977). Volcanic fine ash
with a particle size smaller than 15 ym can have a lifetime of
days to weeks in the stratosphere (Niemeier et al., 2009).

The chemical composition of airborne volcanic ash ranges
from mafic (relatively high MgO and FeO but low SiO, con-
tents) to silicic (relatively low MgO and FeO but higher
SiO7). The bulk composition of volcanic ash is defined by
the proportions and compositions of individual vitric frag-
ments (glass shards, pumice), pyrogenic minerals, lithic par-
ticles (pieces of pre-existing rocks) and salt coatings (Fisher
and Schmincke, 1984; Oskarsson, 1981; Delmelle et al.,
2007). Glass shards usually dominate explosive magmatic
eruptions; this material represents quenched magma frag-
ments and has angular and irregular shapes (Fig. 4) (Fisher
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and Schmincke, 1984). The FeO content of volcanic glass
particles found in ash may range from below 1% in felsic
to well above 10 wt. % in mafic compositions (Schmincke,
2004). Pyrogenic minerals are crystals precipitated in the
magma prior to the eruption and consist mainly of silicate
and oxide minerals such as amphibole, biotite, feldspar,
olivine, pyroxene, quartz and Fe-Ti-oxides, depending on
the chemistry of the magma. Minerals are more abundant
in the grain size range ~2mm to 63 ym and are generally
absent below 10 um, whereas glass shards can be micromet-
ric in size. Lithic particles include pieces of old volcanic
rocks and/or the subvolcanic basement rock; the latter being
of any crustal origin (Fisher and Schmincke, 1984). Silicic
ash is more widespread than its mafic counterpart. This is
due to (i) a generally greater explosivity of SiO,-rich, high-
viscosity magmas, although there are records of large-scale
explosive basaltic eruptions (Schmincke, 2004), and (ii) be-
cause SiOz-poor components such as ferromagnesian min-
erals (e.g. olivine, clinopyroxene) have higher densities than
the coexisting, SiO»-rich glass and will tend to settle faster
than the glass shards (aeolian fractionation) (Larsson, 1937;
Middleton et al., 2003).

3 Processes that transfer volcanic iron into soluble and
bio-available form

There are two principal mechanisms by which iron in vol-
canic ash can be mobilised into soluble forms upon contact
with seawater and thus, become bio-available in the surface
ocean (Fig. 3): (i) dissolution of iron-containing salt coat-
ings found on the surface of ash particles in the volcanic
plume, and (ii) (partial) dissolution of the silicate glass and
silicate and non-silicate mineral components of the ash (e.g.
glass shards, crystalline igneous and non-igneous minerals,
secondary minerals formed through hydrothermal processes
prior to the eruption). Moreover, there are two principal
ways by which soluble iron can be mobilised from volcanic
ash and then be injected into the surface ocean: 1) by di-
rect mobilisation from relatively dry ash that is deposited
into seawater (dry deposition), or 2) by mobilisation from
ash through interaction with cloud water prior to entering the
surface ocean as rain (wet deposition) (Fig. 3).

The formation of iron-containing soluble salts on the sur-
face of volcanic ash relates to the interaction between the
gas, aerosol and ash materials within the eruption plume
(Delmelle et al., 2007; Rose, 1977, ()skarsson, 1980). In
contrast to some other metals, iron in magma has a low
volatility (lithophilic element). This is supported by volcanic
gas measurements that indicate little iron enrichment, if any,
in the gaseous and particulate phases emitted during magma
degassing processes and volcanic eruptions (Symonds et al.,
1987). Thus, the presence of readily soluble iron on the sur-
face of volcanic ash is more likely due to partial dissolution
of the ash through reactions with the acidic gases (i.e., mainly
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Fig. 3. Sketch displaying the possible effects of major volcanic
eruptions on the marine environment, with focus on the surface
ocean.

SO;, HCI, HF) and aerosols (i.e., H2SO4) of the plume, fol-
lowed by precipitation at the ash-liquid interface. Extremely
thin sulphate and halide deposits (<10nm) on the surface
of ash are formed by this process (Delmelle et al., 2007).
These materials may contain iron salts such as FeCl,, FeCls,
FeF,, FeF3,FeSO4-7H,0 but more complex compounds also
may exist on the ash surface. The salt coatings have been
made visible recently by microscopic methods (Fig. 4e.f)
(Delmelle et al., 2007) and are easily dissolved upon contact
of the ash with seawater or cloud water.

Silicate and non-silicate ash particles may also be able to
mobilise iron into water. Iron concentrations can range from
well below 1wt. % to well above 10 wt. % (FeO) in these
particles (and much higher for Fe-oxides), depending on their
composition. Therefore, even partial dissolution of these par-
ticles with seawater or cloud water may transfer significant
amounts of iron into solution. Volcanic glass for example,
which is a main component of volcanic ash, is metastable
and may therefore readily react with water. The rate of sil-
icate glass dissolution in the aqueous phase can be reason-
ably described in terms of pH and aluminium dependencies,
although the presence of fluoride in the system can dramati-
cally increase glass dissolution rates (Wolff-Boenisch et al.,
2004a, b; Flaathen et al., 2008). Since glass dissolution is
a relatively slow process in seawater, the fast release of iron
observed in geochemical experiments with seawater is best
explained by dissolution of iron-bearing salts occurring on
the ash surface (Olgun et al., 2010, 2010; Jones and Gis-
lason, 2008; Duggen et al., 2007). Very little, however, is
known about the mobilisation of iron from volcanic ash that
interacts with cloud water. A brief discussion of the possible
significance of wet deposition for the mobilisation of iron
from volcanic ash is presented below in Sect. 4.1.5.

www.biogeosciences.net/7/827/2010/



S. Duggen et al.: The role of airborne volcanic ash

4 Chemical behaviour of volcanic ash upon contact with
water

Constraints on the iron-mobilisation behaviour of volcanic
ash mostly are from leaching experiments, where ash is
shaken in an aqueous solution and the leachate is analysed
for its anionic and cationic contents. In order to evaluate the
full potential of ash for releasing soluble compounds upon
contact with seawater, it is necessary to use pristine ash, i.e.
ash that has not been leached by rain or melting snow. Un-
fortunately, such ash material is relatively rare since many
eruptions occur in humid regions of the world, or in remote
places. Since the release of iron and other elements in fos-
sil ash (ash washed by rain) is controlled by glass dissolu-
tion rate, this material is not suitable in studies examining
the transfer of nutrients in the euphotic zone, where the ash
spends a relatively short period of time (minutes through
hours to days, depending on particle size). The only avail-
able report providing chemical measurements of the surface
water following an ash deposition event was conducted in the
Mediteranean Sea when Mt. Etna volcano erupted in 2001.
Randazzo et al. (2009) detected a large increase in dissolved
iron concentration (up to ca. 650 nM) down to 300 m depth.
Given the difficulty posed by ash sampling, laboratory leach-
ing studies that use pristine ash materials constitute a valu-
able source of information for assessing the potential fertil-
ising effect of ash upon entry into the surface ocean.

Leaching experiments with pristine volcanic ash and
deionised and/or slightly acidic/alkaline water have been per-
formed for decades (see review by Witham et al., 2005). Ash
leaching experiments are traditionally carried out with the
aim to determine the contribution of magmatic volatile scav-
enging by ash or to assess environmental effects on the terres-
trial environment and the potential hazards to human health
and livestock. The environmental problems arising from ash
fall-out on land or into fresh water systems are mainly asso-
ciated with the release of fluoride and other toxic elements
or compounds (Witham et al., 2005; Frogner Kockum, 2006)
and references therein). Iron has gained limited attention in
such experiments, and only in the past decade that its release
by volcanic ash in contact with seawater has been investi-
gated in details (see Table 1 for an overview).

4.1 The iron-release behaviour of volcanic ash

As outlined in Table 1, so far three different laboratory ap-
proaches have been used to determine the release of iron
from volcanic ash in seawater or ultrapure water: 1) agita-
tion experiments, 2) flow-through reactor experiments and
3) experiments with iron concentrations determined in situ
in an aqueous solution. In agitation experiments, a given
amount of ash is shaken with a known volume of water. In
flow-through reactor experiments, water is slowly pumped
through a batch of ash. In both cases the resulting solution is
separated from the ash by filtration and analysed for iron and
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Fig. 4. Examples of volcanic ash and its physical properties such
as grain size distribution, shape and surface topography of the par-
ticles. The ash displayed at different magnifications is from the
2005 eruption of Galeras volcano in Columbia (a, b) and 2000 erup-
tion of Hekla volcano in Iceland (c, d). Panels e and f show AFM
images showing nodules and smooth terraces forming soluble salt
coatings at the surface of ash particles from eruptions of Soufriere
Hills volcano 1999 (Montserrat) (e) and Hekla volcano 1970 (f).
Data sources are: scanning electron microscope (SEM) images
(Jones and Gislason, 2008), atomic force microscope (AFM) im-
ages (Delmelle et al., 2007).

other elements (e.g. by ICP-AES). In in situ experiments, a
given amount of ash is added to a known volume of water
and the change in dissolved Fe-concentration in the mixture
is measured as a function of time (e.g. by electrochemical
stripping voltammetry). The amount of ash required for the
different experimental setups ranges from several grams (ag-
itation and flow-through experiments) down to several tens
of micrograms (in situ measurements).

Studies on the (sea)water solubility of iron in ash have
used different volcanic ash samples but also different ex-
perimental protocols: 1) ash samples from different volca-
noes in distinct tectonic settings (e.g. subduction zones and
hotspots), 2) sieved or non-sieved (bulk) ash samples, 3)
variable ash-to-seawater ratios, 4) different contact times be-
tween the ash and aqueous solvent, 5) a variation of the type
of the solvent (natural or artificial seawater, ultrapure water,
acidified or alkaline water), and 6) absence/presence of or-
ganic ligands.

A key result from these minute- to day-scale experiments
is that iron is always released from pristine volcanic ash
in amounts that may alter the surface ocean iron-budget
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Table 1. Overview of the iron-release behaviour of pristine (unhydrated or dry) volcanic ash from geochemical (leaching) experiments in the

literature.
Reference Method Duration of the Number and type Particle size Ash/solute Solute Fe-release
experiment of ash sample(s) fraction ratio (nmol Fe/g
(g/ml) ash)
(Fruchter et al., Agitation lh 9 samples from unsieved 1:10 Distilled 0.9-315.2
1980) (10 min. stirring 1 SZ volcano water
followed by (quantities
resting) (Mt. St. Helens, not
1980) mentioned,
only the
ratio!)
(Taylor and Agitation 4 h in column 4 samples from unsieved 1:0.58 Deionised 0.2-0.4
Lichte, 1980) 1 SZ volcano water
(172 g ash
(Mt.St Helens and 100 ml
1980) solvent)
(Nehring and Agitation 1 h stirring 4 samples from unsieved 1:2.5 Triply 0.2-13.9
Johnston, 1981) 1 SZ volcano distilled water
(20 g ash, 50
(Mt.St Helens ml solvent)
1980)
(McKnight et Flow-through 9h,12h,14h in 2 samples from unsieved 1: 1.25 WC medium <0.2
al., 1981) columns columns 1 SZ volcano 1: 0.87
followed by
elution (Mt.St Helens (15-20 g ash,
1980) 50-70 ml
solvent)
(Smith et al., Agitation 1 h shaking 30 samples from 850-106 pm 1:4 Distilled- 2.0-401.1
1982) followed by 3 SZ volcanoes and 106 pm deionized
resting overnight after (5 gash, 20 water
(Fuego 1974, 13 crushing ml solvent)
samples; Fuego HCI solution 0.7-458.4
1973, (pH: 3.5-4.0)
5 samples;
Pacaya 1974, 0.05 M 12.9-71.6
7 samples; sodium
Santiaguita 1967, 1 carbonate and
sample; Santiaguita bicarbonate
1976, 1975, (pH=9.9)
4 samples)
(Smith et al., Agitation 1 h agitation 19 samples from unsieved 1:4 Distilled- <0.1-8.6
1983) followed by 1 SZ volcano deionized
resting overnight (5 gash, 20 water
(Mt.St. Helens, ml solvent)
1980) HCI solution <0.1-93.1
(pH: 3.5-4.0)
(1 week
for the carbonate 0.05M 5.6-34.4
solution) sodium
carbonate and
bicarbonte
(pH:9.9)
(Cimino and Agitation 24 h Fresh lava ash 0.1-0.3 mm 1:10 Doubly <0.1-268.6
Toscano, 1998) 1:33 distilled water
(Mt. Etna, 1996) 1:500
1:1,000
(1,2,30,100
gash, 1 L
solvent)
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Table 1. Continued.
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Reference Method Duration of the Number and type Particle size Ash/solute Solute Fe-release
experiment of ash sample(s) fraction ratio (nmol Fe/g
(g/ml) ash)
(Christenson, Agitation 15 min. agitation 22 samples from unsieved 1:10 Distilled- 17.9 -
2000) followed by 1 SZ volcano (10 g ash, deionised 1,504
resting overnight 100 g water) water,
(Mt. Ruapehu 1995, then heated
1996) to 60°C
(de Hoog et al., Agitation 4h 8 samples from unsieved 1:80 DI water 1,000 -
2001) 1 SZ volcano (0.5 g ash, 40 23,000
ml solvent)
(Galunggung, 1982) IM HNO; 200,000 -
1,500,000
(Frogner et al., Flow-through Solute sampled 1 sample from 45-74 pm 1:8 Artificial 39,000
2001) reactor every ca. 45 min. 1 HS volcano seawater within 45
Total duration 8 (5 g ash, 40 min.
h. (Hekla, 2000) ml solvent) North Atlantic 37,000
seawater within 45
min.
(Duggen et al., In situ by Up to 1 h with 5 samples from unsieved 1:400 Antarctic 18.4-72.4
2007) stripping measurements 3 SZ volcanoes (50 mg ash, seawater after 1 h
voltammetry every several 20 ml
minutes. (Sakura-Jima seawater)
1986,1987,1999 3
samples; Mt. Spurr
1991, 1 sample;
Arenal 1993, 1
sample)
One experiment 135.4
with 15 h Arenal after 15h
1 sample
(Jones and Flow-through Solute sampled 3 samples from 45-125 pm 1:8 De-ionized 10-120
Gislason, 2008) reactor every ca. 45 min. 3 SZ volcanoes (DI) water (for SZVA)
Total duration 8 and 1 sample from (5 g ash, 40
h (DI water) or 1 HS volcano ml solvent) 10,900
24 h (seawater) (for HSVA)
(Galeras 2005, 1 Atlantic 20-100
sample; seawater (for SZVA)
Montserrat 2003,
1 sample; 7,100
Santiaguito 1998, for HSVA
1 sample; Southern 10 - 40
Hekla 2000, Ocean (for SZVA)
1 sample) seawater
8,900
(for HSVA)
(Olgun et al., In situ by Up to 1 h with 40 samples from 14 unsieved 1:400 Atlantic 42-336
2010) stripping measurements SZ volcanoes seawater (for SZVA)
voltammetry every several and 4 samples from (50 mg ash,
minutes. 2 HS volcanoes 20 ml 35-107
seawater) (for HSVA)

(* see below for
details)

* Sakura-Jima volcano 1986, 1987, 1999, 2007, 2009, 5 samples; Arenal 1992, 1993, 2003, 2004, 4 samples; Mt. Spurr 1992 1 sample;
Turrialba 1864, 1 sample; Rabaul-Tavurvur 2002, 2008, 3 samples; Popocatepetl 1998, 2000, 2001, 2003, 8 samples; Karymsky 2005, 10
samples; Chaiten 2008, 2 samples; Anatahan 2003, 1 sample; Merapi 2006, 1 sample; Mt. St. Helens 1980, 1 sample; Fuego 1974, 1 sample;
Telica 2000, 1 sample; Tungurahua 2000, 1 sample; Hekla 1947, 1970, 1980, 3 samples; Pu‘u‘O‘o 2005, 1 sample.
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(Table 1). Many more ash samples from volcanoes in sub-
duction zones rather than other tectonic settings have so far
been analysed. The reason obviously is that most subaeri-
ally active volcanoes are found in subduction zones (Sig-
urdsson et al., 2000) (Fig. 3) and therefore more pristine ash
sample material is available from subduction zone volcanoes
than volcanoes in other settings (e.g. hotspots). The iron-
release data available indicate that subduction zone volcanic
ash (SZVA) in general mobilises between 100-400 nmol Fe
per gram during dry deposition, apparently largely indepen-
dent of the experimental setup (but not the solvent) used. The
few iron-release data available for experiments with seawa-
ter and hotspot volcanic ash (HSVA) samples shows much
larger scatter, ranging from around 35—-107 nmol Fe/g ash (in
in situ experiments determined by stripping voltammetry) to
between 7100-39 000 nmol Fe/g ash (in flow-through reactor
experiments followed by ICP-AES analysis) (Table 1). Of
note, ash material tends to release significantly more iron
upon contact with acidified water than with seawater (e.g. up
to 1500000 nmol Fe/g Galunggung ash in contact with 1M
HNO3, Table 1). These data suggest a higher potential for
iron mobilisation when the ash is deposited via processes in-
volving fog or cloud water rather than dry deposition into the
surface ocean.

4.1.1 Decay of soluble salt coatings? — Implications for
flux estimates

Jones and Gislason (2008) recently raised concerns regarding
the stability of soluble salt coatings on ash particle surfaces.
Using the same experimental set up as Frogner et al. (2001),
they re-analysed the 2000 Hekla ash in 2007 and found sub-
stantially less iron release (ca. 7-9 ymole Fe/g ash) compared
to the value reported earlier (ca. 36 ymole Fe/g ash). The ash
used by Frogner et al. was sieved to 44—74 ym, whereas
Jones and Gislason used the 45-125 ym size fraction. The
change, however, between these two experiments are con-
sidered to be greater than the change in relative surface area
(M. Jones, personal communication, 2009), supporting the
hypothesis that soluble salt coatings may be prone to decay
on the year-scale.

Further insights into the decay of soluble salt coatings on
ash particles come from experiments with a larger number of
subduction zone volcanic ash samples (Olgun et al., 2010).
In general, older samples tend to release iron by a factor of
up to ten less than younger samples. For example, five sam-
ples from Sakura-jima volcano, collected since the mid-80s,
show a linear decrease of Fe-release with increasing age. The
Sakura-jima ash samples suggest that the Fe-mobilisation po-
tential (and thus probably element-mobilisation potential in
general) of an ash sample from a subduction zone volcano
may be reduced to about 50% after 10 years of storage and
to about 10% after ca. 20-25 years (Olgun et al., 2010).
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In summary, ageing of the ash needs to be considered care-
fully as it may affect estimates of the flux of ash-derived iron
into the marine environment. Further experiments and inves-
tigations will be useful to improve our understanding of the
reason for and the significance of ash sample decay.

4.1.2 Significance of the ash-to-seawater ratio —
proximal versus distal ash fall-out

The ash-to-seawater ratio may influence the amount of iron
released from ash to surface ocean water. As observed for
mineral dust deposition, large particle loadings may act as
a sink rather than a source for iron (e.g. Baker and Croot,
2010). Olgun et al. (2010) therefore pointed out that high
ash loadings may not necessarily lead to higher Fe-release.
As shown in Table 1, geochemical experiments examining
the release of iron in (sea)water have been performed with
different ash-to-water ratios. These range from about 1:0.5
to 1:1000, corresponding from very high to very low ash
load. No correlation between Fe-release behaviour and ash-
to-seawater ratio can be inferred based on existing data (Ta-
ble 1). The reason for a lack of a correlation, however, may
be sought in the use of different experimental setups and the
data available does thus neither support nor exclude the pos-
sibility of scavenging of soluble Fe from the surface ocean
during high particle loadings. As the effect would have im-
portant bearings on the link between volcanic ash fall-out and
surface ocean iron-cycle, systematic studies will be neces-
sary to address this issue in detail.

Since the ash flux to the ocean varies spatially and tem-
porally depending on volcanological and meteorological fac-
tors, no simple recommendation can be provided regarding
the ash-to-water ratio to be used in iron solubility determi-
nations. Variables which influence ash deposition fluxes off-
shore are: 1) the magnitude of the volcanic eruption, which
includes the erupted ash volume and the altitude to which the
ash is injected into the atmosphere (can be up to 30-50 km),
2) the ash emission rate at the source, 3) the wind speed
and direction, in combination with the density and grain size
spectrum of the ash particles, which determine how far the
particles travel before being deposited in the surface ocean,
and 4) the distance of a given surface ocean region from the
volcanic source (proximal or distal) (Fig. 3).

In general, the offshore ash load (or flux) in a given
oceanic area is high if the volcanic mass flux is high (high
volume erupted over a short period of time) during low wind
speed conditions and the oceanic area is located close to the
volcano (e.g. a proximal coastal oceanic area). The ash load
in a given location would be low the smaller the scale of the
eruption and the slower the rate of ash release, the stronger
the winds and the further the oceanic area is located away
from the volcanic source (e.g. a distal open oceanic area).
For example, the thickness of the ash layer deposited by the
1991 eruption of Mt. Pinatubo, Philippines, in the coastal re-
gion was about 10-20 cm (Wiesner et al., 2004), which (with
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a density of ca. 2.5 g/cm? and a porosity of ca. 30 %) cor-
responds to an ash load of about 2500 to 5000 g/dm?. As-
suming a 50 m mixed layer depth, i.e. if equilibrated with
a well-mixed 50 m water column, this ash load is equiva-
lent to an ash-to-water ratio of about 1:200 to 1:100. How-
ever, the ash input in coastal areas near active volcanoes
can be much larger, on the order of one meter or more (e.g.
the Toba super-eruption ca. 75 ka ago, Oppenheimer, 2002).
Evidence for the thickness of ash layers in the open ocean
comes from scientific ocean drilling, where it has been ob-
served that volcanic ash layers, even hundreds and thousands
of kilometers away from the coast can have thickness on
the millimeter-, centimeter- and decimeter-scale, occasion-
ally even up to the meter-scale (Rea et al., 1995; Kutterolf
et al., 2008). Millimeer- and meter-thick ash layers yield
an ash load of ca. 25 g/dm? and 25000 g/dm?, respectively,
which is equivalent to an ash-to-seawater ratio of 1:20000
and 1:20, assuming settling of the ash through a well-mixed
50-meter water column. Low ash-to-seawater ratios are ex-
pected for the deposition of the very fine ash fraction that
has a relatively long residence time in the atmosphere. The
amount of iron that can be released from this material, how-
ever, may be comparatively higher due to its larger surface
area to volume ratio. Most of the 1991 Pinatubo volcanic
ash was deposited in the South China Sea (Wiesner et al.,
2004) so that the hypothesized iron-fertilisation effect of the
Southern Ocean with Pinatubo ash (Sarmiento, 1993; Wat-
son, 1997) may have been associated with such very fine ash,
that had longer residence times in the atmosphere and there-
fore was able to reach the Southern Ocean (F. Prata, personal
communication, 2008).

Several authors have argued that their experiments were
designed to mimic the settling of ash through the surface
ocean (Olgun et al., 2010; Frogner et al., 2001; Jones and
Gislason, 2008; Duggen et al., 2007). As described above,
the actual ash-to-seawater ratio can vary by several orders of
magnitude. The ash-to-seawater ratio of 1:8 used by Frogner
et al. (2001) and Jones and Gislason (2008) in their flow-
through experiments corresponds to a very high ash load rep-
resentative of voluminous and rare volcanic eruptions that
may deposit up to one meter of ash in the ocean. The 1:400
ash-to-seawater ratio in Duggen et al.’s (2007) and Olgun et
al.’s (2010) in situ experiments is closer to ash loads asso-
ciated with centimeter-scale ash layers. Such deposits are
frequently encountered in open ocean sediments (e.g. Rea et
al., 1995). Experiments at very low ash-to-seawater ratios
(e.g. below <1:500) that would be associated with ash layer
thickness on the millimeter-scale have rarely been performed
(Table 1). One may extrapolate the results of geochemi-
cal experiments to lower (or higher) ash-to-seawater ratios.
However, this approach is probably not valid, in particular
for measurements carried out at high ash-to-seawater ratios
as for example effects such as re-adsorption of Fe to the sur-
face of the ash particles and solubility limitations (e.g. due
to pH-dependent Fe-solubility and the presence/absence of
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organic ligands) may introduce large errors to extrapolation.
Therefore, the ash-to-(sea)water ratio chosen in a particular
geochemical experiment should be representative of natural
conditions. This is, of course, problematic as for both dry
and wet ash deposition the ash-to-water ratio may be highly
variable.

Direct in situ measurements in nature, linking the increase
of surface ocean iron concentrations within a volcanic ash
fall-out area to ash-to-seawater ratio have not yet been per-
formed. Unfortunately, such studies within the marine ash
fall-out area of a volcanic eruption are difficult to plan and
not easy to perform but they would be very useful to validate
the outcome of laboratory experiments.

4.1.3 Sieving or not sieving? — Relevance for proximal
and distal ash fall-out

Due to aeolian fractionation of ash particles of variable size
and density, deposits near the volcanic source are generally
coarser (e.g. in coastal areas) than distal ones (e.g. in open
ocean areas). Of note, the ratio of surface area to volume
increases with decreasing grain size (Fig. 4), in particular
for particle diameters below 200-300 ym (assuming that par-
ticles are spherical) (Witham et al., 2005). Assuming that
the amount of salt coating and the solubility of a solid sub-
stance in general is a function of the surface area implies that
the release of soluble components increases (on a per vol-
ume basis) with decreasing particle size. This is supported
by leaching studies of pristine ash from Mt. Hudson (Chile)
and Hekla (Iceland) volcanoes showing that the release of
soluble components such as Cl, F, Ca and Na strongly in-
creases with smaller grain size fraction below 100-200 ym
(()skarsson, 1980; Rubin et al., 1994). Thus, fine ash par-
ticles below about 100 ym may have the potential to release
significantly more Fe than coarser particles; partly because
fine ash may carry more Fe-bearing soluble salts on their sur-
face per mass unit but also because the solubility of a solid
substance in general is size-dependent, which should also be
valid for the silicate glass and silicate and non-silicate min-
eral components of the ash.

Systematic measurements of the iron-release as a function
of grain size, especially distinguishing that of fine (<100—
200 um) from coarser ash, have as yet not been performed.
Such measurements, however, would be very useful to ex-
amine the impact of dry and wet deposition of volcanic ash
for the marine biogeochemical iron-cycle, as a function of (i)
the distance from the volcanic source (coastal or near-coastal
areas versus remote open ocean areas) and (ii) ash particle
residence times in the surface ocean and cloud water.

4.14 Influence of pH
Initial low pH was observed in both artificial and natural

seawater used in flow through disequilibrium experiments
with relatively high volcanic ash loads (ca. 1:8) (Jones and
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Gislason, 2008; Frogner et al., 2001). The pH-decrease in
the seawater ranged from 0.1-1.5 pH units for ash samples
from subduction zone volcanoes (Galeras, Montserrat, Santi-
aguito) and up to 5 pH units for those from hotspot volcanoes
(Hekla ash) and was strongest within the first ca. three hours
of the experiments. De Hoog et al. (2001) exposed pristine
ash for four hours in ultrapure (de-ionised) water and in 1 M
HNOs3. The amount of iron released increased by roughly
two orders of magnitude in the acidic solvent (Table 1), in-
dicating a strong influence of pH on iron solubility in ash.
Experiments conducted with four SZVA samples using ultra-
pure water and seawater did not produce large differences in
the iron released from the ash samples (Jones and Gislason,
2008). The experiment, however, in which an ash sample re-
leased more iron in de-ionised water also showed the lowest
pH values for the solution (3.5-4.0 for the Hekla ash sam-
ple), consistent with the aforementioned that pH may have a
strong effect on the amount of Fe released from ash.

An explanation as to why pH impacts on the iron-release
behaviour probably lies in the composition and mineralogy
of the different Fe pools associated with the ash. Salts found
on the surface of ash particles are halogenides, sulphates
and oxides (Oskarsson, 1981). While some iron-bearing
salts (e.g. halogenides and sulphates) are readily dissolved by
de-ionised and slightly alkaline seawater, other compounds
(e.g. oxides) may require acidic conditions to dissolve more
swiftly (Smith et al., 1982).

In addition to the rapid dissolution of the soluble salt coat-
ings, additional iron may be released through (partial) vol-
canic glass dissolution. The rate of glass dissolution, how-
ever, is strongly dependent on pH: relatively slow for sea-
water pH of ca. 8 and faster for an acidic pH <7, espe-
cially if fluorine and sulphate anions are present (Gislason
and Oelkers, 2003; Flaathen et al., 2008; Wolff-Boenisch et
al., 2004a). A transient pH decrease of surface seawater fol-
lowing ash addition could therefore potentially lead to en-
hanced glass dissolution. However, due to the pH-buffering
capacity of seawater, a decrease in local pH is unlikely to
play arole in the surface ocean for low ash-to-seawater ratios
(e.g. generally in an open ocean scenario) but may become
significant in areas with high ash-to-seawater ratios (e.g. in
coastal areas in the vicinity of the volcanic source and even
in the open ocean for very large-scale eruptions).

4.1.5 Wet and dry deposition

There are two principal mechanisms by which volcanic ash
may influence the marine biogeochemical iron-cycle: 1) via
offshore deposition of ash and subsequent dissolution of sol-
uble salt coatings in direct contact with seawater (dry depo-
sition) and 2) through dissolution of soluble salts and eventu-
ally partly of silicate and non-silicate ash particles (e.g. glass)
in contact with fog or cloud water, which very likely occurs
at lower pH, followed by offshore rain fall (wet deposition).
Various aspects of the dry deposition process were outlined
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above but the mechanism of wet deposition merits further
consideration.

The role of wet deposition of volcanic ash for the ocean
surface iron-cycle is poorly constrained. Some predictions,
however, can be made from what is known about glass disso-
lution rates and the solubility of iron: volcanic ash typically
reacts moderately to strongly acidic in contact with non-pH-
buffered fresh water (()skarsson, 1980; Jones and Gislason,
2008) but glass dissolution rates increase dramatically with
decreasing pH at acidic conditions (Gislason and Oelkers,
2003). Moreover, at acidic pH, the presence of fluoride and
probably sulphate significantly further increases glass dis-
solution rate (Wolff-Boenisch et al., 2004a; Flaathen et al.,
2008). Fluoride and sulphate are both contained in the sol-
uble salt coatings associated with volcanic ash (Delmelle et
al., 2007). HF and SO, gases are typically released during
volcanic eruptions (Oppenheimer, 2004) and may find their
way into the water droplets of clouds crossing the volcanic
plume. Such low-pH cloud water may interact with fine ash
particles that can have relatively long residence times in the
atmosphere, which could result in elevated cloud water iron-
levels downwind volcanic eruptions. Moreover, iron solubil-
ity strongly increases below pH 4 under oxidizing conditions
(Kraemer, 2004). Volcanic particulate matter may also act as
cloud condensation nuclei and fine ash particles with coat-
ings of hygroscopic salts are particularly suitable to initiate
the formation of water drops from atmospheric vapour (Tex-
tor et al., 2006) and references therein). Together, wet depo-
sition of volcanic ash into the surface ocean may well be an
important process for the marine biogeochemical iron-cycle.

Cloud water samples collected on Hawaii placed some
constraints on iron concentrations in cloud water: The mea-
sured iron concentrations were highly variable, ranging from
<6 nM to 6420 nM, with a median of 32 nM (Benitez-Nelson
et al., 2003). The source of this iron enrichment was at-
tributed to volcanic activity, such as scavenging of volcanic
gases while clouds pass over a degassing/erupting volcano
(e.g. active Pu‘u‘O‘o) or through the formation of large
aerosol clouds when lava flows enter the sea. Aerosol clouds
formed due to the interaction of hot (ca. 1100-1200 °C) lava
with seawater (a process producing large amounts of volcanic
glass shards) were shown to have extraordinarily high con-
centrations of iron (ca. 250 ym) (Sansone et al., 2002), which
is two to three orders of magnitude more than the iron levels
in the Hawaiian cloud water samples. In these cases the ele-
vated iron levels in the fog or cloud water are unlikely to be
associated with airborne volcanic ash. It is noteworthy, how-
ever, that cloud water does not have a pH-buffer like seawater
and that Hawaiian cloud water had acidic pH values between
2.6 and 5 (Benitez-Nelson et al., 2003). Interestingly, the
cloud water samples with the highest Fe concentrations also
had the lowest pH of around 2.7.

Further geochemical experiments with ultrapure water and
volcanic ash as well as direct measurements of Fe-levels in
cloud water that interacted with a volcanic ash plume can
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help to improve our understanding of the possible signifi-
cance of wet deposition of volcanic ash for the marine bio-
geochemical iron-cycle.

4.1.6 Significance of Fe-complexing organic ligands

As detailed by Baker and Croot (2010) the solubility and
thus, maximum concentration of iron in seawater is closely
linked to the presence of organic ligands. Organic molecules
in surface ocean water are produced directly in response to
iron limitation by phytoplankton and bacteria and by the
decomposition of biomass and subsequent release of iron-
containing proteins and enzymes (Baker and Croot, 2010).
Some of these molecules are organic chelators with a low
molecular weight and a very high and specific affinity for
Fe’t (siderophores). More than 99% of the iron in surface
ocean waters is complexed by such organic ligands that ex-
ist at sub-nanomolar levels usually in slight excess of the
dissolved iron (Bruland and Lohan, 2004 and references
therein). The presence and content of organic ligands can
therefore strongly affect the solubility and biogeochemical
cycling of iron from volcanic sources in the surface ocean.

In geochemical experiments with volcanic ash and natural
seawater it is common practice to filter the water through a
0.2 um filter and to expose it to UV-light prior to use in or-
der to remove/destroy organic molecules and biota. Seawater
samples treated this way do not contain natural marine or-
ganic ligands. The seawater used for the flow-through exper-
iments with volcanic ash was free of marine organic ligands
(Frogner et al., 2001; Jones and Gislason, 2008). For in situ
iron measurements in seawater by means of stripping voltam-
metry, an electrochemically active organic ligand (e.g. TAC)
was added (Duggen et al., 2007; Croot and Johansson, 2000;
Olgun et al., 2010). In some of these experiments, the seawa-
ter was treated with UV-light (Duggen et al., 2007), whereas
more recently it was not (Olgun et al., 2010), because the
TAC-ligand used is stronger than natural siderophores and
binds most of the water soluble iron. Addition of an organic
ligand to a solution may also prevent loss of oxidised iron to
container walls and re-precipitation to ash particle surfaces
during the experiment and therefore, tend to give more rep-
resentative analytical results.

A recent study suggests that the amount of iron that can be
released from aeolian dust to seawater is strongly linked to
the presence and content of natural organic ligands (Mendez
et al., 2010). Thus, organic ligands probably control the
amount of iron that can be kept in solution when volcanic
ash fall-out swamps a surface oceanic area with bio-available
iron. We are still far from a comprehensive understanding
of this control, a fact highlighted in a leaching study with
Mt. St. Helens volcanic ash (Taylor and Lichte, 1980), which
suggests that volcanic ash may inject organic ligands to ex-
perimental solutes and surface ocean water: the authors anal-
ysed the organic compounds by oxidation of the leachate
followed by infrared CO,-measurement of the released gas
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and found considerable amounts of organic substances in
leachates of several ash samples. They argued that organic
carbon on the surface of ash particles is associated with at-
mospheric condensation of organic compounds. These may
originate from entrainment of burnt vegetation in volcanic
eruption plumes. Low molecular weight organic compounds
can also be found in volcanic gases (Capaccioni and Man-
gani, 2001 and references therein). They may originate from
carbon-containing host rocks, sediments and soils that inter-
acted with the ascending hot magma. Other authors speculate
that volcanic ash injection may cause lysis (decomposition)
of phytoplankton in the surface ocean, leading to an enhance-
ment of iron-complexing ligands in seawater (Randazzo et
al., 2009). Clearly, the role played by iron-complexing or-
ganic ligands, especially those directly or indirectly associ-
ated with volcanic ash injection, requires further studies as
these compounds are known to determine the availability of
iron inputs for oceanic biogeochemical processes.

5 Biological response to volcanic ash fall-out in surface
waters

5.1 Biological effects in fresh water systems

Biological events in lakes and rivers within ash fall-out areas
of volcanic eruptions may provide constraints on the possi-
ble effects in the surface ocean. Eicher and Rounsefell (1957)
observed a strong decrease in the abundance of young salmon
in the four years after the eruption of Katmai volcano in 1912
in Alaska. This was followed by a rapid recovery of the
salmon stock. The recovery indicates very favourable growth
conditions, which could for example result from a fertilising
effect of the ash on diatom growth and thus, an increased
zooplankton standing stock as a food source for the salmons
(Eicher and Rounsefell, 1957). In a bioassay study variable
amounts of pristine volcanic ash from the 1980 Mt. St. He-
lens eruption were added to containers with Columbia River
water and juvenile salmon (Newcomb and Flagg, 1983). The
results show that initial salmon mortality was due to me-
chanical gill damage caused by particulate matter rather than
the soluble material coating the ash. The drop in pH of the
moderately hard Columbia River water was relatively minor
(from 7.8 down to 7.6), well above the threshold detrimental
to salmonids (pH=5.5).

Several authors indicated that the eruptions of Alaid and
Besymjanny volcanoes had a significant influence on phy-
toplankton growth in lakes affected by the ash (Kurenkov,
1966; Felitsyn and Kirianov, 2002; Lepskaya, 1993).
Kurenkov (1966) describes a strong increase of diatom
biomass in 1956 in the lake Asabatchye following ash ad-
dition during the great eruption of Mount Besymjanny vol-
cano. The concentration of diatom remained above normal
values 9 years after the eruption. Possibly as a result of in-
creased diatom abundance, the copepod Cyclops scutifer also
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increased in winter 1960 and was 10 to 48 times higher in the
period of 1960—1964 than in the 10 years before the eruption
(Kurenkov, 1966). Interestingly, Kurenkov (1966) already
mentioned that the unusual development of the algae may
have been stimulated by increased iron availability from the
volcanic ash. Increases in the population of golden algae and
diatoms were also observed in several lakes in the ash fall-out
area of the May 1980 eruption of Mount St. Helens volcano
(Smith and White, 1985). However, it was also shown that
Mt. St. Helens ash leachates caused toxic effects on blue-
green algae (McKnight et al., 1971, 1981).

In summary, these studies suggest that the initial toxic
effects of volcanic ash on phytoplankton are subsequently
over-compensated by a multi-annual increase of biomass.
Grazing zooplankton and fish seem to benefit from moder-
ate volcanic ash fall-out.

5.2 Biological effects in the surface ocean in the Earth’s
history

A recent study showed that forests on western Pacific ocean
islands benefit from large-scale volcanic ash fall-out (Rolett
and Diamond, 2004). If plants on ocean islands do, why
should phytoplankton between these islands, where the ash
is deposited as well, not benefit too? Key questions in this
context are if both toxic and fertilising effects in the marine
environment are analogous to those identified in lakes, which
species are affected and if marine iron-fertilisation with vol-
canic ash is only of regional or even global relevance for C-
cycles and climate throughout much of the Earth’s history?
Iron-limitation and iron-fertilisation are likely to have
played an important role for the marine primary productiv-
ity at least for a few millions of years but relatively little
is known about how long back in the Earth’s history sur-
face ocean iron-limitation existed. Hence the role of volcanic
ash in shaping the marine biogeochemical iron- and carbon-
cycle in the past is highly uncertain. There are indications
on how oceanic iron-fertilisation with volcanic ash might
be connected to events of marine primary productivity feed-
back, among these are: 1) a termination of global warmth at
the Paleocene/Eocene boundary, revealed from scientific drill
core material (Bains et al., 2000), 2) global cooling at the
Eocene/Oligocene boundary argued to be linked to episodes
of increased volcanic output in several Pacific subduction
zones as inferred from age data of volcanic eruptions (Jicha
et al., 2009), 3) the development of the Cenozoic icehouse
in the middle Eocene to middle Miocene partly caused by
a prolonged period of great silicic subduction zone volcanic
eruptions in North America (Cather et al., 2009), 4) the asso-
ciation of diatomites and volcanic ash layers in the Tertiary
Danish Mo-clay formation (Duggen et al., 2007), 5) a signif-
icant increase of the relative abundance of the marine diatom
Thalassiosira oestrupii after the deposition of a ca. 10 cm ash
layer ca. 450 ka ago, found in a drill core from the Southern
Ocean (Kunz-Pirrung et al., 2002; Duggen et al., 2007) and
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6) a correlation between volcanism and millennial climate
change inferred from ice core data (Bay et al., 2004).

For the recent surface ocean, the effect of volcanic ash
on the marine trace metal budget and marine phytoplankton
growth is not well understood either. Geochemical experi-
ments demonstrate an (iron-)fertilising potential of volcanic
ash in several oceanic regions (Olgun et al., 2010; Jones and
Gislason, 2008; Frogner et al., 2001; Duggen et al., 2007).
Laboratory experiments show that marine diatoms such as
Chaetoceros dichaeta are able to use iron from volcanic ash
and that they grow faster in water that has been in short-term
contact with volcanic ash (ca. 20 min) compared to untreated
water (Duggen et al., 2007). Recent studies indicate that
the diatom Thalassiosira pseudonana shows higher growth
rates in waters that have been in contact with volcanic ash,
while the same material has no, or a strong negative effect on
growth of the coccolithophoride Emiliania huxleyi (L. Hoft-
mann, unpublished data). Iron inputs through volcanic erup-
tions have been discussed as a possible factor controlling
phytoplankton seasonality in the subarctic Pacific (Banse and
English, 1999).

An anomalous oxygen pulse emanating from the Southern
Hemisphere in the years following the 1991 Pinatubo erup-
tion has been linked to an ash fertilisation effect (Keeling
et al., 1996; Watson, 1997; Sarmiento, 1993). It was pro-
posed that the oxygen pulse was linked to an atmospheric
CO;-drawdown in the same years and also causally related
to an iron-fertilisation event triggered by the deposition of
Pinatubo ash in the iron-limited Southern Ocean (Sarmiento,
1993; Watson, 1997). It was recently shown that a pro-
nounced atmospheric CO,-drawdown also followed the ma-
jor eruption of Agung volcano in 1963 (Cather et al., 2009).
However, the exact causes for the post-Agung and post-
Pinatubo CO,-drawdown has not yet been fully elucidated.
A relative atmospheric CO;-reduction may also be explained
by an increase in net primary production (NPP) of the terres-
trial biomass, although several studies indicate a decrease in
terrestrial NPP of up to eight years after the Pinatubo erup-
tion, possibly due to a decrease in mean summer tempera-
tures and a shortening of the growing season (Lucht et al.,
2002; Nemani et al., 2003; Awaya et al., 2004; Krakauer and
Randerson, 2003).

Near Soufriere Hills volcano on Montserrat, the phyto-
plankton bloom detected in the oligotrophic oceanic water by
satellite images in mid-July 2003 (e.g. Duggen et al., 2007)
may be due to fertilisation with fixed nitrogen (e.g. ammonia
or nitrate) rather than iron from volcanic ash. The type of
phytoplankton species responsible for this bloom has not yet
been identified. The Soufriere Hills volcano has been active
since 1995, and in the past years the phenomenon of a seawa-
ter discolouration has been visible several times in MODIS
satellite images (e.g. Duggen et al., 2007). In the near fu-
ture valuable biogeochemical data may be obtained from wa-
ter samples of surface oceanic areas that are located within
an ash fall-out area and which show a contemporaneous
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discolouration. Recently, satellite data provided the first ev-
idence for volcanic ash fall-out causing a large-scale phyto-
plankton bloom in an iron-limited oceanic area: a significant
MPP increase was observed for the subarctic NW Pacific
following the August 2008 eruption of Kasatochi volcano
in the Aleutian subduction zone (Langmann et al., 2010).
Such satellite techniques have only been available for about
a decade and can be expected to provide more important in-
formation about the role of volcanic ash fall-out for the MPP.

Today, the overall effects of volcanic eruptions on ma-
rine ecosystems are not yet comprehensively understood.
It is very likely that volcanic ash fall-out impacts in dif-
ferent ways in distinct oceanic regions and that different
phytoplankton species behave in various and differing ways
through their specific nutrient demands and tolerance levels
for toxic trace metals. More detailed research in this con-
text is needed to improve our understanding of the complex
relationships between geology and biology and their impli-
cations for the development of climate and life on our planet.
However, at this stage investigations and data suggest that
the impact of volcanic activity on oceanic biota and associ-
ated carbon-cycles has been underestimated.
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[1] Surface ocean iron (Fe) fertilization can affect the marine primary productivity (MPP),
thereby impacting on CO, exchanges at the atmosphere-ocean interface and eventually on
climate. Mineral (aeolian or desert) dust is known to be a major atmospheric source for the
surface ocean biogeochemical iron cycle, but the significance of volcanic ash is poorly
constrained. We present the results of geochemical experiments aimed at determining the
rapid release of Fe upon contact of pristine volcanic ash with seawater, mimicking their
dry deposition into the surface ocean. Our data show that volcanic ash from both
subduction zone and hot spot volcanoes (n = 44 samples) rapidly mobilized significant
amounts of soluble Fe into seawater (35-340 nmol/g ash), with a suggested global mean
of 200 + 50 nmol Fe/g ash. These values are comparable to the range for desert dust in
experiments at seawater pH (10—125 nmol Fe/g dust) presented in the literature (Guieu et al.,
1996; Spokes et al., 1996). Combining our new Fe release data with the calculated ash flux
from a selected major eruption into the ocean as a case study demonstrates that single
volcanic eruptions have the potential to significantly increase the surface ocean Fe
concentration within an ash fallout area. We also constrain the long-term (millennial-scale)
airborne volcanic ash and mineral dust Fe flux into the Pacific Ocean by merging the Fe
release data with geological flux estimates. These show that the input of volcanic ash into the
Pacific Ocean (128-221 x 10'° g/ka) is within the same order of magnitude as the mineral
dust input (39-519 x 10'° g/ka) (Mahowald et al., 2005). From the similarity in both Fe
release and particle flux follows that the flux of soluble Fe related to the dry deposition of
volcanic ash (3—75 x 10 mol/ka) is comparable to that of mineral dust (1-65 x 10° mol/ka).
Our study therefore suggests that airborne volcanic ash is an important but hitherto
underestimated atmospheric source for the Pacific surface ocean biogeochemical iron cycle.
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[2] Iron (Fe) is a key micronutrient, essential for phyto-
plankton biochemical processes such as photosynthesis and
nitrogen fixation [Morel and Price, 2003]. Marine primary
production (MPP) is limited by Fe deficiency in High-
Nutrient Low-Chlorophyll (HNLC) regions that cover about
40% of the oceans and are mainly located in the subarctic
Pacific, the eastern equatorial Pacific, and the Southern
Ocean [Watson, 2001]. Recent mesoscale Fe fertilization
experiments have demonstrated that an increase in dissolved
Fe concentration by a few nanomolars in Fe-limited oceanic
regions can trigger large-scale diatom blooms [Behrenfeld
et al., 1996; Boyd et al., 2000; Coale et al., 1996; Cooper
et al., 1996; Martin and Fitzwater, 1988; Turner et al.,
1996; Wells, 2003]. Moreover, addition of Fe to the surface
ocean may enhance bacterial nitrogen fixation and contribute
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Figure 1. World map showing the provenance of pristine
volcanic ash and dust samples used in this study. Also
shown is the distribution of subaerially active volcanoes
based on the work of Sigurdsson et al. [2000].

to N fertilization in open oceanic areas deficient in fixed
nitrogen [Moore et al., 2009; Morel et al., 2003]. Changes in
surface ocean Fe concentrations can therefore play an
important role in the ocean-atmosphere exchange of the
greenhouse gas CO, both through short-term and long-term
effects [Langmann et al., 2010; Martin et al., 1994; Martin and
Fitzwater, 1988; Martin et al., 1990, 1991; Watson et al.,
1991]. Enhancement of the MPP through Fe fertilization
may also produce additional biogenic dimethyl sulfide
(DMS) and organic carbon (OC), which upon release into
the atmosphere impact on the formation and distribution of
clouds, and thus on atmospheric albedo [Lohmann and
Feichter, 2005; Moore et al., 2009; O’Dowd et al., 2004;
Turner et al., 2004].

[3] The concentration of Fe in vast areas of the surface
ocean is very low [Boyd et al., 2007, 2000; Coale et al.,
2004; De Baar and De Jong, 2001; Liu and Millero,
2002]. The marine deposition of atmospherically trans-
ported dusts from deserts or of anthropogenic and extrater-
restrial origin has been recognized an important source of
soluble (and bioavailable) Fe for the surface ocean [Jickells
and Spokes, 2001; Johnson, 2001; Mahowald et al., 2009;
Sedwick et al., 2007]. The role of airborne volcanic ash in
supplying Fe to the oceans, however, was poorly constrained
despite a suggestion almost 20 years ago that it may well
be significant [Spirakis, 1991]. Recent studies demonstrate
that volcanic ash fallout can significantly raise surface
ocean Fe levels [Censi et al., 2010; Duggen et al., 2007, 2010;
Frogner et al., 2001; Jones and Gislason, 2008] and has the
potential to trigger large-scale phytoplankton blooms in Fe-
limited (HNLC) oceanic regions [Hamme et al., 2010;
Langmann et al., 2010] and eventually affect the marine food
web [Hamme et al., 2010]. Moreover, several authors have
argued that surface ocean Fe fertilization through major
volcanic eruptions led to atmospheric CO, drawdowns in the
younger part of the Earth’s history [Bay et al., 2004; Cather
et al., 2009; Delmelle et al., 2009; Langmann et al., 2010;
Sarmiento, 1993; Watson, 1997]. For a recent review of the
possible role of volcanic ash for the marine biogeochemical
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Fe cycle the reader is referred to the work of Duggen et al.
[2010].

[4] The Pacific Ocean is the largest of the ocean basins
and covers about 70% of the Fe-limited oceanic regions. It
is encircled by multitudinous active and explosive volcanoes
(the Pacific Ring of Fire) and also hosts numerous hot spot
volcanic ocean islands (Figure 1). In the Pacific region, at
least 50—60 volcanoes are erupting each year and more than
1,300 erupted in the past 10,000 years (http://www.volcano.
si.edu/world/). Major eruptions (e.g., Pinatubo 1991) are
episodic events from an annual to centennial timescale point
of view. Over much longer, geological timescales can the
ash input into the Pacific Ocean, which is surrounded by
thousands of volcanoes that were active in the Quaternary,
be regarded a quasi-continuous process. The flux of volca-
nic ash into the Pacific Ocean is thus a key parameter in
evaluating the significance of Fe flux linked to volcanic ash
deposition but has not been constrained until this study.

[5s] This paper aims at improving our understanding of the
relative importance of volcanic ash as an atmospheric Fe
source for the surface ocean. Specifically, our objectives are
to (1) produce a robust data basis for the seawater Fe sol-
ubility (focusing on the dry deposition process) of pristine
volcanic ash from different tectonic settings, (2) constrain
the possible regional impact on the surface ocean Fe budget
within the ash fallout area of major volcanic eruptions, and
(3) improve our understanding of the significance of vol-
canic ash deposition for the Pacific surface ocean marine
biogeochemical Fe cycle.

2. Samples and Methods

[6] The 44 pristine (unhydrated) volcanic ash and one
dust sample(s) used in this study were collected from the
ground due after deposition and stored dry in plastic bags.
The volcanic ash samples were collected fresh shortly (i.e., a
couple of hours to 1-2 days) after the eruption in order to
prevent Fe-bearing soluble salt coatings to be washed away
by rain. Contact with Fe-containing material was avoided
(e.g., sieving with metal sieves). The provenance and age
of the ash samples is described in more detail in Table S1
in the auxiliary material.'

[7] The subduction zone volcanic ash (SZVA) samples
stem from 14 different volcanoes in the Pacific Ring of Fire:
Sakura-jima (5 samples), Tungurahua (1 sample), Arenal
(4 samples), Fuego (1 sample), Turrialba (1 sample), Mt. St.
Helens (1 sample), Karymsky (10 samples), Popocatépetl
(8 samples), Anatahan (1 sample), Rabaul-Tavurvur (3 sam-
ples), Mt. Merapi (1 sample), Chaitén (2 samples), Telica
(1 sample), and Mt. Spurr (1 sample). The hot spot volcanic
ash (HSVA) samples were collected from 2 different volca-
noes: Hekla (3 samples) and Pu’u’oo (1 sample). Locations of
the volcanoes are shown in Figure 1, and a detailed
description of the ash samples is provided in Table S1. The
mineral dust sample was collected on July 2007 from loess
deposits (aerosols transported from Sahara) in Calhua
(Figure 1) located in the northwestern part of the Cape
Verdian island Sao Vicente (16.9°N, 24.9°W). The sample
was collected from ground, sieved through 100 pm plastic

'Auxiliary materials are available in the HTML. doi:10.1029/
2009GB003761.
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Figure 2. Fe release of (a) subduction zone volcanic ash
(SZVA), (b) hot spot volcanic ash (HSVA), and (c) Cape
Verde loess sample on contact with natural seawater (buft-
ered at pH 8), determined in situ by means of Cathodic Strip-
ping Voltammetry (CSV). Legend for volcanic ash samples is
given in Figure 2b. Symbols indicate ash samples from same
volcano collected from different eruptions or different collec-
tion distances (see also Table S1). Literature data for mineral
dust Fe solubility based on the experiments at seawater pH
(=8) including the Cape Verdian loess sample from this study
fall within the range of <10 to 125 nmol/g dust (gray bar in
Figure 2c¢, also shown in Table 4) (Guieu and Thomas [1996],
Spokes and Jickells [1996], and this study). The literature data
are recalculated from the fractional Fe solubilities (%Feg =
0.001%—0.02%) to nmol Fe/g of dust, assuming that 3.5 wt.%
of dust is Fe. The calculations are based on the following
equation: Fe release in nmol/g dust = (%Feg x Fe wt.% x 10°)/
(55.85 g Fe/mol).

filters and stored in plastic bags. Based on the elemental
analyses [Heller and Croot, 2011], the dust sample is mainly
composed of silt from Sahara (generally 80%-95% in the
region; [Desboeufs et al., 1999]), which is possibly derived
from different sources (Mali, Niger, Chad and southern
Algeria) and transported by the West African trade wind.
[8] The Fe release experiments with unsieved pristine
volcanic ash samples were performed in situ in natural
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seawater buffered at seawater pH (=8) by using Cathodic
Stripping Voltammetry (CSV, Metrohm VA 757) under
clean laboratory conditions, using EPPS as pH buffer and
organic ligands to avoid adsorption of the released Fe [Croot
and Johansson, 2000; Duggen et al., 2007]. The seawater
used for the experiments was retrieved during the Meteor
cruise M68-3 in the eastern equatorial Atlantic, filtered with
0.2 um membranes immediately after collection and stored
in an acid-cleaned polyethylene carboy. Other containers
used during the experiment were made of cleaned quartz
glass or polytetrafluoroethylene. Dissolved Fe in oxic sea-
water precipitates quickly through oxidation of the soluble
Fe (1) to less soluble Fe (II) [Millero and Sotolongo, 1989]
and in order to keep Fe in solution, a thiazolyazo compound
(TAC) was used as an Fe-binding ligand [Croot and
Johansson, 2000]. Prior to the measurements, 20 ml of
Atlantic seawater were mixed with 20 ul of 10 mM TAC
ligand (2-(2-Thiazolylazo)-p-cresol) and 200 pl of 1M
EPPS  (4-2(hydroxyethyl) piperazine-1-propanesulfonic
acid) solutions in a polyethylene cell cup. A known quantity
of ash (~50 mg) was then added to the prepared seawater
and measurements done every few minutes. The release of
Fe from the Cape Verde dust sample was determined in the
same way to allow direct comparison with the volcanic ash
data. The experimental setup mimics the soluble Fe input
from volcanic ash and mineral dust into seawater through
dry deposition, which is considered the globally dominant
deposition process for atmospheric particles [Jickells and
Spokes, 2001].

[s] The major elemental compositions of glass shards and
matrix glass of twenty SZVA and four HSVA samples were
determined by electron microprobe analysis (EMPA, JEOL-
JXA-8200). For the measurements, a ~10 mg subsample of
pristine ash was sieved to 32—125 um size using deionized
(DI) water. The ash particles were mounted on a tray with
resin, polished and analyzed with a beam current of 6 nA
and a beam size of 5 um. Average glass compositions were
inferred from ~25 individual measurements.

[10] The bulk Fe content of selected samples (twelve
volcanic ash and one mineral dust sample) was analyzed by
inductively coupled plasma-optical emission spectrometry
(ICP-OES) with a Spectro Ciros SOP in the Geological
Institute of Kiel University. Prior to ICP-OES analyses,
100 mg mill-homogenized dry subsamples were digested by
a clean acid mixture of 1 ml HNOs, 3 ml HCI and 4 ml HF.

3. Results

[11] The in situ increase in dissolved Fe concentrations
after addition of the ash/dust material into seawater was
converted to Fe release in nanomoles per gram of ash or dust.
As shown in Figure 2, between 35 to 340 nmol Fe/g ash were
released within the first 60 min of contact with seawater, with
SZVA generally mobilizing more Fe (40-340 nmol/g ash)
than HSVA (35-107 nmol/g ash; see Figures 2a and 2b).
These results are in accordance with previous Fe dissolution
experiments with SZVA and seawater (10—100 nmol/g
[Duggen et al., 2007; Jones and Gislason, 2008]). Most of
the ash samples displayed a similar pattern of Fe mobili-
zation, with the highest rates occurring within the first 5—
15 min. The Cape Verde mineral dust sample shows a similar
Fe mobilization pattern, releasing about 20-30 nmol Fe/g
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Figure 3. Total silica versus alkali diagram [Le Bas, 1984]
used to classify volcanic ash samples based on the major
element concentrations of glass shards, determined by
electron microprobe.

dust (Figure 2c) and falls within the range of mineral dust Fe
release data compiled from the literature (Table 4). The
external precision of the measurements was calculated from
repeat analysis of subsamples (Arenal’93 (n = 2): ~2%
deviation, Sakura-jima’86 (n = 2): 44%, Sakura-jima’87
(3 samples): 54% (o =47); Cape Verde dust (n = 3): 24% (o =7)).
The range in reproducibility most likely primarily results
from heterogeneity of the samples (e.g., due to particle size
distribution, lithic content). The data from the Fe solubility
experiments are presented in Table S2.

[12] Based on the total alkali versus silica diagram in
Figure 3, the glass compositions range from andesitic to
rhyolitic (SZVA) and from basaltic to andesitic (HSVA).
The Fe content of the volcanic glass shards ranges from 1 to
11 wt.%, with significantly lower values for SZVA com-
pared to HSVA samples. The major element data of vol-
canic glass (expressed as element oxides in wt.%) are
presented in Table S3.

[13] The total Fe content of the bulk volcanic ash samples
range from 1.2 to 8.0 wt.% and deviates from the Fe content
of the glass contained in the same sample (Table 1). The Fe
content of the Cape Verde dust sample is 6.5 wt.% (Table 1),
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which is in agreement with results from previous studies with
the dust samples from Cape Verde (7.6 wt.%) [Desboeufs
et al., 2001, 1999].

4. Discussion

4.1. Fe Solubility of Volcanic Ash: Dissolution Rates
and Sources of Soluble Fe

[14] The timescale at which the soluble and thus poten-
tially bioavailable Fe that is released from volcanic ash
(Figure 2a) is similar to the timescale at which ash particles
sink through the photic zone of the surface ocean: few
minutes for coarse (2000-500 um), to 1-2 h for interme-
diate (250-150 pm), and to 1-2 days for fine (<50 pum) ash
particles (based on Stokes’ law estimates [Duggen et al.,
2007]). Shorter residence times of about 1-2 h may arise
for aggregates of ash particles formed during the humid
eruption conditions (e.g., ~1750 m/d for Pinatubo 1991 ash
[Wiesner et al., 1995]). Volcanic ash is a mixture of various
particles or components with <2 mm diameter that poten-
tially may release Fe on contact with seawater and on dif-
ferent timescales, such as glass shards (quenched magma
fragments), pyrogenic minerals (i.e., silicates and oxides),
lithic particles (e.g., eroded rock material from the volcanic
conduit of any origin) [Fisher and Schmincke, 1984;
Oskarsson, 1981].

[15] The surface of the ash particles are coated by a thin
layer of salts in the form of Fe sulfates and Fe halides that
are formed through the interaction of ash particles with
volcanic gases (S, HCI and HF) and aerosols in the eruption
plume [Delmelle et al., 2007, Naughton et al, 1976;
Oskarsson, 1980, 1981; Rose, 1977]. Although Fe content
of these salts is still unknown, they are likely to be the most
soluble components during seawater dissolution of ash
particles [Duggen et al., 2007, 2010; Frogner et al., 2001;
Jones and Gislason, 2008]. Volcanic glass shards on the
other hand usually dominate the bulk composition and can
have Fe contents ranging from <1 wt.% to well above 10 wt.%
(e.g., Figure 4a; 1-5 wt.% for SZVA and 8-11 wt.% for
HSVA). Fe content of pyrogenic minerals ranges from trace
to major element level; from basically almost zero (e.g.,

Table 1. Fractional Fe Solubility (%) of Selected Volcanic Ash Samples and Cape Verde Dust®

Fe Release Total (Bulk) Glass Fe
Into Seawater Fe Content %Fe"® VA or Content
Sample Name (nmol/g Sample) (Wt.%) %pFeRulk dust (Wt.%) %Fey” glass

Sakura-Jima 1986 61 5.1 0.007 2.8 0.01
Sakura-Jima 1987 134 4.8 0.02 4.0 0.02
Sakura-Jima 1999 245 4.8 0.03 4.4 0.03
Sakura-Jima 2007 296 5.2 0.03 3.0 0.05
Arenal 1992 227 5.5 0.02 4.4 0.03
Arenal 1993 307 4.7 0.04 5.0 0.03
Arenal 2004 293 43 0.04 2.8 0.06
Popocatepetl 2000-1 230 3.7 0.03 1.6 0.08
Popocatepetl 2000-2 314 4.0 0.04 1.0 0.2
Rabaul 2002-1 278 4.6 0.03 2.8 0.06
Chaiten 2008 239 1.2 0.1 1.0 0.1
Hekla 1947 57 8.0 0.004 11.0 0.003
Cape Verde Dust 25 6.5 0.002 no glass No glass

“The fractional Fe solubilities (%Fes) are calculated from the Fe release and total Fe of the bulk samples (%Feg
) (see auxiliary material). The calculations are based on the following equation: %Fegs = (DFe/TFe) x 100; where DFe is the

the ash samples (%Fed ™ &'

2uky or volcanic glass shards contained in

dissolved Fe ((Fe release nmol/g) x (55.85 ng Fe/nmol Fe) x (10° g/ng)), and TFe is the total Fe content of bulk ash, dust, and volcanic glass shards

(Fe wt.%/100).

4 of 15



GB4001

a) 1% Feg 0.1 % Feg

400 L —1
= Legend in Fig. 2b
2 300
o,

%ﬂ SZVA /0.01 % Fe,
e 200 P
S - HSVA
E 100 L=

_|0.001 % Feg

0 B E— T
6 8 10 12
Fe-content (wt. %) of volcanic glass

b) 1% Feg 0.1 % Fe,
. 400 /
2 | / % Fe,= (DFe/ TFe)*100
=] DFe = y-axis*55.85%10°
g 30041 QQA TFe = (Fe wt.%)/100
= I o/ 0 AO 0.01 % Fe,
& 200 4 -7
) _ -
=~ |/ VA
2 100 - —
= / - A A 0.001 % F.
5 I - . o e,
E 0 T | E— \J- == *

0 2 4 6 8 10 12

Fe-content (wt. %) of the bulk volcanic ash and mineral dust

Figure 4. Diagrams display the (a) seawater Fe release of
volcanic ash versus the Fe content of volcanic glass shards
and (b) seawater Fe release of volcanic and mineral dust
versus the total Fe content. Dashed lines show the hypothe-
tical fractional Fe solubilities (%Fe,) ranging from 0.001%
to 1% (%Fes = (Dissolved Fe/Total Fe)*100).

plagioclase) through 10-30 wt.% FeO (e.g., clinopyroxene)
to up to 50-70 wt.% (e.g., magnetite) [Nakagawa and Ohba,
2003].

[16] The relation between the total iron and the dissolved
iron from volcanic ash is shown in Figure 4. As illustrated in
Figure 4, no correlation exists between the Fe release (or Fe
solubility) and the Fe content of the volcanic glass or bulk
ash samples. Ash samples with lower glass Fe content
(<6 wt.%) generally release more soluble Fe than the sam-
ples with higher Fe content (>8 wt.%) (Figure 4). Although
the salt coatings make up less than 1% of the mass of the
bulk sample the data, Figure 4a suggests that very rapid
(minute-to-hour scale) release of Fe from ash is most likely
dominated by swift dissolution of the surface salts rather
than the glass shards, which is in accordance with what was
argued in previous studies [Duggen et al., 2007; Frogner
et al., 2001; Jones and Gislason, 2008]. A recent study
with Etna volcanic ash suggests that initial alteration of
glass shards and mineral particles may also partly con-
tribute to rapid Fe release [Censi et al., 2010]. On longer
timescales (days through weeks to years), alteration of
volcanic ash particles deposited as an ash layer at the
seafloor is controlled by their bulk chemical composition
and may significantly contribute to the surface ocean
marine biogeochemical Fe cycle through upwelling.

[17] For the aerosol samples collected over the Pacific
Ocean a trend of increasing Fe solubility with decreasing Fe
content was reported [Zhuang et al., 1992] similar to what is
found for volcanic ash (Figure 4). This trend can be linked
to the low Fe contents (or low abundances) of the relatively
more dissolvable Fe components. Due to their high Fe con-
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tents iron (hydro)-oxides (e.g., hematite, magnetite 60—80 wt.%
Fe) are commonly assumed to be the major sources of iron
into the surface ocean [Mahowald et al., 2009]. However, it
has recently been found that clay minerals are much more
soluble although they contain relatively less Fe (<3%—-20%
Fe) [Journet et al., 2008]. The lack of a correlation between
total Fe and the dissolved Fe thus demonstrates that the sea-
water Fe solubilities of volcanic ash or mineral dust cannot be
inferred from the total Fe content but has to be determined
directly. Either total iron or the dissolved fraction is not
constant rather changing progressively during the long-range
transport in the atmosphere. Particle size distribution [Baker
and Jickells, 2006], mineral composition (aeolian fraction-
ation [Duggen et al., 2010]), and the particle-surface chem-
istry (chemical and photochemical atmospheric processes
[Duggen et al., 2010, Jickells and Spokes, 2001; Spokes and
Jickells, 1996]) may enhance the solubility and bioavail-
ability of Fe in the oceans.

[18] Sample storage is another factor that possibly may
affect the Fe mobilization behavior in laboratory experi-
ments. The soluble Fe salts on volcanic ash particles are
likely to be unstable and may be affected by storage duration
of the sample. Based on the reanalysis of a single ash
sample, Jones and Gislason [2008] argued that aging of ash
material during storage might reduce the Fe release. As
inferred from our new data in Figure 5, ash samples stored
for more than 10-20 years tend to release less Fe on contact
with seawater than younger samples. Five ash samples from
Sakura-jima volcano even display a negative correlation
between their age and the amount of Fe mobilized. If con-
sidered an aging effect, the Sakura-jima ash samples point
to a decrease in rapid Fe release of about 200 nmol Fe/g ash
over the course of 25 years. The data therefore suggest that
Fe release data inferred from volcanic ash several or more
years old are generally minimum estimates and that data
from younger samples is more reliable.

[19] From the larger data set available it can now be
inferred (by taking into account the possible aging effect and
uncertainties indicated by repeat measurements) that volca-
nic ash samples generally release between 35 and 340 nmol
Fe/g ash, with a mean of about 200 £ 50 nmol Fe/g for
SZVA and possibly around 70 nmol Fe/g for HSVA
(Figures 2 and 5) during dry deposition into the surface
ocean. The percental (or fractional) Fe solubilities (as
commonly used for mineral dust) are calculated in order to
allow comparison with the previous aerosol Fe solubility
studies. The calculations are based on the Fe release data
and the total Fe content of the samples as follows: %Feg =
(Dissolved Fe/Total Fe)*100 (Table 1). Accordingly, the Fe
solubility for volcanic ash (VA) ranges from 0.007% to
0.1% (%Fe"™ VA using the bulk sample data) and from
0.003% to0 0.2% ((%Fey ™ €%, using the glass data) (Table 1).
Since the composition of volcanic ash progressively approaches
the composition of the glass shards contained during aeolian
fractionation (see Duggen et al. [2010] for details), the overall
%Fey” can be constrained to 0.003% to 0.2% (Table 4). As
the SZV A samples stem from different volcanoes worldwide
(Figure 1), the 200 £ 50 nmol Fe/g (0.01%—-0.02% Feg)
value is likely to be representative on a global scale (e.g.,
dry deposition estimate for global models), and, above all,
appears to be largely independent of the bulk composition
of the ash samples (Figure 4).
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Figure 5. Graph showing the possible influence of storage
time on the Fe mobilization behavior of volcanic ash sam-
ples. The gray field denotes the correlation between age
and Fe release for ash samples from Sakura-jima volcano.
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[20] For the Cape Verdian mineral dust sample, the cal-
culated Fe solubility is 0.002% (Table 1). This is in agree-
ment with Fe solubilities reported for other experiments
performed at seawater pH (=8) ranging from 0.001% to
0.02% (Table 4) (e.g., 0.001%—-0.02% [Guieu and Thomas,
1996] and <0.013% [Spokes and Jickells, 1996]). The strong
dependency of Fe solubilities on the experimental setup with
different starting materials and different solutions (e.g.,
aerosol versus soil samples, pH 4 versus pH 8 solutions) is
discussed in section 4.4.

4.2. Regional Impact of Major Volcanic Eruptions
on Surface Ocean Fe Concentrations

[21] For a case study of the regional impact a single major
eruption we chose a well-constructed historical eruption of
Barva volcano in the Central American subduction zone
(Figure 6). The Barva eruption deposited at least 7.9 x 10'° g
of ash that traveled at least 1000 km distance into the eastern

Central America

éz

Barva Volcano,
Costa Rica

60-570nmol/l

10 cm ash-layer
5-10
nmol/l
10-60
nmol/l

65-570
nmol/l

Coastal water
Fe-concentraions
after ash deposition

Figure 6. Map showing the extent and particle load in an ash fallout area during a large-scale volcanic
eruption, exemplified by the historical Barva eruption (~322,000 years ago) in Costa Rica. Isopachs (ash
thickness contours) were mapped on the basis of marine sediment core data [Kutterolf et al., 2008]. Fe
concentrations (nmol/L) between the isopachs display the surface ocean Fe levels (100 m mixed layer
depth) with ash loads decreasing with increasing distance from the volcano. The Fe levels were inferred
from adding the calculated increase in dissolved Fe that is associated with an ash layer of a given
thickness (using an average ash density of 2400 kg/m> at 30% porosity over 1 dm? surface area) to the
background seawater Fe levels in coastal waters (typically 4 nmol/L) and the open ocean (typically
0.3 nmol/L) [Baker and Croot, 2010; De Baar and De Jong, 2001; Parekh et al., 2005]. The range of Fe
concentrations originates from the variations in Fe release of volcanic ash (35-340 nmol/g ash, Figure 2).
As an example, the maximum increase in Fe concentrations in the open ocean during the deposition of
1 mm ash layer was calculated as follows:[0.3 nmol/L] + [((2400 g/dm® — (2400 g/dm> x 0.3)) x (1 dm? x
0.01 dm) x (340 nmol Fe/g ash)/(1000 dm x 1 dm?)] = 6 nmol.
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equatorial Pacific Ocean [Kutterolf et al., 2008]. Sediment
core data allowed the reconstruction of the distribution of the
ash layer as well as the thickness that decreases from coast
(up to 100 cm thick) to the remote ocean (<1 mm thick)
(Figure 6). Assuming an ash density of 2400 kg/m* at 30%
porosity, ash layer thicknesses of 10 cm, 1 cm and 0.1 cm
are recalculated to ash loads of ~170 kg/m? ~17 kg/m?
~1.7 kg/m?, respectively.

[22] Volcanic ash fallout impact the surface ocean Fe
concentrations depending on the initial seawater Fe con-
centrations prior to ash deposition, the Fe mobilization
behavior of volcanic ash, ash load (ash-to-seawater ratio),
the mixed layer depth, and the maximum concentration
solubility of iron in seawater [Baker and Croot, 2010;
Duggen et al., 2010]. In coastal waters, due to higher riv-
erine and continental input, the surface ocean dissolved Fe
levels are relatively high and range from 1 to 100 nmol/L
with typical concentrations between 8 and 10 nmol/L [Baker
and Croot, 2010; Boyd et al., 2007, 2000; Coale et al.,
2004; De Baar and De Jong, 2001; Liu and Millero,
2002]. Due to high background levels Fe is generally not
limiting phytoplankton growth in coastal waters, although
exceptions such as the California upwelling region have
been reported [Hutchins and Bruland, 1998]. Assuming an
initial Fe concentration of about 4 nmol/L in coastal sea-
water, deposition of a 0.1 cm, 1 cm and 10 cm ash layer with
the range in Fe mobilization (shown in Figure 2; 35-340
nmol Fe/g ash) could raise the dissolved Fe concentrations
to about 5—10 nmol/L, 10—-60 nmol/L, and 65-570 nmol/L,
respectively (Figure 6). The inferred values are in accor-
dance with strongly enhanced Fe levels determined in
Mediterranean seawater (~600—700 nmol/L) close to Sicily
within the ash fallout area of the 2001 eruption of Etna
volcano [Censi et al., 2010].

[23] High particle loadings in the close vicinity of a vol-
canic source may cause increased Fe scavenging of the
particles (as seen in the mineral dust deposition [Baker and
Croot, 2010; Guieu et al., 1997; Spokes and Jickells, 1996])
but the distinction of the release versus scavenging is hard to
determine. The excess concentrations of dissolved Fe that
are above the typical maximum Fe solubility in coastal areas
(8-10 nmol/L) would most likely include a large colloidal
phase, which is also potentially bioavailable and important
to the overall Fe cycling. High Fe levels of several tenths to
hundreds nmol/L as observed during the 2001 Etna eruption
were argued to be linked to enhanced organic complexation,
resulting from lysis of phytoplankton cells during a phyto-
plankton bloom associated with volcanic ash fallout [Censi
et al.,, 2010]. The short residence time of Fe of about 2—
3 months in the surface ocean, however, may limit the
biogeochemical impact of volcanic eruptions.

[24] In the surface open ocean, Fe concentrations are
extremely low (0.02-0.8 nmol/L) (Figure 7a) thereby lim-
iting phytoplankton growth in HNLC areas [De Baar and
De Jong, 2001; Parekh et al., 2005]. Assuming an initial
Fe concentration for the upper ocean of about 0.3 nmol/L,
deposition of a 0.1 cm, 1 cm and 10 cm ash layer could
increase Fe levels to about 1-6 nmol/L (at 1000 km distance
from the volcano), 6-57 nmol/L (up to 500 km away), and
60-570 nmol/L (up to 250 km from the volcano), respec-
tively (Figure 6). Mesoscale Fe fertilization experiments
show that an increase of Fe levels by only 2 nmol/L can
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stimulate massive diatom blooms in Fe-limited oceanic re-
gions [Wells, 2003]. Therefore, even relatively low ash loads
corresponding to millimeter-scale ash layers may be suffi-
cient to cause a vigorous MPP response. Based on satellite
data a recent study demonstrated a causal connection
between the 2008 Kasatochi eruption in the Aleutians and a
large scale (~3500 km by 1500 km), about 2—3 months
lasting phytoplankton bloom in the subarctic North Pacific
[Hamme et al., 2010; Langmann et al., 2010].

4.3. Flux of Volcanic Ash and Mineral Dust Into
Pacific Ocean: Millennial-Scale Deposition Rates

[25] The flux of Fe into the Pacific Ocean can be con-
strained by combining Fe release with geological flux data.
Although most of the explosive active volcanoes on Earth
are located around the Pacific Ocean that hosts about 70% of
the Fe-limited oceanic regions (Figure 7a), an estimate of
the airborne volcanic ash input into the Pacific Ocean is so
far not available in the literature. Below we therefore con-
strain the input of airborne volcanic ash into the Pacific,
followed by an estimate of the volcanic ash soluble Fe flux,
which is then compared with the Fe flux associated with
Pacific mineral dust deposition.

[26] The volcanic ash flux into the Pacific Ocean can be
considered constant and quasi-continuous over geological
timescales, such as the past several 100 ka [Straub and
Schmincke, 1998], and millenial mineral dust deposition
can be considered largely constant after the last glaciation
[Jickells and Spokes, 2001]. A meaningful way to compare
the fluxes of volcanic ash and mineral dust, despite the
differences in episodicity/seasonality of deposition, is
therefore to recalculate mass and hence Fe fluxes to a
postglacial millennial base. Being aware of the uncertainties
and limitations of such global-scale estimates, the main goal
is to constrain the order of magnitude of Fe release from
volcanic ash compared to that of mineral dust, which will be
useful to further improve our understanding of the potential
role of volcanic ash deposition for the surface Pacific Ocean
biogeochemical Fe cycle.

4.3.1. Volcanic Ash Flux Into the Pacific Ocean:
Millennial-Scale Estimates

[27] Due to their different nature in eruption style two
different approaches are advanced for estimating the fluxes
of SZVA and HSVA: (1) an arc-length-based approach for
subduction zone (SZ) volcanoes and (2) an apron-based
approach for hot spot volcanoes (HS). In both cases we first
estimate the amount of ash emitted from Pacific volcanoes
and then the fraction that was deposited offshore into the
Pacific Ocean. The flux estimates are briefly summarized
below and outlined in more detail in Tables 2 and 3.
4.3.1.1. Subduction Zone Volcanic Ash Flux:
Arc-Length-Based Approach

[28] Large (strato-)volcanoes, which are the sites of
intermediate to major explosive volcanic eruptions, are
generally found at nearly constant distances of about 60—
100 km apart from each other. Therefore, the length of a
subduction zone segment (arc) can be considered propor-
tional to its potential volcanic intensity and thus emitted
material flux [Sigurdsson et al., 2000]. The inferred ash flux
per millennia and kilometer arc length of any active sub-
duction zone can thus, as a first-order approximation, be
applied to any other subduction zone segment in the Pacific.
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Figure 7. (a) Average surface ocean iron concentrations based on the work of Parekh et al. [2005].
High-Nutrient Low-Chlorophyll (HNLC) regions are defined by comparison of the seasonally averaged
surface nitrate and silica concentrations [Watson, 2001] and annual averaged chlorophyll concentrations
(SeaWIFS). (b) Areas of higher versus lower likelihood of volcanic ash deposition, the extent of which are
roughly estimated on the basis of the location of historically active volcanoes, low-altitude wind direc-
tions, and tephra frequencies in marine sediment drill cores in the Quarternary [Straub and Schmincke,
1998]. (c) Averaged annual mineral dust fluxes into the world ocean. Percentage inputs are as follows:
North Pacific, 15%; South Pacific, 6%; Southern Ocean, 6%, North Atlantic, 43%; South Atlantic, 4%,
and Indian Ocean, 25% [Jickells et al., 2005].
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Table 2. Millennial Volcanic Ash Input From Subduction Zone Volcanoes Into the Pacific Ocean

Volcanic Ash
Emission

Offshore Deposited
Volcanic Ash Into

ffshore Fracti
Offshore Fraction the Pacific Ocean

of Emitted
Subduction Zone Arc Length (lols—g/ka)a Volcanic Ash M
Volcanic Arcs (km) Min Max (%)° Min Max
New Zealand—Tonga-Kermadec 2500 20.0 26.0 85+5 16.0 23.4
Fiji Islands 340 2.7 35 85+ 5 22 32
New Hebrides 1450 11.6 15.1 85+5 9.3 13.6
Solomon Islands 390 3.1 4.1 85+5 2.5 37
New Britian 1000 8.0 10.4 85+ 5 6.4 9.4
Papau New Guinea 950 7.6 9.9 20+ 10 0.8 3.0
Indonesia 4700 37.6 48.9 20 + 10 3.8 14.7
Philippines 1610 12.9 16.8 60 + 10 6.4 11.7
Ryuku Islands 1210 9.7 12.6 60 + 10 4.8 8.8
Mariana 1500 12.0 15.6 85+ 5 9.6 14.1
Izu-Bonin 1100 8.8 11.5 85+5 7.0 10.3
Japan 1400 11.2 14.6 85+ 5 9.0 13.1
Kuril Islands 1350 10.8 14.1 85+5 8.6 12.6
Kamchatka 1000 8.0 104 85+5 6.4 9.4
Aleutians 1900 15.2 19.8 85+ 5 12.2 17.8
Alaska 800 6.4 8.3 40 + 10 1.9 42
North Canadian Cascades 450 3.6 4.7 20 £ 10 0.4 1.4
High Cascades 1300 10.4 13.5 20 + 10 1.0 4.1
Mexico 970 7.8 10.1 40 + 10 2.3 5.0
Central America 1100 8.8¢ 11.5° 80 = 10° 6.2 10.3
South America (North) 550 4.4 5.7 80 £ 10 3.1 52
South America (Central) 960 7.7 10.0 80 + 10 54 9.0
South America (South) 1300 10.4 13.5 20 £ 10 1.0 4.1
Subduction zone total 29830 239 311 64 + 8 126 212

Calculated by multiplying maximum and minimum ash emissions (see footnotes d and e).

®Estimated on the basis of the general wind directions and proximity of volcanoes to the ocean (see section 4.3.1.1 for explanation).

“Calculated by multiplying the result found in footnote a by the estimate from footnote b.

dMinimum ash emission from Central American Volcanic Arc (CAVA) over the past 191 ka, calculated on the basis of the work of Kutterolf et al.
[2008]. The minimum rate of volcanic ash emission per kilometer arc corresponds to 8.0 x 10'? g/ka/km.

“Maximum ash emission from CAVA per millennia, estimated by adding the dispersed ash fraction of 30% [Scudder et al., 2009]. The maximum rate of

volcanic ash emission per kilometer arc corresponds to 10.4 x 10'* g/ka/km.

Estimated by comparison of proximal and distal ash volumes produced from Central American Arc (see section 4.3.1.1 for explanation).

[29] As a basis for our flux estimates we use the Central
American Volcanic Arc (CAVA), which is among the most
well-studied subduction zone segments in the Pacific Ring
of Fire, with data for offshore deposited ash available for the
past 191 ka. Volume estimates of CAVA ash deposits were
obtained by fitting straight lines to data on plots of In iso-
pach thickness versus square root isopach area (e.g., Figure 6)
[Fierstein and Nathenson, 1992; Kutterolf et al., 2008; Pyle,
1989]. It is important to note that the ash volume estimates
inferred from discrete ash layers do not account for the dis-
persed ash, as this fraction is not visible due to mixing with
nonvolcanic sediments (e.g., due to bioturbation). The
missing dispersed ash fraction corresponds to ~6% to 60%
and on average for ~30% of the total erupted mass [Peters
et al., 2000; Rose and Durant, 2009; Scudder et al., 2009;
Straub and Schmincke, 1998]. Hence the ash emission rate
from CAVA is likely to be underestimated by about 30%.

[30] According to ash thickness contour (isopach) maps
inferred from marine drill core data (e.g., Figure 6), about
1139 km? of ash was emitted from the 1100 km long CAVA
during the past 191 ka (Table S4) [Kutterolf et al., 2008].
By converting volume to mass, this corresponds to about
1680 Pg (Pg = petagrams = 10" grams) of ash for the past
191 ka (using dense rock equivalent densities of 1680 kg/m®
for mafic and 1470 kg/m’® for felsic tephra [Kutterolf et al.,

2008]). The ash emission rate per millennium can then be
calculated to 8.8 Pg/ka and to a rate per kilometer arc of
8.0 Tg/ka/km (Tg = teragrams = 10'? grams) (Table 2).
Taking into account the dispersed ash fraction (+30%), we
infer an ash emission rate of between 8.0 and 10.4 Tg/ka/km
for CAVA (Table 2). Assuming that the millennial ash
emission rate (per kilometer arc length) is largely the same
for all Pacific subduction zone segments, the total emission
of all Pacific arcs can be inferred from multiplying the
CAVA ash emission rate (of 8.0-10.4 Tg/ka/km) with the
known lengths of individual arcs (Table 2). The millennial
ash emission for Pacific SZ volcanoes is thus estimated to be
on the order of 239-311 Pg/ka (Table 2).

[31] Only a part of the emitted ash is deposited over the
ocean. In the case of the well-characterized CAVA, proxi-
mal and distal sections of ash layers are found both onshore
and offshore (e.g., Figure 6) (Table S4). Based on the
interception of proximal and distal facies (at ~20—10 cm ash
layer thickness [see Kutterolf et al., 2008]) it can be esti-
mated that about 50% (220 Pg) of the proximal and about
90% (1120 Pg) of the distal ash was deposited into the
Pacific Ocean over the past 191 ka (Table S4), which cor-
responds to about 80% + 10% of the ash emitted from the
CAVA (6.2-10.3 Pg/ka). The result is consistent with the
location of Central American volcanoes within trade wind
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zone and with the frequency of ash layers in marine drill
cores offshore Central America (Figure 7b).

[32] For other SZ segments along the Pacific Ring of Fire,
the proportion of offshore deposited ash was estimated by
taking into account: (1) the general wind directions (e.g.,
westerlies, trade winds), (2) the overall distance of the
volcanoes from the ocean (Figure 7b), and (3) the con-
straints for onshore and offshore deposition of CAVA ash
(Table 1). For example, in the eastern Pacific, ash from SZ
volcanoes located in the trade wind area (~30°N to 30°S) is
mostly deposited offshore (e.g., 80% =+ 10% for the northern
section of the South American Arc; see Table 2 and Figure
7b), whereas ash from volcanoes situated in the westerlies
(>30°N and >30°S) is dominantly deposited on land (e.g.,
only 20% + 10% deposited offshore for the High Cascades;
see Table 2 and Figure 7b). The distance of volcanoes from
the ocean is generally larger in the eastern Pacific as these
are mainly found at continental margins, whereas SZ vol-
canoes in the western Pacific often form ocean island arcs
(Figure 7b). The proportion of the ash deposited offshore
thus tends to be higher for island arcs volcanoes, compared
to those located at continental margins (e.g., 85% + 5% for
Mariana Islands in the western Pacific; see Table 2). We
also take into account the boundary of the Pacific Ocean
(Figure 7b). The ash from Indonesian volcanoes located in
the trade wind zone, for example, is mainly transported into
the Indian Ocean rather than into the Pacific Ocean (only
20% + 10% into the Pacific although 80% + 10% is
deposited offshore; see Table 2). Together, we infer a SZVA
flux into the Pacific Ocean in the range of 126212 Pg/ka,
which takes into account uncertainties arising from the
CAVA ash flux estimate, arc lengths and wind directions
(Table 2).
4.3.1.2. Hot Spot Oceanic Island Volcanic Ash Flux:
Apron-Based Approach

[33] The data basis from scientific ocean drilling is gen-
erally insufficient to construct isopach maps of offshore ash
layers related to Pacific HS volcanic ocean islands (Figure 7b).
In an apron-based approach, two end-member ocean island
settings are distinguished: (1) caldera-forming and (2) non-
caldera-forming hot spot systems (Table 3). Caldera-forming
ocean islands (e.g., Hawaii) potentially create more explosive
volcanic eruptions compared to non-caldera-forming ocean
islands (e.g., Samoa, Marquesas) [Lipman, 2000] (Figure 7b),
for which volcanic apron production rates data are provided
by the literature: 230,000 km> over the past 5.5 my for cal-
dera-forming Hawaii and 10,000 km? over the past 5.0 my for
non-caldera-forming Samoa [Duncan and Clague, 1985;
Lonsdale, 1975; Rees et al., 1993; Straub and Schmincke,
1998]. These values suggest apron production rates of
42 km’/ka for caldera-forming and 10 km’/ka for non-
caldera-forming ocean islands (Table 3).

[34] Volcanic aprons not only consist of volcaniclastic
rocks (e.g., ash, pumice, hyaloclastites) but also of hardrock
formed from lava flows etc. [Rees et al., 1993; Schmincke
and Sumita, 1998]. The volcaniclastic-to-hardrock ratio is
estimated to be about 1:3 (e.g., Hawaii [ Wolfe et al., 1994]).
Applying this ratio to the apron production rates inferred
above and by converting volume to mass using dense rock
equivalents of 1680 kg/m> for mafic tephra (2400 kg/m® at
30% porosity), the volcaniclastic emission rates of hot spot-
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related ocean islands can be calculated to range from 5.7 Pg/ka
to 23.7 Pg/ka (Table 3).

[35] Based on the offshore extend and the thickness of ash
layers found in Deep Sea Drilling Project (DSDP) cores
related to hot spot volcanism [Kelts and McKenzie, 1976;
Viereck et al., 1985], the proportion of offshore ash com-
pared to total volcaniclastics is estimated to range from 1%
to 5%. The offshore ash deposition rates for individual HS
oceanic islands are thus calculated to vary between 0.1 Pg/ka
to 2.0 Pg/ka (Table 3). Taking into account whether a hot
spot-related ocean island is caldera-forming or non-caldera-
forming, the offshore ash deposition rate for Pacific oceanic
islands is estimated to be between 2.0 Pg/ka and 9.0 Pg/ka
(Table 3), which corresponds to <3% of the apron production
rates of HS ocean islands. The HS offshore volcanic ash
deposition rate is thus significantly lower than that of SZ
volcanoes where in general more large-scale explosive
eruptions occur (Table 2).
4.3.1.3. Overall Volcanic Ash Flux Into Pacific Ocean

[36] The Pacific millennial ash input from SZ and HS
volcanoes through subaerial eruptions is estimated to range
from 128 to 221 x 10'° g/ka (Table 4), more than 90% of
which is derived from SZ volcanoes (Tables 2 and 3).
Despite the uncertainties involved in such geological flux
estimates (e.g., the CAVA ash flux, wind directions, arc
lengths etc.) that may easily introduce a factor 2 error we
argue that the ash flux estimate provided here serves well as
a first-order approximation. For comparison, our millennial
flux estimate for the Pacific Ocean is 15-20 times lower
than the amount of material ejected from the large Pinatubo
eruption (~8.1 Pg [Wiesner et al., 1995]). Within a week, a
single volcanic eruption can deposit similar amounts ash (e.g.,
Kasatochi 2008 eruption, at least 650 x 10'* g ash [Langmann
et al., 2010]) to the yearly input of volcanic ash into Pacific
Ocean (128-221 x 10" g/yr based on short-term averaged
millennial deposition rates). Therefore, the millennial-scale
estimates in Tables 2 and 3 are realistic and rather conser-
vative. The largest uncertainty of our estimate, however, is
that it does not consider rare supereruptions that occur with a
frequency of >10,000 years such as the Toba eruption in
Sumatra ~74 ka ago that produced about 2000 x 10" g of ash,
much of which was deposited into the ocean [Oppenheimer,
2002].

4.3.2? Mineral Dust Input Into the Pacific Ocean:
Millennial-Scale Flux

[37] About half of the global surface ocean dust flux is
deposited into the northwest Pacific Ocean and stems from
Asian deserts (Figure 7c) [Jickells et al., 2005; Jickells and
Spokes, 2001]. Modeling of extrapolated aerosol dust con-
centrations (from island and coastal collection sites) sug-
gests an annual dust deposition rate of 39-519 x 10' g/y for
the Pacific Ocean [Mahowald et al., 2005]. During the last
glaciation the dust input was probably 2-20 times higher
than during the more humid (and more vegetated) intergla-
cial periods [Kohfeld and Harrison, 2001; Mahowald et al.,
1999; Martin et al., 1990; Winckler et al., 2008]. The post-
glacial global pattern of dust deposition most likely did not
change significantly [Jickells and Spokes, 2001]. Therefore,
assuming a constant annual dust deposition rate in the
Holocene, the annual dust deposition rate inferred from
modeling [Mahowald et al., 2005] corresponds to a millennial
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Table 3. Millennial Volcanic Ash Input From Hot Spot Volcanoes
Into the Pacific Ocean

Offshore Deposited
Volcanic Ash Into the
Pacific Ocean
(10"° g/ka)®

Minimum Maximum

Volcaniclastic
Production Rate
(10"° g/ka)®

Hot Spot Oceanic Islands

Hawaii (caldera-forming) 23.7 0.4 2.0
Revillagigedos 5.7 0.1 0.5
Marquesas 5.7 0.1 0.5
Gambier 5.7 0.1 0.5
Society 5.7 0.1 0.5
Austral-Cook 5.7 0.1 0.5
Caroline 5.7 0.1 0.5
Easter hot spot 5.7 0.1 0.5
Galapagos (caldera-forming) 23.7 0.4 2.0
Samoa (non-caldera-forming) 5.7 0.1 0.5
Line Island 5.7 0.1 0.5
Marshall-Gilbert Island 5.7 0.1 0.5
Hot spot total 104 2 9

*Volcaniclastic emission rates estimated on the basis of apron production
rates of Hawaii (42 km®/ka over 5.5 myr) and Samoa (10 km>/ka over
5 myr), and applying the ratio between volcaniclastic to the hardrock (1/3)
(see section 4.3.1.2 for explanation) [Straub and Schmincke, 1998; Wolfe
et al., 1994]. Volumes were converted to masses based on an average
mafic ash density of 2400 kg/m® at 30% porosity (1680 kg/m?).

PFraction of offshore ash compared to emitted volcaniclastics is
estimated to range between 1%—5% [Kelts and McKenzie, 1976; Viereck
et al., 1985].

dust flux rate 0of 39-519 x 10" g/ka. Based on ocean sediment
core data, however, the postglacial dust input is estimated to
be 4-5 times lower than the modeling estimates [Rea, 1994],
possibly due to a less anthropogenic input before the past
1000 years.
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4.4. Significance of Volcanic Ash-Related Fe Input Into
the Pacific Ocean: Biogeochemical Implications,
Eruption Frequencies, and Spatial Distributions

[38] The millennial flux of airborne volcanic ash into the
Pacific Ocean (128221 x 10'® g/ka) is comparable to that
of mineral dust (39-519 x 10" g/ka [Mahowald et al.,
2009]) or 50-115 x 10" g/ka if corrected to sediment
core observations [Rea, 1994] (see Table 4). From the
similarity in both material flux and Fe solubilities in sea-
water at pH = 8 (Table 4) it follows that the flux of soluble
Fe through dry deposition of volcanic ash into the Pacific
Ocean is comparable to that of mineral dust (3—75 x 10° mol
Fe/ka for volcanic ash and 1-65 x 10° mol Fe/ka for mineral
dust). These estimates do not consider the effect of wet
deposition (by rainwater) that, based on experimental results,
would greatly enhance the Fe solubility of both volcanic ash
and mineral dust as shown in Table 4 (see discussion in
section 4.1) [Baker and Croot, 2010; Duggen et al., 2010;
Mahowald et al., 1999]. The ratio of wet to dry deposition
may, however, vary from region to region but on a global-
scale dry deposition dominates. As outlined by Jickells and
Spokes [2001] for the Pacific Ocean, about 70% of the
atmospheric particles are derived through dry deposition.

[39] Focusing on the dry deposition process, for mineral
dust an overall range of 0.001%—0.02% Feg is derived based
on the experiments (including this study) providing con-
straints for the solubility of Fe under seawater conditions
(e.g., constant pH of 8) (Table 4). Previously, a value of
0.01% Feg was chosen for the dry deposition of Fe into the
Saragossa Sea [Jickells, 1999], which is in accordance with
the range outlined in Table 4. Results for Fe solubilities
inferred from experiments at highly variable pH vary 3—4
orders of magnitude: 0.001%—22% for volcanic ash and
0.001%—-80% for mineral dust (Table 4 and, for comparison
with the new data, see the dashed lines in Figure 4) [ Baker and
Croot, 2010; Duggen et al., 2010; Frogner et al., 2001; Jones

Table 4. Summary of the Fe Mobilization Behavior of Volcanic Ash and Mineral Dust in Different Experimental Setups With Variable
pH and the Input of Soluble Fe Based on the Millennial Fluxes of Volcanic and Mineral Dust

Volcanic Ash Mineral Dust

nmol/g Ash %Feg® nmol/g Dust %Fedust
Fe Release (nmol Fe/g or % Feg)
At seawater pH (8) 35-340° 0.003-0.2* <10-125¢ 0.001-0.02°
In seawater without pH buffer 10739,000‘{ 0‘()0171.8“‘i 1,600—165,000%¢ 0.26-26°
in acidic solutions (pH 1-5) 20-200,00" 0.001-22° 60-500,000¢ 0.01-80%
Millennial particle flux into the Pacific Ocean (10" g/ka) 128-221" 39-519!
Soluble Fe Flux Into the Pacific Ocear’ (10° mol/ka)

At seawater pH (8) 3-75 1-65
In seawater without pH buffer 2-8,600 65-85,000
In acidic solutions (pH 1-5) 2-44,000 2-260,000

*Values as follows: 2070 nmol/g ash [Duggen et al., 2007]; and 35-340 nmol/g ash (Figures 2a and 2b) (present study (0.003%—0.2% Fey*; Table 1)).

dust

"Values as follows: 0.001%-0.02% Feg
(present study (0.002% Fed"'; Table 1)).

[Guieu and Thomas, 1996]; <0.013%

dust

Fes™ [Spokes and Jickells, 1996]; and 20-30 nmol/g ash (Figure 2c)

“Values recalculated from Fe release in “nmol Fe/g” to “%Fes” (fractional Fe solubility) and vice versa. Bulk Fe contents are 5% for SZVA, 12% for

HSVA, and 3.5% for mineral dust.

dvalues as follows: 10-10,900 nmol/g ash [Jones and Gislason, 2008]; and 39,000 nmol/g ash [Frogner et al., 2001].

°Buck et al. [2006] and Wu et al. [2007].
"Duggen et al. [2010, and references therein].
¢Baker and Croot [2010], Mahowald et al. [2009], and references therein.

f‘This study; estimations based on the drill core data (see section 4.3 and Tables 2 and 3).
'Derived from long-term averaged modern deposition rates [Mahowald et al., 2005] (see section 4.3.2 for discussion).
Calculated by multiplying the millennial particle fluxes (g/ka) with the Fe release per gram of ash and dust (nmol Fe/g ash or dust).
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and Gislason, 2008; Mahowald et al., 2005; Schroth et al.,
2009]. Table 4 emphasizes that major uncertainties in esti-
mating Fe flux arise from the strong pH dependency of Fe
solubility. Experimental studies demonstrate this with highest
Fe solubilities under low pH with minimum Fe solubilities
around pH 8 [Desboeufs et al., 1999; Guieu and Thomas,
1996; Spokes and Jickells, 1996]. Since results from experi-
ments with acidic solutions are very likely to overestimate the
dissolution of Fe in seawater [Baker et al., 2006], our Fe flux
estimates for both volcanic ash and mineral dust were per-
formed with data from experiments at seawater pH of 8.

[40] Volcanic ash and mineral dust particles can serve as
cloud condensation nuclei (CCN) [4Andreae and Rosenfeld,
2008; Duggen et al., 2010; Jickells and Spokes, 2001;
Textor et al., 2006]. Therefore the particles that were
transported long distances through the atmosphere may have
been affected by interaction with low-pH cloud water prior
to dry deposition (soil versus marine aerosol [Zhuang et al.,
1992]). The volcanic ash samples used in this study were
transported between a few and up to 130 km through the
atmosphere (see Table S1), whereas the Cape Verdian loess
sample was collected more than 1000 km away from its
source. As long-distance atmospheric transportation may
enhance Fe solubilities, Fe release data for ash particles
sampled in the proximity of volcanic source craters may
underestimate actual Fe solubilities in the remote ocean. It is
still uncertain to what extend low-pH cloud water cycling of
ash and dust particles affects the seawater solubility (hence
bioavailability) of Fe. In terms of biogeochemical Fe and
C cycles, however, a key parameter is the maximum con-
centration solubility of Fe that is controlled by various
factors (e.g., nature of Fe-binding ligands) and Fe uptake
mechanisms by marine photosynthetic organisms which are
not completely understood [Baker and Croot, 2010].

[41] Due to differences in temporal and spatial deposition
patterns, comparable millennial Fe fluxes into the Pacific
Ocean are unlikely to have the similar marine biogeo-
chemical impacts (Figure 7). The episodic deposition nature
of mineral dust and volcanic ash (e.g., in the northern
Pacific) may be less different than commonly thought.
Despite its seasonality the dust input into the Pacific is not
uniform throughout the year. About 30%-90% of the annual
dust input is derived in the vicinity to the dust source at
about 5% of the high deposition days [Mahowald et al.,
2009]. Episodic dust storms occur about 20% of the days
of a year, and may deposit about half of the yearly input
within a 2 week period [Jickells and Spokes, 2001]. In terms
of mass flux, the frequency and duration of the storm events
is comparable to the moderate level of volcanic eruptions.
Low-to-moderate eruptions (volcanic explosivity index of
VEI <5 with ejecta volumes <1 km® and ash plume heights
of <10-25 km) are episodic but take place frequently. The
relatively frequent volcanic eruptions can be grouped into
(1) constant-to-daily gentle eruptions (eruption column
height of hundreds of meters, e.g., Hawaiian volcanoes),
(2) weekly eruptions (1-3 km ash plume height, e.g., Galeras),
and (3) yearly explosive eruptions (3—5 km ash plume height,
e.g., Cordon Caulle) (http://www.volcano.si.edu/).

[42] Each year at least 25 eruptions of VEI = 2 (<10'!
grams ash), about 15 eruptions of VEI = 3 g<1014 grams
ash), and about 1—4 eruptions of VEI = 4 (<10'° grams ash)
occur along the Pacific Ring of Fire (http://www.volcano.si.
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edu/). Globally, high-magnitude eruptions with ejecta of
>10"> grams (with ash plume heights of 10-25 km) occur
every >10 years (e.g., Eyjafjallajokull 2010 eruption, VEI=15).
Supereruptions with ejecta of >10'® grams to >10"" grams
(with ash plume heights of >25 km) are rare and take place
every >10 to >10,000 years, depending on the magnitude
(e.g., Pinatubo 1991, VEI = 6; Tambora 1815, VEI = 7;
Taupo ~26,500 years ago, VEI = 8). Fe fertilization that may
arise from such large-scale eruptions to supereruptions is to
date basically unknown but some studies indicate that the
effect may have been significant in the Earth’s history
[Duggen et al., 2010, and references therein].

[43] In terms of biogeochemical response and C cycles,
both sources can be expected to have their greatest impact
on Fe-limited (HNLC) regions (Figure 7a) [De Baar and De
Jong, 2001; Watson, 2001]. While mineral dust deposition
is mainly restricted to the northwestern Pacific HNLC
region (Figures 7a and 7c), Fe input by volcanic ash is more
widespread including the north (subarctic), eastern equato-
rial and southwestern Pacific (Figure 7b). In the subarctic
Pacific, for example, the ash fallout of the intermediate-
scale August 2008 eruption of Kasatochi volcano (VEI = 4)
was associated with a large-scale phytoplankton bloom in
the Fe-limited North Pacific [Hamme et al, 2010;
Langmann et al., 2010]. In the Fe-limited eastern equatorial
Pacific mineral dust input is relatively rare so that the flux of
soluble Fe from ash from Mexican, Central American, and
South American volcanoes is likely to dominate the mil-
lennial atmospheric input of Fe in these regions (Figure 7).
In the Pacific sector of the Southern Ocean mineral dust
deposition is very limited too, whereas volcanic ash from
active volcanoes in the subduction zones of New Zealand
and Tonga-Kermadec can be transported into the Fe-limited
Southern Ocean with the westerlies, potentially causing
volcanic Fe fertilization (Figure 7b).

5. Conclusions

[44] Airborne volcanic ash from volcanoes in different
tectonic settings (subduction zones and hot spots) rapidly
mobilizes soluble Fe on contact with natural seawater.
Calculations suggest that even low ash loads within the ash
fallout area of single volcanic eruptions can raise Fe levels
sufficiently to cause massive phytoplankton blooms. Flux
estimates suggest that the postglacial millennial input of Fe
into the Pacific surface ocean through dry deposition of
volcanic ash and mineral dust is comparable. Although the
millennial Fe fluxes are found to be similar, the biogeo-
chemical impacts of the two atmospheric sources are dis-
tinguished by differences in temporal and spatial deposition
patterns in the Pacific surface ocean in general and in Fe-
limited (HNLC) regions in particular.

[45] Further research to improve our understanding of the
relative importance of volcanic ash and mineral dust for
the Pacific surface ocean should include an evaluation of the
amount of Fe that is transported into the Pacific through dry
versus wet deposition, as Fe release of both volcanic ash and
mineral dust particles appears to be strongly pH-dependent,
and Fe release is strongly enhanced by interaction with low-
pH solutes (e.g., cloud water). Despite the uncertainties
typically involved in near-global flux estimates and differ-
ences in the biogeochemical impact patterns of volcanic ash

12 of 15



GB4001

and mineral dust, our results strongly suggests that the role
of volcanic ash for the Pacific surface ocean biogeochemical
Fe cycle is significant and has so far been underestimated.
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Table S1: Description of the volcanic ash samples.

Table S2: Fe-release of ash from subduction zone and hotspot volcanoes and Saharan
dust on contact with natural seawater, determined by means of Cathodic Stripping

Voltammetry.

Table S3: Glass composition of subduction zone and hotspot volcanic ash, determined by

electron microprobe.

Table S4: Summary of the Central American Volcanic Arc (CAVA) tephra flux over the
past 191 ka, based on Kutterolf et al., [2008].
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Table S1: Description of the volcanic ash samples.

Volcano Location Date Collection distance and Eruption type
description
11 km NW Kagoshima University Campus.
Sakura-Jima '86 Japan 11. June 1986 Silty Vulcanian
Sakura-Jima '87 18. Nov. 1987 At the eastern foot of the volcano. Silty Vulcanian
11 km NW Kagoshima University Campus.
Sakura-Jima '99 6. Dec. 1999 Silty Vulcanian
Sakura-Jima '07 May 2007 3 km NW of the Minamidake Crater. Silty Vulcanian
Sakura-Jima '09 2009 At the eastern foot of the volcano. Sandy Vulcanian
Arenal '92 Costa Rica 22. July. 1992 At the foot of the volcano, Silty-fine sandy Strombolian
Arenal '93 1993 At the foot of the volcano, Silty-fine sandy Strombolian
Arenal '03 04. Feb. 2003 At the foot of the volcano, Silty-fine sandy Pyroclastic flows
Arenal '04 31. May. 2004 At the foot of the volcano, Silty-fine sandy Pyroclastic flows
Turrialba 1864 Costa Rica 1864 Unknnown. Sandy Strombolian
Mt. Spurr '92 Alaska 18. Aug. 1992 Anchorage. Sandy Sub-plinian
Papua New
Rabaul '02_1 Guinea 13-14. Nov. 2002 At the foot of the volcano. Fine-sandy Vulcanian
Rabaul '02_2 15-23. Nov. 2002 At the foot of the volcano. Fine-sandy Vulcanian
Rabaul '08 2008 Unknown. Silty-fine sandy Vulcanian
Popocatepetl '98 1 Mexico 19. Nov. 1998 9 km NW from crater. Silty Vulcanian
Popocatepetl '98_2 4. Dec. 1998 18.7 km NW from crater. Sandy Vulcanian
Popocatepetl '00_1 4. Sep. 2000 18.7 km NW from crater. Silty Vulcanian
Popocatepetl '00_2 20. Dec. 2000 4 km NNW from crater. Silty-fine sandy Vulcanian
Popocatepetl '00_3 29 -30. Dec. 2000 32 km ENE from crater. Sandy Vulcanian
Popocatepetl '01_1 22.Jan. 2001 19 km SE from crater. Sandy Vulcanian
Popocatepetl '01_2 5. July. 2001 4 km NNW from crater. Coarse sand Vulcanian
Popocatepetl '03 19. July. 2003 65 km NW from Crater. Fine-silty Vulcanian
Karymsky '05_1 Kamchatka 10. July. 2005 5 km SE from crater. Coarse sand Strombolian
Karymsky '05_2 11. July. 2005 5 km SE from crater. Coarse sand Strombolian
Karymsky '05_3 11. July. 2005 5 km SE from crater. Coarse sand Strombolian
Karymsky '05_4 12. July. 2005 1.8 km SSE from crater. Coarse sand Strombolian
Karymsky '05_5 13-14. July. 2005 5 km SE from crater. Coarse sand Strombolian
Karymsky '05_6 14. July. 2005 5 km SE from crater. Coarse sand Strombolian
Karymsky '05_7 14. July. 2005 5 km SE from crater. Coarse sand Strombolian
Karymsky '05_8 14-15. July. 2005 5 km SE from crater. Coarse sand Strombolian
Karymsky '05_9 15. July. 2005 5 km SE from crater. Coarse sand Strombolian
Karymsky '05_10 15. July. 2005 5 km SE from crater. Coarse sand Strombolian
Chaiten '08_1 Chile 3. May. 2008 10 km far from summit. Silty Plinian to sub-plinian
Chaiten '08_2 6. May. 2008 130 km, El Bolson Argentina. Silty Plinian to sub-plinian
Anatahan '03 Mariana Islands Unknown. Silty-fine sandy Plinian
Merapi '06 Central Java 9. June. 2006 Unknown. Silty Pyroclastic flow
Washington
Mt St Helens '80 USA 18. May. 1980 Unknown. Coarse sand Plinian
Fuego '74 Guatemala Unknown. Coarse sand Vulcanian
Telica '00 Nicaragua Unknown. Silty Ash explosion
Tungurahua '00 Equador 22. May 2000 Unknown. Coarse sand Ash explosion
Hekla ' 47 Iceland 1947 32 km SSW from the crater. Silty Plinian to sub-plinian
Hekla' 70 1970 45 km NW from the crater. Silty Plinian to sub-plinian
Hekla ' 80 1980 12 km N from the crater. Coarse sand Plinian to sub-plinian
Ash explosions and fissure
Pu'u'oo ' 05 Hawaii 17. Sept. 2005 Unknown. Coarse sand eruptions
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Table S2: Fe-release of ash from subduction zone and hotspot volcanoes and Saharan
dust on contact with natural seawater, determined by means of Cathodic Stripping
Voltammetry.

A) Subduction Zone

Volcanic Ash
Sakura-jima 1986 Sakura-jima 1986, Repeat Sakura- Sakura-jima 1987, Repeat Sakura-jima 1987,
jima 1987 Repeat
nmole
Fe nmole Fe nmole Fe nmole Fe nmole Fe
perg
time / min ash time / min per g ash time / min per g ash time / min per g ash time / min per g ash
0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
5 18.7 6 354 3 253 7 282 5 232
10 28.0 10 473 9 48.1 11 36.2 9 31.6
11 289 11 56.6 10 52.0 15 433 15 38.1
15 329 14 57.8 15 65.2 20 55.1 21 46.6
20 38.1 22 71.8 25 83.6 30 68.6 27 527
25 40.5 28 77.1 34 103.0 40 79.1 33 58.5
29 46.1 34 88.4 40 137.1 46 89.2 39 727
32 471 37 90.8 50 144.5 50 922 45 68.5
36 50.6 44 99.5 63 179.4 60 118.3 51 752
39 51.6 48 101.3 110 134.2 60 83.4
43 54.9 51 104.5
46 56.1 60 108.3
50 58.8
53 63.8
56 62.8
60 61.0
63 69.2
67 65.0
70 69.1
73 70.0
86 72.8
Sakura-jima 1999 Sakura-jima 1999, Repeat Sakura- Sakura-jima Arenal
jima 2007 2009 1992
nmole
Fe nmole Fe nmole Fe nmole Fe nmole Fe
perg
time / min ash time / min per g ash time / min per g ash time / min per g ash time / min per g ash
0 0.0 0 0.0 0 0.0 0 0.00 0 0.0
3 87.9 6 75.1 5 221.0 5 3375 4 84.2
8 136.1 8 84.4 10 248.3 10 3375 8 124.4
10 148.0 14 99.6 13 262.0 15 336.8 10 134.0
14 166.7 21 120.3 20 274.1 20 3374 12 140.1
21 195.4 30 141.4 27 280.2 25 334.9 18 162.2
30 205.5 40 163.1 30 285.4 30 335.0 27 183.2
40 222.2 47 164.0 50 290.2 35 336.1 35 196.7
50 239.3 50 171.9 53 294.7 45 336.0 45 214.7
60 244.8 60 186.5 60 295.7 50 3353 51 219.4
65 256.3 55 335.6 60 227.3
60 336.9

84



Arenal 1993 Arenal 1993, Repeat Arenal Arenal 2004 Mt. Spurr
2003 1992
nmole
Fe nmole Fe nmole Fe nmole Fe nmole Fe
perg
time / min ash time / min per g ash time / min per g ash time / min per g ash time / min per g ash
0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
3 61.0 6 83.8 4 206.7 3 213.7 4 77.6
8 106.4 10 104.4 8 292.5 8 283.2 9 119.8
13 144.4 13 122.5 10 306.0 10 292.0 10 127.0
21 193.1 21 162.0 12 312.6 16 292.4 15 154.5
30 229.2 30 186.5 16 317.1 22 291.4 20 182.5
40 252.0 40 2143 21 318.4 28 290.9 24 198.0
48 267.3 48 238.6 28 318.0 36 290.1 29 207.9
55 273.8 67 284.8 36 316.8 42 290.8 34 218.4
60 286.8 88 286.7 45 317.1 50 286.8 40 241.8
65 290.8 55 316.7 60 293.4 50 246.3
60 313.8 63 286.6 60 258.5
Turrialba 1864 Rabaul Rabaul Rabaul 2008 Popocatepetl 1998-1
2002-1 2002-2
nmole
Fe nmole Fe nmole Fe nmole Fe nmole Fe
perg
time / min ash time / min per g ash time / min per g ash time / min per g ash time / min per g ash
0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
3 7.5 4 552 4 932 5 67.3 5 300.6
7 16.4 8 98.7 8 144.1 10 111.2 10 312.0
10 24.0 14 144.4 13 185.3 15 156.7 11 312.3
15 345 20 171.9 19 217.9 20 187.2 16 312.7
21 442 25 1923 26 241.7 25 200.8 22 314.3
30 60.8 34 226.2 35 261.1 39 238.0 28 316.8
40 77.1 41 244.8 41 268.3 44 255.9 32 317.9
50 92.9 50 262.0 51 277.0 49 264.6 38 317.8
60 109.6 60 275.8 61 278.0 55 276.0 43 3189
60 279.8 50 319.4
60 318.8
Popocatepetl 1998-2 Popocatepetl 2000-1 Popocatepetl 2000-2 Popocatepetl 2000-3 Popocatepetl 2001-1
nmole
Fe nmole Fe nmole Fe nmole Fe nmole Fe
perg
time / min ash time / min per g ash time / min per g ash time / min per g ash time / min per g ash
0 0.0 0 0.0 0 0.0 0 0.0 0.00 0.0
10 124.7 8 75.3 7 312.0 6 452 7.00 183.1
14 145.4 12 91.8 17 314.6 15 83.0 10.00 169.8
18 164.1 16 113.1 21 3128 26 929 13.00 175.2
24 188.7 23 140.4 26 3142 30 106.7 18.00 179.4
30 210.3 29 161.3 32 3132 36 109.6 23.00 178.6
35 221.2 36 178.5 38 314.1 42 122.1 30.00 177.3
40 237.1 43 202.1 44 315.1 48 137.6 40.00 177.3
45 247.7 49 211.9 50 314.6 54 145.9 50.00 176.9
50 251.6 55 230.5 60 162.2 60.00 175.4
60 261.2 60 230.5
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Popocatepetl 2001-2 Popocatepetl Karymsky Karymsky Karymsky
2003 2005-1 2005-2 2005-3
nmole
Fe nmole Fe nmole Fe nmole Fe nmole Fe
perg
time / min ash time / min per g ash time / min per g ash time / min per g ash time / min per g ash
0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
5 70.6 5 304.9 3 213 3 11.1 3 11.1
11 97.4 10 306.7 10 43.0 9 20.6 10 229
15 36.4 16 307.0 13 514 10 215 17 339
22 425 22 306.0 16 62.9 15 25.7 27 44.1
26 48.8 28 307.5 21 714 21 304 32 48.0
32 54.6 34 306.7 28 86.5 27 335 40 519
38 62.3 40 307.7 34 922 33 38.6 46 54.7
44 66.5 46 307.1 40 100.9 39 40.6 53 61.2
50 722 52 307.9 48 113.0 45 44.5 60 62.8
60 74.6 60 308.0 52 1159 51 46.9
60 116.4 60 50.6
Karymsky 2005-4 Karymsky Karymsky Karymsky Karymsky
2005-5 2005-6 2005-7 2005-8
nmole
Fe nmole Fe nmole Fe nmole Fe nmole Fe
perg
time / min ash time / min per g ash time / min per g ash time / min per g ash time / min per g ash
0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
5 18.1 5 383 5 145 7 13.7 6 125
9 23.1 9 45.6 10 17.9 10 17.8 9 174
15 333 13 54.1 16 22.1 15 234 10 18.5
22 43.6 21 64.9 23 25.0 20 249 16 232
30 512 26 61.9 30 27.7 25 28.5 22 29.6
38 589 32 64.3 36 30.7 30 31.1 30 34.0
46 64.7 39 70.1 42 30.1 36 339 36 373
54 722 46 75.8 50 34.0 42 352 42 40.6
53 77.6 60 383 48 37.6 48 43.7
60 79.4 55 39.7 55 445
58 41.8 60 46.0
Karymsky Karymsky 2005-10 Chaiten Chaiten Anatahan
2005-9 2008-1 2008-2 2003
nmole
Fe nmole Fe nmole Fe nmole Fe nmole Fe
perg
time / min ash time / min per g ash time / min per g ash time / min per g ash time / min per g ash
0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
5 15.9 6 19.6 5 56.6 5 39.1 5 224
10 249 10 26.5 10 84.7 10 62.1 12 319
16 30.1 15 30.7 16 111.1 15 85.8 23 46.1
22 314 25 38.1 21 130.6 20 100.9 28 52.0
28 354 32 394 26 152.6 25 119.5 34 56.2
34 36.8 35 429 31 166.6 30 136.4 46 66.5
40 39.5 42 45.8 36 181.7 36 160.5 52 73.6
46 425 47 50.4 41 195.4 40 173.2 57 76.1
52 46.8 52 493 46 208.2 45 186.9
60 48.8 60 51.9 51 217.5 51 195.1
56 2254 55 209.8
60 2393 60 224.5
Mount St. Helens 1980 Fuego 1974 Telica Tungurahua
2000 2000
nmole
Fe nmole Fe nmole Fe nmole Fe
perg
time / min ash time / min per g ash time / min per g ash time / min per g ash
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0 0.0 0 0.0 0 0 0 0.0
5 274 5 110.8 5 109.4848372 5 15.7
12 43.7 10 149.8 10 118.4661604 10 27.4
21 583 20 186.5 29 214.5022324 15 349
27 66.1 25 213.5 31 205.6416509 21 43.0
33 73.8 33 236.4 37 205.1679721 26 48.8
38 83.7 38 2458 44 205.6091436 31 55.8
43 914 43 261.9 49 217.8922872 36 62.0
60 108.3 49 266.9 54 218.217361 46 69.3
65 109.6 54 2753 60 218.0362484 51 74.1
60 279.8 60 81.9
B) Hot spot volcanic
ash
Hekla 1947 Hekla 1970 Hekla Pu'u' oo
1980 2005
nmole
Fe nmole Fe nmole Fe nmole Fe
perg
time / min ash time / min per g ash time / min per g ash time / min per g ash
0 0.0 0 0.0 0 0.0 0 0.0
4 10.0 7 40.1 4 13.9 3 7.7
9 17.3 10 37.6 7 275 7 122
15 22.6 14 459 11 338 10 132
22 29.8 20 54.1 15 40.6 15 19.3
30 353 25 72.6 20 483 20 20.1
40 423 30 64.6 30 62.3 25 24.1
50 493 40 73.4 40 70.1 30 248
60 56.6 50 94.5 50 79.9 40 29.9
60 107.4 60 85.5 51 31.6
60 34.8
C) Cape Cape Verde Dust Repeat Cape Verde Dust Repeat
Verde Dust
time / min nmole Fe time / min nmole Fe time / min nmole Fe
per g ash per g ash per g ash
0 0.0 0 0.0 0 0.0
5 8.6 5 13.5 3 4.5
10 10.5 15 15.5 7 5.3
15 12.7 21 18.5 10 8.3
22 14.8 26 19.6 13 9.1
28 16.4 31 23.1 16 10.0
33 18.7 36 24.1 19 7.9
39 19.7 41 25.7 22 8.1
44 21.0 46 28.0 25 11.6
49 234 51 27.8 28 12.2
56 244 56 278 31 12.7
60 278 60 29.9 34 132
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Table S3: Glass composition of subduction zone and hotspot volcanic ash, determined by
electron microprobe.

A) Subduction Zone Volcanic Ash Sakura-Jima '86 Sakura-Jima '87 Sakura-Jima '99 Sakura-Jima '07
Glass composition Dacite Dacite Dacite Rhyolite
Collection Date June 11, 1986 November 18, 1987 December 6, 1999 May, 2007
Eruption Type Vulcanian Vulcanian Vulcanian Vulcanian
Distance from crater 11 km 3kmE 11 km 3 km NW
Sio, 68.54 66.56 69.58 72.74
TiO, 0.79 0.80 1.14 0.93
ALOs 14.35 1391 13.01 13.17
FeO 3.64 5.14 5.64 3.87
MnO 0.08 0.12 0.11 0.06
MgO 0.41 1.21 0.73 0.30
CaO 3.58 3.92 3.30 2.34
Na,O 4.72 3.95 3.84 3.41
K,O 2.38 2.50 2.91 3.50
P,0s 0.25 0.22 0.30 0.27
Cl 0.05 0.08 0.07 0.04
SO; 0.01 0.01 0.01 0.01

Arenal '92 Arenal '93 Arenal '03 Arenal '04
Classification Dacite Dacite Dacite Rhyolite
Collection Date July 22, 1992 1993 February 4, 2003 May 31,2004
Eruption Type Strombolian Strombolian Pyroclastic flows Pyroclastic flows
Distance from crater Unknown Unknown 2 km Unknown
SiO, 68.54 67.54 68.28 73.32
TiO, 0.93 1.03 0.96 1.01
ALOs 12.38 12.23 12.25 11.64
FeO 5.63 6.39 6.19 3.64
MnO 0.14 0.16 0.17 0.09
MgO 0.80 1.10 0.99 0.37
CaO 2.83 3.42 3.11 1.42
Na,O 4.54 4.27 4.43 4.34
K,O 2.56 2.42 2.13 3.04
P,0s 0.43 0.42 0.33 0.19
Cl 0.10 0.13 0.15 0.08
SO; 0.00 0.01 0.01 0.01

Mt. Spurr '92 Turrialba 1864 Rabaul '02-1 Rabaul '02-2

Classification Andesite Trachydacite Trachydacite to Rhyolite Trachydacite to Rhyolite
Collection Date August 18, 1992 1864 November 13- 14, 2002 November 15-23, 2002
Eruption Type Sub-plinian Strombolian Vulcanian Vulcanian
Distance from crater 120 km Unknown Unknown Unknown
SiO, 62.14 65.75 69.34 68.70
TiO, 0.90 0.97 0.80 0.82
ALO; 16.85 15.84 13.54 13.67
FeO 5.81 3.53 3.33 3.55
MnO 0.15 0.07 0.10 0.10
MgO 1.78 1.23 0.40 0.36
CaO 5.61 3.37 1.88 1.93
Na,O 491 4.86 4.66 491
K,O 1.58 4.05 4.29 3.96
P,0s 0.36 0.22 0.14 0.14
Cl 0.22 0.19 0.24 0.28
SO; 0.02 0.01 0.01 0.01
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Popocatepetl '98-1

Popocatepetl '98-2

Popocatepetl '00-1

Popocatepetl '00-2

Classification Rhyolite Rhyolite Rhyolite Rhyolite
Collection Date November 19, 1998 December 4, 1998 September 4, 2000 December 20, 2000
Eruption Type Vulcanian Vulcanian Vulcanian Vulcanian
Distance from crater 9 km NW 18.7 km NW 18.7 km NW 4 km NNW
Sio, 76.75 74.88 75.53 78.44
TiO, 0.66 0.58 0.72 0.61
AL Os 12.18 13.23 11.68 12.17
FeO 1.24 1.46 2.11 1.34
MnO 0.01 0.03 0.02 0.02
MgO 0.08 0.11 0.26 0.06
CaO 0.81 1.22 0.89 0.93
Na,O 4.18 4.77 3.88 4.53
K,O 4.16 3.74 4.48 3.44
P,0s 0.07 0.05 0.12 0.07
Cl1 0.01 0.01 0.04 0.01
SO; 0.01 0.01 0.01 0.02
Popocatepetl '00-3 Popocatepetl '01-1 Popocatepetl '01-2 Popocatepetl '03
Classification Rhyolite Rhyolite Rhyolite Rhyolite
December 29-30,
Collection Date 2000 January 22, 2001 July 5, 2001 July 19,2003
Eruption Type Vulcanian Vulcanian Vulcanian Vulcanian
Distance from crater 32 km ENE 19 km SE 4 km NNW 65 km NW
Sio, 77.53 75.27 74.84 76.74
TiO, 0.75 0.67 0.77 0.85
ALO; 12.98 12.42 12.79 11.86
FeO 1.57 2.13 227 1.88
MnO 0.02 0.03 0.05 0.01
MgO 0.18 0.30 0.47 0.13
Ca0O 1.37 1.09 1.17 0.45
Na,O 3.90 4.16 4.03 3.48
K,O 2.88 3.86 4.40 5.02
P,0; 0.10 0.07 0.12 0.10
Cl 0.01 0.06 0.02 0.03
SO; 0.04 0.00 0.01 0.01
Karymsky '05-4 Karymsky '05-8 Chaiten '08-1 Merapi '96
Classification Rhyolite Rhyolite Rhyolite Rhyolite
Collection Date July 12,2005 July 14-15, 2005 3-May-08 9. June. 2006
Eruption Type Strombolian Strombolian Stombolian Pyroclastic flow
Distance from crater 5km SE 5 km SE 10 km from the summit unknown
SiO, 71.61 7231 74.64 69.54
TiO, 0.91 1.01 0.14 0.34
AL O, 13.48 12.70 13.84 14.97
FeO 3.50 4.21 1.32 1.82
MnO 0.07 0.13 0.04 0.07
MgO 0.39 0.54 0.26 0.32
Ca0O 2.33 2.23 1.40 0.96
Na,O 4.67 4.12 3.93 4.68
K,O 2.95 2.79 3.01 5.63
P,05 0.23 0.26 0.05 0.07
Cl 0.09 0.11 0.10 0.07
SO; 0.01 0.01 0.01
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B) Hot Spot Volcanic Ash

Hekla '47 Hekla '70 Hekla '80 Pu'u'oo '05
Andesite to

Classification Dacite Trachyandesite Andesite Andesite
Collection Date 1947 1970 1980 September 16, 2005
Eruption Type Plinian to sub-plinian Plinian to sub-plinian Plinian to sub-plinian Ash explosion
Distance from crater 32 km SSW 45 km NW 12kmN Unknown
SiO, 58.71 56.01 56.12 51.35
TiO, 1.80 1.96 2.18 2.47
ALO; 12.84 14.41 13.88 13.15
FeO 12.34 10.83 11.46 10.61
MnO 0.28 0.32 0.29 0.18
MgO 3.06 2.59 2.71 6.36
CaO 6.71 6.52 6.38 11.14
Na,O 3.93 4.30 3.98 2.58
K,O 1.53 1.39 1.63 0.44
P,0s 0.77 0.84 0.93 0.21
Cl 0.04 0.04 0.04 0.01
SO; 0.08 0.07 0.07 0.03
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Table S4: Summary of the Central American Volcanic Arc (CAVA) tephra flux over the
past 191 ka, based on Kutterolf et al., [2008].

Volcano Source Age Proximal Distal Tephra Total  Proximal Distal
Complex/Tephras Volcano Tephra  tephra composition tephra tephra  tephra
volume  volume volume mass mass
6
10'
ka) (k) (k) (100g)
g)
felsic
Terra Blanca Joven Ilopango Caldera 1.6 32 38.6 70.6 4.7 5.7
Masaya Tuff/ Ticuantepe mafic
Lapilli Masaya Caldera 1.8 4.8 1.8 6.6 0.8 0.3
Chiletepe felsic
Chiltepe Tephra complex 1.9 3.9 14 17.9 0.6 2.1
Masaya Triple Layer/La mafic
Concepcion Tephra Masaya Caldera 2.1 0.8 2.6 34 0.1 0.4
San Antonio Tephra Masaya Caldera 6 0.5 13 mafic 13.5 0.1 2.2
Chiletepe felsic
Upper Apoyeque Tephra complex 124 22 2.1 43 0.3 0.3
Chiletepe felsic
Lower Apoyeque Tephra ~ complex 17 0.8 3.1 3.9 0.1 0.5
Concepcio'n felsic
Upper Ometepe Tephra volcano 19 29 23 52 0.4 0.3
Cosigu“ina mafic
Mafic Cosigu“ina tephras  volcano 21-23 1.5 4.5 6.0 0.3 0.8
Upper Apoyo Tephra Apoyo Caldera 24.5 7.2 35.7 felsic 429 1.1 52
Lower Apoyo Tephra Apoyo Caldera 25 3 3.5 felsic 6.5 0.4 0.5
Pinos Altos Tephra Ayarza Caldera 23 6.3 1 felsic 7.3 0.9 0.1
Terra Blanca 4 Tephra Ilopango Caldera ~36 259 10.4 felsic 36.3 3.8 1.5
Mixta Tephra Ayarza Caldera 39 2.9 6.1 felsic 9.0 0.4 0.9
Coatepeque felsic
Conacaste Tephra Caldera ~51 3 1.5 4.5 0.4 0.2
Amatitla’n felsic
E-fall Tephra Caldera 51 5 40 45.0 0.7 5.9
Coatepeque felsic
Congo Tephra Caldera ~53 5.5 12.6 18.1 0.8 1.9
Las Nubes mafic
Fontana Tephra Caldera 60 1.3 1.4 2.7 0.2 0.2
Berlin-Pacayal- felsic
Twins/A-fall Tephra Volcan group 60 1 9.4 104 0.1 1.4
Coatepeque felsic
Arce Tephra Caldera 75 9.6 6.6 16.2 1.4 1.0
Berlin-Pacayal- felsic
Blanca Rosa Tephra Volcan group 75 1.9 2.7 4.6 0.3 0.4
Los Chocoyos Tephra Atitla'n Caldera 84 128 573 felsic 701.0 18.8 84.2
Amatitla'n felsic
T-fall Tephra Caldera 119 8 9 17.0 1.2 1.3
W-fall Tephra Atitla'n Caldera 158 13.6 9.7 felsic 233 2.0 1.4
Amatitla’n felsic
L-fall Tephra Caldera 191 18.5 44.7 63.2 2.7 6.6
Total 290.1 810.7 1139.4 42.8 125.4

*Masses are calculated using average densities of 2100 kg/m’ for felsic and 2400 kg/m’ for mafic tephra.
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Abstract

A century record of 35 million sockeye salmon returned in late summer 2010 to
the Fraser River located in the Pacific Coast of Canada, after three years of poor returns
of less than 2 million. It was speculated that the Kasatochi volcanic eruption in August
2008 in the North Pacific spurred the salmon boom by first inducing a phytoplankton
bloom, which in turn increased the abundance of zooplankton on which the salmon feed.
Here we report the first ash leaching experiments with volcanic ash from the Kasatochi
2008 eruption in natural seawater. Our results suggest that the Kasatochi eruption
increased the iron concentrations in the surface water column of the Alaskan Gyre by 2.0-
2.8 nM, an amount that has been shown to induce diatom bloom in this iron limited
region before. The release of macronutrients was insignificant compared to the usual
background concentrations in the water, and can therefore not have contributed to the
observed phytoplankton bloom. Our study gives evidence that the iron content released
from the volcanic ash was indeed sufficient to cause the observed phytoplankton bloom
in the eastern North Pacific, which was likely the first of multiple interdependent
processes in the oceanic food-web dynamics ending with increased sockeye salmon

populations in the Gulf of Alaska and the neighboring rivers.

Introduction

The North Pacific is a high-nutrient and low-chlorophyll (HNLC) ocean region
where the phytoplankton growth is known to be limited by iron (Martin & Fitzwater
1988, Boyd et al. 1996, Boyd & Harrison 1999) and sporadically by silicate (Wong &
Matear 1999, Whitney et al. 2005). Episodic increases of aeolian dust input have been
observed to increase primary production in the North Pacific (Young et al. 1991). The
casual connection between the aeolian iron input and the diatom production over longer
time-scales (e.g., Quaternary) has been suggested by the sediment core studies in the
region (McDonald & Pedersen 1999).

Oceanic deposition of volcanic ash has recently been considered as an important
nutrient source for the surface ocean (Frogner et al. 2001, Duggen et al. 2007, Jones &

Gislason 2008, Hamme et al. 2010, Langmann et al. 2010b, Lin et al. 2011, Olgun et al.
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2011). Deposition of volcanic ash during explosive eruptions can therefore stimulate the
phytoplankton growth by releasing especially iron and other nutrients into the seawater,
and eventually affect global carbon-cycle and the marine food-web.

The North Pacific region contains two of the world’s most active volcanic belts.
More than 150 explosive active volcanoes in the Kurile-Kamchatka and Aleutian arcs
typically create at least 10 explosive, ash-producing eruptions in each year (Siebert &
Simkin 2002). It has recently shown that atmospheric deposition of volcanic ash is one of
the major iron sources in the North Pacific Ocean, due to high flux of ash related to active
volcanism in the region (Olgun et al. 2011).

During July-August 2008 three explosive volcanic eruptions occurred in the
remote Aleutian Islands of Alaska; on 12 July at Okmok, 21 July at Cleveland, and on 7-
8 August at Kasatochi volcano (Waythomas et al. 2008, Larsen et al. 2009, Langmann et
al. 2010b). The Kasatochi eruption (Fig. 1) was the largest (volcanic explosivity index of
4) of the three, and produced 10" grams of ash and several ash plumes that reached as
high as 18 km above the sea level (Langmann et al. 2010a, Waythomas et al. 2010).

An unusual and extensive phytoplankton bloom in the North Pacific and Gulf of
Alaska started a few days after the Kasatochi eruption and has been related to iron-
fertilization by Kasatochi ash from the 2008 eruption (Fig. 1) (Hamme et al. 2010,
Langmann et al. 2010b). Two years after the Kasatochi eruption, a century record (of 35
million) sockeye salmon returned back to the Fraser River, Canada (Fig. 1) (Larkin
2010). The mystery behind this dramatic number resulted in scientists speculating about

possible causes including the effects of the volcanic eruption (Jones 2010, Parsons 2010).

Lack of other nutrient sources (e.g., desert dust from Asia, mesoscale eddies)
together with satellite data (Fig. 1) suggest that there is a strong link between the
Kasatochi ash fallout and the subsequent phytoplankton bloom in the eastern North
Pacific (Hamme et al. 2010, Langmann et al. 2010a, Langmann et al. 2010b). However,
this possible link remained speculative as it was unknown if the Kasatochi eruption
released sufficient amounts of iron into the seawater. Here we present data from iron and
macronutrient dissolution experiments with volcanic ash from the Kasatochi 2008
eruption. We further discuss the potential oceanic food-web dynamics affected by the

Kasatochi eruption that indirectly increased the salmon population in 2010 in the Gulf of
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CHAPTER III

Alaska and neighboring rivers in the region.
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Figure 1: MODIS-Aqua map based on (Langmann et al. 2010b) showing
relative increase in chlorophyll-a (mg/m®) concentrations in August 2008
most likely related to the Kasatochi (red triangle) volcanic eruption on 7%
and 8" of August 2008. The position of ash cloud is shown in the colored
areas. The bloom area is indicated in a red line. The chlorophyll-a
concentrations are the monthly mean August 2008 minus the background
monthly mean in the last six years (from August 2002 to August 2007).
Also shown are the location of Ocean Station Papa (OSP) (yellow star at
50°N 145°W) and Fraser River watershed area in the Pacific coast of

Canada.

99



Samples and methods

Most of the ash produced by the Kasatochi eruption was deposited in the ocean
(Waythomas et al. 2010). The deposits on the Kasatochi and neighboring islands, which
are readily available, were however exposed to rain and were wet when sampled
(Waythomas et al. 2010). A fishing boat transiting the area about 13 km southwest of the
Kasatochi Island during the eruption and received heavy ash fall on 7™ of August.
Crewmembers on the boat collected dry samples and provided them to the Alaska
Volcano Observatory. The sample analyzed in this study came from this fishing boat
(Waythomas et al. 2010). The grain-size of the sample was relatively coarse and
composed of particles greater than ash-size (ash-size is < 2 mm). We wished to analyze
the fine fraction of the tephra deposit and separated the coarser fraction using 2 mm
metal-free plastic sieves.

Fe-release experiments were performed with 50 mg portions of the ash sample
and 20 mL of natural seawater using an established voltammetric method with competing
Fe-binding ligand (Croot & Johansson 2000), largely mimicking the dissolution of
volcanic ash through dry deposition in the surface ocean (Duggen et al. 2007, Olgun et al.

2011). Macronutrient-release expressed as total fixed-nitrogen (expressed as NO3_),

phosphate (PO 43_) and reactive silica (SiO,) was examined by means of leaching
experiments. Agitation times in low-nutrient seawater of 85 minutes and 20 hours
agitation were followed by rapid filtration through a Sum mesh PTFE filter (Sartorius).
The concentrations of macro-nutrients in the seawater were measured by standard routine

photometry.

Results

Repeat measurements suggest the ash particles mobilize ~61-83 nmol of iron per
gram of ash within one hour (Fig. 2). The Fe-release range from Kasatochi ash is in the
lower third of the range (35-340 nmol/g ash) found for ash from subduction zone
volcanoes like Kasatochi (Duggen et al. 2007, Olgun et al. 2011). The results of the

macro-nutrient experiments show that within the first hour of contact with seawater
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Kasatochi ash releases 374 nmol nitrate (as total fixed-N), 5 nmol phosphate and 170

nmol of silica per gram of ash (Table 1).

100

nmol Fe per gram ash
e
[ ]
A\
®
®
®

20 30 40 50 60
Time (minutes)
Figure 2: Release of iron from volcanic ash from Kasatochi 2008 eruption

in natural seawater, measured by means of Cathodic Stripping Voltammetry.

After the day-scale interaction of ash with natural seawater, 410 nmol nitrate, 6
nmol phosphate, and 585 nmol of silica were released per gram of ash (Table 1). Highest
leaching rates were seen for nitrate and silica, while concentration of phosphate stayed
constant during 20-hours experiment.

These data likely reflect a minimum limit since the ash sample was coarse and
collected near the volcano. Small particle-size and cloud-water interaction may enhance
the solubility of surface compounds and hence the nutrient-release of volcanic ash

particles in the seawater (Duggen et al. 2010).
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Table 1: Estimated new supply of nutrients in the eastern North Pacific Ocean related to
the Kasatochi volcanic ash fallout in August 2008, based on the nutrient release from

Kasatochi ash.

Nutrient release Initial nutrient New supply by the
by Kasatochi ash  concentrations in the Kasatochi ash fall
in the seawater North Pacific Ocean (nM) °
(nmol/g ash) (nM)
Iron 61-83 <0.05° 2.0-2.8¢
Nitrate (NO3_) 374-410 5,000-10,000 ° 13-14
Phosphate (po43') 5-6 100-1,000 ° <0.2
Silica (Si0O,) 170-585 5,000-15,000 ° 6-20

* (Nishioka et al. 2001).

b (Levitus et al. 1994, De Baar & De Jong 2001, Tsuda et al. 2003, Boyd et al. 2007).

¢ based on the nutrient-release from Kasatochi ash calculated over the fertilized area of
1.5 x 10° km® in the Gulf of Alaska (Fig. 1) and a mixed layer of 20 m
(http://www.pac.dfo-mpo.gc.ca/science/oceans/Argo/Alaska-Argo-eng.htm).

4 Above the threshold (of 2 nM iron) for stimulating diatom bloom in the iron-limited

regions (Wells 2003).

Discussion

Nutrient supply by Kasatochi volcanic ash fallout

The background macro-nutrient concentrations in the eastern North Pacific ranges
between 5-10 uM nitrate, 0.1-1 uM phosphate and 5-15 pm silica (Levitus et al. 1994, De
Baar & De Jong 2001, Tsuda et al. 2003, Boyd et al. 2007), whereas the dissolved iron
concentrations are found to be very low, less than 0.05 nM (Levitus et al. 1994, Nishioka
et al. 2001). The input of small amounts of iron can therefore have large impacts on the

marine primary production in the Fe-depleted waters of the North Pacific and the Gulf of

102



Alaska.

The 2008 Kasatochi eruption may have resulted in ash fall-out over a wide area of
about 1.5 x 10° km” in the northeast Pacific Ocean (Fig. 1) (Hamme et al. 2010,
Langmann et al. 2010a, Langmann et al. 2010b). The phytoplankton bloom started a few
days after the eruption and the effect was detectable for over two months until the end of
September 2008 (Hamme et al. 2010, Langmann et al. 2010b). The mean chlorophyll-a
values in August 2008 were 2-3 times higher than the usual values for this time of the
year (Hamme et al. 2010). Ship-board measurements in the southern part of the bloom
area showed that the phytoplankton was dominated by large diatoms (Hamme et al.
2010). This is consistent with Fe-enrichment incubation experiments at the Ocean Station
Papa (OSP) (Boyd et al. 1996).

The increase of iron-levels in the ash-fertilized region can be inferred from
combining our iron-release data (Fig. 2) with constraints for the erupted mass of ~ 10" g
ash based on a one dimensional volcanic model (Langmann et al. 2010b), the area of the
ash fall region (Fig. 1), and the ocean mixed layer depth of 20 m (http://www.pac.dfo-
mpo.gc.ca/science/oceans/Argo/Alaska-Argo-eng.htm). The major error rises from the
actual volume of the ash deposit, which is unknown since most of the ash was deposited
in the ocean. The satellite data indicate ash aloft over a broad area (Hamme et al. 2010,
Langmann et al. 2010a, Langmann et al. 2010b), but this does not mean the that ash
fallout occurred in the same area, and it is likely that the ash fallout was un-uniform over
the fertilized area (Langmann et al. 2010a).

Given the uncertainties involved, assuming a homogenous distribution of ash over
the 20 m water column, our calculations suggest that the dry deposition of Kasatochi ash
might have added 2.0-2.8 nM iron to the ash fall region in the northeast Pacific (Table 1).
Mesoscale iron-enrichment experiments demonstrate that a raise of about 2-3 nM of iron
is enough to trigger diatom blooms in HNLC regions (Tsuda et al. 2003, Wells 2003),
suggesting that iron input from the Kasatochi ash was sufficient to stimulate the
evidenced massive phytoplankton bloom in the Gulf of Alaska (Hamme et al. 2010,
Langmann et al. 2010a, Langmann et al. 2010b).

Diatoms significantly contribute to the carbon uptake in the global ocean. Based

on the pCO,-decrease (of 25 patm) at the Ocean Station Papa (OSP, Fig. 1) in August
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2008, the C-drawdown associated with the diatom bloom (extrapolated over the fertilized
area) has been previously calculated to be ~6-17x10'?g C (Hamme et al. 2010).
Depending on the phytoplankton species and the seawater iron concentrations, the C:Fe
ratio of the phytoplankton may vary widely (from ~ 10° to ~ 10°) (Sunda & Huntsman
1995).

Given a typical C:Fe ratio of 10" for iron uptake under 1-3 nM iron concentrations
(Sunda & Huntsman 1995), the C-drawdown based on the new Fe-release data (Fig. 2) is
34-46x10"> g C, which is about 3-6 times higher than of the actual estimated C-
drawdown (Hamme et al. 2010). Considering the uncertainties related to the precipitation
and complexation of iron, and utilization of iron by other phytoplankton groups and
bacteria, the actual C-drawdown related to the north Pacific bloom could be derived by
the Fe-input from Kasatochi ash (Hamme et al. 2010).

The large increase in phytoplankton stock would accompany by strong utilization
of macronutrients, to a greater extent in the North Pacific compared to the other HNLC
regions (Tsuda et al. 2003). High demand of silica in the fertilized region was indicated
by reduced silicic acid concentrations during August 2008 in the eastern North Pacific
(Hamme et al. 2010). Based on our data, new supply of macro-nutrients related to the
volcanic ashfall in the region are 13-14 nM nitrate, <0.2 nM phosphate and 6-20 nM
silica (Table 1). Background concentrations of macro-nutrients (Table 1) are higher
compared to the new supply by the ashfall suggesting that the impact of macro-nutrient

input from Kasatochi ash for the marine primary production is probably marginal.

Did sockeye salmon population benefit from the 2008 Kasatochi volcanic eruption?

After twenty years of decline in sockeye population, about 35 million sockeye
salmon returned in 2010 to the Fraser River in Canada, the largest return since 1913 and
seventeen times higher than the average (Larkin 2010). The enigmatic sockeye run in
2010 has been linked to an increase in marine survival rates related to increased food-
supply in the ocean in summer 2008 (Parsons 2010).

Typically 95% of the Fraser River sockeye (Orcorhyncus nerka) has four-year life
cycle spending 2 years in the ocean before returning to nursery rivers to spawn and die

(Foerster 1968, Cass & Wood 1994). Unlike other salmon species, young sockeye are not
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often seen inshore waters once they reach the ocean (Miller & Brannon 1982), and
sockeye travel most notably towards the northern Alaskan and Artic waters (Hartt 1980,
Brannon 1982). On average only about 10% (from 2% to 13%) of the seaward sockeye
migrants return back to the nursery rivers (Thorne & Ames 1987, Quinn 2004).

2008 Kasatochi Iron-limited
volcanic ash fall-out NE Pacific Ocean

! l :

| I ]

\ 4 Y A\ 4 @ “ O \?@
soluble iron input — A s
from volcanic ash phytoplankton

bloom
« £
) . increased
marine survival zooplankton

of young salmon (e.g. copepods)

Figure 3: The simple sketch illustrates the casual chain within the marine food-web
after the 2008 Kasatochi volcanic eruption. The processes range from volcanic ash-
induced surface ocean iron-fertilization, through phytoplankton and zooplankton

bloom to sockeye salmon feeding and marine survival of young sockeye in the ocean.

The most critical life-stage of the young sockeye is the early marine stage. About
90% of the sockeye mortality in the ocean occurs between July and October, during the
first four-months in the ocean (Hartt 1980, Furnell & Brett 1986). In August-September
2008, there was an unusual increase in mesozooplankton abundance near the OSP located
in the bloom area (Fig. 1) dominated by large copepods, compared to the same months in
2000-2007 and 2009 (Hamme et al. 2010). Increased abundance of larger copepods has
been related to the feeding closer to the surface ocean due to the diatom bloom (Hamme
et al. 2010).

Juvenile sockeye salmon feed extensively on zooplankton, preferentially larger

zooplankton (Foerster 1968), which were abundant in the bloom region in the North
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Pacific (Hamme et al. 2010). Since the timing of the zooplankton bloom in late summer
2008 matches with the critical life stage of the sockeye salmon, it is therefore, very
plausible that the diatom bloom related to the Kasatochi eruption stimulated the ocean
food-web and provided a food-source for zooplankton, and thus making the link to the
sockeye salmon survival (Fig. 3).

Young salmon released into the zooplankton bloom survives better compared to
poor zooplankton conditions (Cooney et al. 1995, Cross et al. 2008). Calm food
conditions increase the body-growth rate of salmon so that the salmon builds up stronger
bodies, which affects the overall marine survival (Beauchamp et al. 2007, Duff 2009).
The in-direct link between the marine survival of sockeye and algal biomass was also
previously indicated in the reports of the Pacific Salmon Commission by a strong positive
correlation of these parameters (r2=0.87) (Peterman et al. 2010).

Massive sockeye returns in 2010 in Fraser River were four-year old fish
(Commission July 22, 2011 2011). In 2011, low numbers sockeye returned to Fraser
River (~1.8 million), however, with a large proportion of five-year old fish (Commission
July 22, 2011) supporting the hypothesis of increased marine survival rates in 2008 that is
likely associated to the diatom bloom in North Pacific in summer 2008 (Fig. 3).

Volcanic eruptions and ecosystem response in the North Pacific Ocean

Volcanic eruptions may have influenced the marine food-web in the North Pacific
and neighboring regions in the past (Duggen et al. 2010). The fertilizing potential of
volcanic eruptions have been evidenced in North Pacific Ocean (e.g., Miyake-Jima 2000,
Anatahan 2003) (Uematsu et al. 2004, Lin et al. 2011), and the neighboring rivers and
lakes (e.g., Mt St. Helens 1980) (Smith & White 1985). Interestingly, one of the largest
salmon runs in 1958 (Groot & Quinn 1987) followed the large eruption of Benzymjanny
volcano in Kamchatka that started on mid November 1955 (Gorshkov 1959).

Ash fallout from 1912 Katmai-Novarupta eruption in Alaska has been suggested
to fertilize the nearby lakes (by ash-derived phosphorus) (Eicher & Rousefell 1957).
However, the direct impact of the extreme ash load from Katmai-Novarupta eruption was
the initial mortality of pre-smolts in the local rivers due to damage of the gills of the

salmon (Eicher & Rousefell 1957, Duggen et al. 2010). Despite the smaller number of
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spawning fish in the rivers and lakes after the Katmai-Novarupta eruption, numbers of
sockeye returned in the following four years were as large as the pre-eruption, indicating
a rapid recovery possibly associated with the favorable ocean conditions (Eicher &

Rousefell 1957).

Conclusions

The role of volcanic eruptions in the oceanic biogeochemical cycles is still not
fully understood but there is increasing evidence of their significant impact on marine
primary production. Our study shows that the iron release from the Kasatochi volcanic
ash is sufficient to induce large-scale phytoplankton blooms with potentially significant
implications for higher trophic levels as in this case the sockeye salmon population.
However, potential varying ecologic impacts of volcanic ash in fresh waters, in coastal
regions and in the open ocean require more scientific attention in order to evaluate the

importance for oceanic food web dynamics.
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Abstract

Atmospheric deposition of volcanic ash has recently been recognized as a nutrient source
into the surface ocean. Mount Etna, in Sicily (Italy), one of the world’s most active
volcanoes, is located in the oligotrophic Mediterranean Sea (MedSea). Despite the active
volcanism on Mount Etna, biogeochemical impact of volcanic ash fallouts in the MedSea
remains largely unknown. Here we present the results of seawater nutrient release
experiments with Etna ash samples collected during different eruptive episodes between
2001 and 2007. Our results show that volcanic ash from Mount Etna releases significant
amounts of fixed-nitrogen (60-970 nmol/g), phosphate (7-970 nmol/g), silica (3-2060
nmol/g), iron (10-130 nmol/g) and zinc (0-21 nmol/g). By using the general relation
between the thicknesses of the ash deposits and the depositional areas, we further
estimated an example representative of ash fluxes emitted during an ash emission event
of Etna based on the case-study focussing on 4-5 November 2002 activity, during the
2002-03 eruption. Etna explosive eruptions can transport volcanic ash as far as 800 km,
with ash emissions exceeding the particle flux during dust storm events (of 10 g/m” input)
as far as 400 km downwind from the volcano. Our results emphasize that the Etna ash
can supply dissolved phosphate in amounts (> 3 nM) sufficient to relieve phosphate
limitation in the oligotrophic MedSea. Input of dissolved iron input together with
phosphate may enhance nitrogen-fixation rates within the ash fallout region in MedSea,
and may further favour the enhancement of the marine primary production, particularly in

the central MedSea.

1. Introduction

Atmospheric deposition of nutrients into the ocean can affect the marine primary
production (MPP) (Falkowski, 2004; Falkowski et al., 1998; Morel and Price, 2003).
Volcanic ash ejected from explosive eruptions has recently recognized as an important
nutrient source to the surface ocean (Censi et al., 2010; Duggen et al., 2007; Frogner et
al., 2001; Hamme et al., 2010; Hoffmann et al., submitted; Jones and Gislason, 2008;
Langmann et al., 2010; Lin et al., 2011; Olgun et al., 2011). Recent geochemical and bio-

incubation experiments, in fact, have shown that volcanic ash from various subduction
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zone and hotspot volcanic eruptions rapidly mobilizes significant amounts of biologically
relevant elements (e.g., fixed-N, P, Si, Fe) into the seawater (Censi et al., 2010; Duggen
et al., 2007; Frogner et al., 2001; Jones and Gislason, 2008; Olgun et al., 2011) that are
utilized by the phytoplankton for reproduction (Duggen et al., 2007; Hoffmann et al.).
Iron-fertilization by volcanic ash has been evidenced by massive phytoplankton blooms
in the ash fallout areas in the high-nutrient low-chlorophyll (HNLC) oceanic regions,
such as the North Pacific (Hamme et al., 2010; Langmann et al., 2010; Lin et al., 2011).
However, impacts of volcanic ash fallout in low-nutrient, low-chlorophyll regions remain
has not been very well constrained.

The Mediterranean Sea (MedSea), although a nearly-enclosed basin, is a low-
nutrient, low-chlorophyll (LNLC) region (Dugdale, 1976; Moutin and Raimbault, 2002)
characterized by strong seasonality with very low nutrient levels (like the open ocean
gyres) during the stratification period in summer and autumn (Bergametti et al., 1992;
Bethoux et al., 1998; Bethoux et al., 1992; Bonnet et al., 2005; Estrada, 1996; Moutin and
Raimbault, 2002). Phytoplankton growth in the MedSea is known to be limited by
phosphorus (Bonnet et al., 2005; Guerzoni et al., 1999; Krom et al., 1991; Thingstad and
Rassoulzadegan, 1995; Thingstad et al., 1998). However, depending on the time of the
year (or the region), nutrient limitation may shift from phosphorus to nitrogen (Guerzoni
et al., 1999; Herut et al., 2005) (Krom et al., 1991) or to another macro-nutrient such as
silica associated particularly to diatom production (Leblanc et al., 2005). MedSea is at the
same time one of the regions that is close the copper-toxicity during more than half a year
(Paytan et al., 2009).

The oligotrophy of the MedSea has been related to a variety of hydrographical
conditions such as the input of low-nutrient surface Atlantic waters through Strait of
Gibraltar (Fig. 6), absence of significant upwelling regions, and relatively local and
seasonal riverine input (Azov, 1991; Estrada, 1996). It has also been suggested that high
input desert dust into the MedSea may act as a sink of phosphate through scavenging
onto the dust particles (Krom et al., 1991). The atmosphere therefore plays an important
role in the external supply of nutrients to this region (Guerzoni et al., 1999; Guieu et al.,
1997; Guieu et al., 1991; Kocak et al., 2005; Krom et al., 1991; Markaki et al., 2003;

Martin et al., 1989). Large amounts of desert dust, originating from the adjacent arid

118



regions in North Africa and Middle East, are deposited into the MedSea (Guerzoni et al.,
1999; Guieu et al., 2002). There is also significant input of anthropogenic aerosols
derived from industrial and domestic activities in the populated areas around the region
such as the Europe (Chester et al., 1996; Guieu et al., 2005; Guieu et al., 1997; Migon et
al., 2001).

Mount Etna, located on the island of Sicily in the central MedSea, is the biggest
volcano in Europe and one of the most active world-wide (Figure 1). 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). It is noteworthy, in fact, that between 1995 and 2011 Etna produced more
than 150 paroxysmal episodes lasting tens of minutes to several hours, most of which
generating tephra-loaded, buoyantly driven eruption plumes (e.g., (Andronico et al.,
2009b)). One of the most powerful eruptions in the last three hundred years occurred on 5
January 1990 ejecting an ash plume as high as 15 km above sea level (a.s.l.) (Calvari et
al., 1991; Carveni et al., 1994). Explosive eruptions of Etna can deposit significant
amounts of volcanic ash into MedSea (Fig. 1). During the 2002-03 eruption, the amount
of ash ejected into the atmosphere was about 38-50 x10'* g (Andronico et al., 2008b), as
high as the annual dust input in the MedSea of 40x10'* g dust (Guerzoni et al., 1999).

A number of ash plumes generated by Etna were transported by the wind blowing
at high altitude hundreds of kilometers over the MedSea reaching as far as Greece and
Libya (Figs. 1 and 6) (Andronico et al., 2008b; Dellino and Kyriakopoulos, 2003;
Kelepertsis et al., 2003). Rapid dissolution of Etna ash in the photic zone of the water
column may affect the nutrient budget, and hence the MPP in the MedSea. During the
July-August 2001eruption (e.g., (INGV-Staff, 2001), (Coltelli et al., 2007)), seawater
analyses in the Ionian coast have shown increased chlorophyll-a and trace-metal
concentrations (e.g., Fe, Cu) (Censi et al., 2010). Despite increasing explosivity and the
large input of volcanic ash from Mount Etna, the biogeochemical impacts of this ash on
the nutrient-starved MedSea remains largely unknown.

In this study, we performed nutrient-release experiments in seawater with

volcanic ash samples from Etna and a loess sample consisting of dust originated from
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Sahara desert. We analyzed release of fixed-nitrogen species (NO3, NH;', NO,),
phosphate (PO,>), silica (SiO,), and trace metals iron, zinc and copper. As a case-study,
we further constrained the downwind ash-flux in the MedSea during the explosive
activity of Etna occurred on 4 November 2002 (Andronico et al., 2008b). Finally, our
analysis/research allowed us to evaluate the possible nutrient supply and the biological
impact within the Etna ash fallout areas in the MedSea during explosive eruptions of

Etna.
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a) b)

30 October 2002 27 October 2002
ISS, NASA .. MODIS

7 Novemr2002
"7 MODIS

"-24 November 2006
Aqua, NASA

Figure 1: Ash plumes erupted from Mount Etna (red triangle) 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, ashfall was reported as far away as Libya travelling
over 600 kilometers (Andronico et al., 2005), ¢) 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.
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2. Samples and Methods

We have analyzed the seawater-nutrient release of thirteen Etna ash samples and one
loess sample. The ash samples were freshly collected after the eruptions and archived in
the Istituto Nazionale di Geofisica e Volcanologia (INGV), Sezione di Catania,
Osservatorio Etneo. The ash samples were selected from eruptions covering a range in
the years 2001, 2002, 2004, 2005, 2006 and 2007. A synthetic description of the samples
is shown in Table 1. We have chosen the samples whose eruption plume directed towards
Ionian Sea, i.e. mostly to the E, SE and NE directions (Table 1). The ash samples used
were composed of dry ash that had not been in contact with water after deposition or

metal containing equipment (e.g., sieves) after collection.

Table 1: Description of the Etna ash samples.

Sample Eruption date Plume Eruption Style (and duration)

name direction

Et-2001a 28 June 2001 SE Strong strombolian (<3 hours)
Et-2001b 22 July 2001 E to SE Phreatomagmatic ash emission (days)
Et-2001c¢ 03 August 2001 E to SE Discontinuous ash emission (days)
Et-2002a 29 October 2002 SSE Continuous ash emission (days)
Et-2002b 30 October 2002 SSE Continuous ash emission (days)
Et-2002c¢ 3 November 2002 SE Continuous ash emission (days)
Et-2002d 2 December 2002 S Continuous 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< x <6 hours)
Et-2006a 29 October 2006 S Episodic ash emission (minutes)
Et-2006b 21 November 2006 E Strong strombolian (3< x <6 hours)
Et-2007a 11 April 2007 SE Lava fountain (<3 hours)

Et-2007b 23 November 2007 NE Lava fountain (6<x<10 hours)

The loess sample from Cape Verde Island simulates a Saharan aerosol. The same
loess sample was used in other recent studies (Olgun et al., 2011) and (Heller and Croot,

2011). In brief, this sample was collected from loess deposits from the northeastern
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corner of the island of Sao Vicente (16.9°N, 24.9°W) in the Cape Verdean archipelago
that are composed of aerosols transported from North African deserts (80-95% Saharan
origin). The loess sample was collected from ground and sieved through 100 um plastic

filters.
The release of NO3_ , NH 4+, NOZ_, PO 43_ and SiO, were examined by means of

leaching experiments. One gram of samples was mixed with 50 ml low-nutrient Atlantic
seawater in 60 ml Nalgene polyprophylene (PP) plastic bottles and shaken gently for
about twenty minutes. After agitation of one hour and twenty hours (for selected
samples), the solutions were filtered through a 5 um mesh PTFE filter (Sartorius).
Seawater concentrations of macro-nutrients were measured by standard routine
photometry at IFM-GEOMAR. Measurements with the dust sample were made using the
same methodology applied to the volcanic ash for direct comparison (Table 2). The
measured concentrations of dissolved macro-nutrients were converted to nanomoles per
gram of ash and dust (nmol/g ash, nmol/g dust).

Trace-metal release experiments (Fe, Zn and Cu) were performed by voltammetry
using a hanging mercury drop electrode (a Metrohm VA757) in situ in natural surface
ocean seawater collected from the eastern equatorial Atlantic and buffered at pH 8.0 (by
using 200 ul EPPS pH-buffer). 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; Olgun et al., 2011). An
artificial Fe-binding organic ligand (20 pl of TAC) was added in the seawater before the
Fe-solubility measurements (Croot and Johansson, 2000). Dissolution of Zn and Cu were
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 0.1 m-thick ash layer
onto the sea surface (Duggen et al., 2007; Olgun et al., 2011). The precision of the

voltametric measurements was calculated from replicates. The deviation in the
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measurements, probably resulting from particle-size heterogeneity in the sub-samples,
ranges between 8-20% for Fe-and <1-7% for Zn-measurements (Et-2001b n=3; Et-2002c
n=2; Et-2005 n=2).

Six Etna ash samples were selected (Table 3) for the major 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-ionised water to the size fraction
32-125 pm using de-ionized water. The ash particles were mounted on a tray with resin
and analyzed with a beam current of 6 nA and a beam size of 5 um. 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 spectrometry at the Institute of
Geosciences, CAU University of Kiel. Approximately 100 mg of ash and the dust
sample(s) were 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 spectrometry
(ICP-OES) using a Spectro Ciros SOP instrument. SiO, content of the Saharan loess
sample was referred from the lithium tetraborate fusion 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 solutions were performed by ICP-mass
spectrometry (ICP-MS) using an Agilent 7500cs instrument. Analytical quality routines
involved the preparation and analysis of procedural blanks, sample duplicates, and
international certified reference materials BHVO-2, JR-1, BR measured as unknowns.
Analytical error as estimated from replicate measurements was better than 2% RSD for
Zn, Cu, and below 1% RSD for Fe. Details of analytical procedures can be found in

(Garbe-Schonberg, 1993).

Volcanic activity producing the analysed samples
In the last 15 years, Etna proved to be a volcano showing not only what are

commonly called Strombolian explosions or lava fountains, but different explosive styles

(Andronico et al., 2008a; Andronico et al., 2008b; Andronico et al., 2009b; Andronico et
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al., 2009c). In this section we shortly describe the analysed samples by characterising the
eruption activity and the associated deposit. It is noteworthy that the grain-size of the
collected ash is usually strongly depending on the distance of sampling, but some
eruption types can produce coarser tephra fallout than others. Further, the erupted ash can
be composed of different components, whose relative percentage usually is strictly linked
to the eruptive styles: sideromelane, corresponding to glass, light to brown particles
related to the fresh, erupting magma; tachylite, dark, blocky fragments reflecting portions
of magma more crystallised and cool; lithics, differently-coloured particles derived by
old, solidified and pre-existing material (lavas, tephra or sedimentary rocks); crystals
(felsic or mafic).

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, and b) long-
lasting, when we observe a continuous ash emission lasting several days, as occurred
during the 2001 and 2002-03 eruptions. All the episodic eruptions/ash emissions occurred
from the Southeast Crater, the most active summit crater at Etna. Again, samples from
long-lasting activity obviously represent some hours of activity within that eruption.

Samples Et-2001a (28 June 2001) and Et-2006b (21 November 2006) were
erupted during episodic explosive eruptions, characterised by strong Strombolian activity
which for periods of few minutes can produce continuous lava ejection or lava fountains
(Andronico et al., 2009b). Samples Et-2007a (11 April 2007) and Et-2007b (23
November 2007) are related to typical episodes of lava fountains, that’s continuous
magma jets for tens of minutes to hours (Alparone et al., 2003; Andronico et al., 2008a).
Both strong Strombolian activity and lava fountains produced significant eruption plumes
above the volcano, but different tephra deposits, being the former fine-grained and
composed of different components, while the latter are usually coarser and almost totally
composed of sideromelane. The 2001 eruption (INGV-Staff, 2001) was characterised by
the opening of an eruptive fissure at about 2550 m where explosive activity lasted about 3
weeks. We analysed a sample (Et-2001b) related to the first eruption days, during which
observations of hydration-cracks under Scanning FElectron Microscope allowed to

suppose magma-water interaction and define the eruption style as phreatomagmatic
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(Taddeucci et al., 2002). Sample Et-2001c, on the contrary, is related to the final phase of
the eruption, characterised by pulsing explosions emitting tachylite-rich ash.

Samples Et-2002a, b, ¢, d were collected in 2002 on 29 October, 30 October, 4
November and 2 December, respectively. The 2002-03 eruption was characterised by a
particular explosive activity defined ash-rich jets and plumes by (Andronico et al.,
2009a), producing fine tephra deposits with abundant crystal-rich tachylite clasts. Sample
Et-2004 was produced during an explosive activity lasting 1-2 minutes, whose deposit
was fine, lithic-rich and sideromelane-poor. Sample Et-2005 is related to prolonged ash
emission lasting several hours, characterised by scarce explosivity, which produced a
lithic-rich, poor deposit. Finally, sample Et-2006a was erupted during a short-lasting
explosion (Cristaldi and Scollo, 2006) which occurred on 29 October erupting a poor

deposit composed of abundant lithics and tachylite fragments.
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3. Results

3.1 Etna Ash
The Etna ash samples released variable amounts of fixed nitrogen (N), along with

PO 43_ (P) and SiO, (Si) (Table 2, Fig. 2). Fixed-N mobilized from volcanic ash (and Cape

Verde loess) was primarily as nitrate (>75%) (Table 2). Within the one hour of contact
with seawater, Etna ash samples released 60-880 nmol/g of total fixed-N (expressed as
nitrate), 7-140 nmol/g of P, and 3-790 nmol/g of Si (Fig. 2). At the end of twenty hours
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 0-30 nmol/g of Zn within the 60 minutes contact with seawater (Fig 2). Etna ash
samples did not mobilize detectable amounts of Cu. Time dependent trace-metal release
showed similar trends in with relatively higher mobilization within 20 minutes (Fig. 3).
Mobilization of P and Si from Etna ash was 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 are within the range found in
the previous voltametric measurements 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 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.
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Figure 2: Nutrient-release from Etna volcanic ash (circles) and Cape Verde loess sample
(rectangles) into the seawater. The years on the x-axis indicate the corresponding ejection
and sampling of the Etna volcanic ash (Table 1). White symbols show the one-hour

experiments and black symbols show the twenty-hours experiments in seawater. Error

bars indicate the range in repeat measurements.
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The major and trace element contents (except for N) of the bulk ash and the
volcanic glass are shown in Table 3. Bulk phosphorus contents, re-calculated from P,Os,
are 0.1-0.2 wt.%, with similar phosphorus contents found for volcanic glasses 0.2-0.3
wt.%. Si0,-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 Fe,O; for
bulk and FeO for volcanic glass. Variation of Fe-content of the bulk ash and the volcanic
glass is relatively small (< 1% Fe), indicating the glass compositions likely dominate the
total Fe-content of the samples (Table 3). Zn and Cu content of the bulk ash samples
ranges between 100-110 ppm, and 110-160 ppm, respectively.

Based on the dissolved concentrations and the elements contents (except for
nitrogen), the percent soluble fractions of P, Si, Fe, and Zn were calculated by the
equation %Xs= (Dissolved X/Total X)*100) (Fig. 4). %Ps (fraction of soluble phosphate)
of Etna ash ranges from 0.003% to 0.4% (Fig. 4a). Highest %Pgs for Etna ash were
measured during twenty hours agitation experiments. %Sis (fraction of soluble silica)
ranges from 0.0001% to 0.05% for Etna ash, from 0.006% to 0.014% for the Cape Verde
loess sample (Fig. 4b). Higher %Sis values were found for the twenty hours agitation
experiments for Etna ash (and the loess sample).

%Fegs (fraction of soluble iron) ranges between from 0.001% to 0.01% for Etna
ash, 0.002% for Cape Verde loess sample (Fig. 4c). %Fes of Etna ash is in the lower most
limit obtained by voltametric experiments (at pH 8) by volcanic ash from subduction
zone volcanoes (0.003-0.2% Feg) (Olgun et al., 2011). Leaching experiments of volcanic
ash with acidic solutions may show a wide variety of %Feg from 0.001% to values as
high as 22% (see references in (Duggen et al., 2010)), which is likely linked to strong
pH-dependency on the Fe solubility (see discussion in (Duggen et al., 2010)). %Zng for

Etna ash range is 0.0-0.6%, while Etna ash mobilized no copper.
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Figure 3: Time-dependent release of a) iron and b) zinc from Etna volcanic ash samples
and the Cape Verde loess sample during 60 minutes contact with seawater. The
measurements were conducted by mixing of 50 mg of sample and 20 ml of seawater, in-
situ by means of a) Cathodic- and b) Anodic Stripping Voltammeter. The results are

presented in nanomoles per gram of ash or dust (nmol/g).
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Table 2: Nutrient-release from the Etna volcanic ash samples and the Cape Verde loess
sample. Release of N, P and Si were measured by standard photometry by mixing 1 g of
volcanic ash with 50 ml of low-nutrient seawater with agitation times of one hour and
twenty hours. Fe and Zn release data were measured in-situ by stripping Voltammetry by
mixing 50 mg of volcanic ash with 20 ml natural Atlantic seawater buffered at pH 8. The

results are expressed as nutrient release in nmoles per gram of ash or dust.

Sample Total NO; NH4" NO, PO, Si0, Fe Zn
name fixed-N (nmol (nmol/g) (nmol/g) (nmol/g) (nmol/g) (nmol/g) (nmol/g)
(@as /g
NO;)*
One
hour Etna
data Samples
Et-2001a 538 419 50 1 25 26 51 1.0
Et-
2001b 601 387 90 1 18 19 69 6.0
Et-2001c 883 835 20 1 18 3 41 4.0
Et-2002a 168 149 7 2 13 4 30 0.0
Et-
2002b 89 86 1 1 17 3 11 0.0
Et-2002c 153 144 3 2 21 20 23 0.4
Et-
2002d 62 37 9 3 28 37 28 0.7
Et-2004 73 7 27 2 59 266 78 0.0
Et-2005 126 19 45 2 137 793 114 0.2
Et-2006a 703 570 55 3 125 127 130 12.9
Et-
2006b 725 324 169 1 20 27 124 21.2
Et-2007a 340 136 86 1 26 69 26 1.6
Et-
2007b 141 44 41 1 7 39 32 8.2
Twenty
hours
Et-2001a 255 255 0 0 14 89
Et-
2002b 248 90 53 27 186 1173
Et-2004 971 82 303 136 970 2058
Et-
2006b 786 277 174 76 310 949
Loess
One
hour Loess 536 312 92 5 43 450 20-30 0
Twenty
hours Loess 630 385 99 8 43 1110

*Total fixed nitrogen is expressed as nitrate, where ammonia and nitrite values are converted by using

molecular weights (NO5 =76.01g/mol, NH4"=32.01g/mol, NO, =60.01 g/mol).
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Table 3: Major-element and trace-element contents of the bulk ash and the loess
sample(s) and the volcanic glass shards. Bulk element concentrations of were analyzed
by ICP-OES for major elements, and by ICP-MS for trace elements. Bulk SiO,-
concentration of the volcanic ash samples were referred from the volcanic glass

composition measured by electron microprobe analyses.

Element oxides (wt. %) Et- Et-2002c  Et-2004  Et-2005 Et- Et- Loess
2001b 2006b 2007b

Si0, 50.2 50.7 49.8 50.1 50.5 49.2 21.8

ALO;  bulk 17.6 17.1 16.8 16.8 17.1 17.5 6.6
glass 16.6 16.5 16.8 16.6 16.3 16.2 -

Fe,O;  bulk (Fe,03) 9.8 11.2 10.5 10.7 10.4 10.5 9.3
glass (FeO) 10.6 10.4 10.6 10.2 10.5 10.6 -

Fe* bulk 6.9 7.8 7.4 7.5 7.3 7.4 6.5
glass 8.2 8.1 8.2 7.9 8.2 8.2

P,Os  bulk 0.7 0.7 0.7 0.6 0.8 0.8 0.5
glass 0.9 0.9 0.8 0.8 0.8 0.7 -

P* bulk 0.15 0.14 0.16 0.14 0.17 0.17 0.10
glass 0.30 0.29 0.27 0.27 0.26 0.24

MnO  bulk 0.2 0.2 0.2 0.2 0.2 0.2 0.1
glass 0.2 0.2 0.2 0.2 0.2 0.2 -

MgO  bulk 4.4 5.3 43 4.7 4.5 4.1 7.4
glass 3.1 3.0 33 3.1 3.2 3.6 -

CaO  bulk 9.1 10.2 9.2 9.6 9.3 9.0 25.1
glass 7.6 7.2 7.1 6.8 7.4 8.6 -

Na,0O  bulk 3.9 33 3.4 3.5 3.9 4.0 1.3
glass 5.2 5.2 4.6 53 4.8 4.7 -

K,O bulk 2.0 1.9 3.0 2.2 2.3 2.3 0.5
glass 3.5 3.8 3.4 4.4 3.6 2.9 -

TiO,  bulk 1.5 1.7 1.7 1.7 1.6 1.7 2.4
glass 2.0 2.0 2.0 2.0 2.1 2.1 -

Trace elements (ppm)

Zn bulk 101 99 94 104 108 110 87

Cu bulk 112 155 164 136 158 150 45

* re-calculated from oxide-forms.
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3.2 Cape Verde loess
The Cape Verde loess sample released 536 nmol/g of total fixed-N (expressed as

nitrate), 43 nmol/g of P, 450 nmol/g of Si within one hour contact with seawater. After
twenty hours agitation in seawater, loess sample released 630 nmol/g of total fixed-N, 43
nmol/g of P, 1110 nmol/g of Si (Fig. 2). P-release from Cape Verdean loess did not
increase during twenty hours agitation experiment, while other nutrients showed higher
mobilization. Fe-release of the loess sample is 20-30 nmol/g of Fe referred from (Olgun
etal., 2011) (Fig 2), where no release of Zn and Cu were detected.

Based on the major and trace element contents, Cape Verde loess sample consists
of 0.1 wt.% phosphorus (re-calculated from P,0Os), 22 wt.% SiO, 6.5 wt.% Fe
(recalculated from Fe,Os3), 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 Verdian loess samples (7.6% Fe; (Desboeufs et
al., 2001)).

Fractional solubilities of Cape Verde loess were calculated in the same way for
volcanic ash (Fig. 4). %Ps of Cape Verde loess is 0.003% during one hour agitation, and
stayed constant for over the twenty hours agitation (Fig. 4). %Fes of the loess sample was
0.002%, consistent with the experiments with Saharan soils in seawater at pH 8 (e.g.,
0.001-0.02%; (Guieu and Thomas, 1996)).

Higher nutrient mobilizations from dust samples have been reported in earlier
experiments which employed different experimental set-ups (Bonnet et al., 2005; Bonnet
and Guieu, 2004; Pulido-Villena et al., 2010; Ridame and Guieu, 2002) to that used in the
present study. The main reason for this discrepancy probably arises from acidification of
sample solutions (dust + seawater) to pH 2 with HCI, which may significantly affect the
nutrient leaching from dust or volcanic ash. For example, by mixing 1.2 mg/l dust, 0.5-
1.2 uM nitrate (Bonnet et al., 2005) and 5 nM phosphate (Pulido-Villena et al., 2010) was
mobilized from Saharan dust samples. On the other hand, in some cases, nutrient

concentrations before and after the dust addition stayed below detection limits (Bonnet et

al., 2005).
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%P for Saharan soils are found between 0.5% up to 21%, with lowest P-
solubilities found for the high particle concentrations between 500-8,000 mg/l (Ridame
and Guieu, 2002). Based on the mixing ratio in our experiments (50 mg, 20 ml), particle
concentration is about 2,500 mg/l, which is representative for high intensity dust events
(Ridame and Guieu, 2002), and likely underestimates the solubility of low particle
concentrations. %Feg in our experiments is also much lower compared to experiments
with acidified solutions (e.g., %Fes: 0.23-6.1%; (Bonnet and Guieu, 2004), probably due
to high pH dependency of Fe-solubility (Baker and Croot, 2010).

As shown in Fig. 2, nutrient-mobilization from the Cape Verde loess sample is
within the range found for Etna ash. 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 by means of voltametric measurements at seawater pH 8, therefore,

provide a basis for comparison with volcanic ash.
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Figure 4: Total phosphorous, silica, iron and zinc contents of volcanic ash and dust
sample(s) versus the leached amounts into the seawater (Fig. 2). Total element contents
are referred from the bulk compositions, except for the silica in volcanic ash (Table 3).
Also indicated are the fractional solubilities calculated by using the formula %X b=
(Dissolved X/Total X)*100). Total phosphorous and iron contents (wt.%) are re-
calculated from the oxide forms of P,Os and Fe,O; of the bulk compositions (Table 3).
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4. Discussion

4.1 Volcanic ash input from Etna: On a decadal time-scale
The results of the geochemical experiments show that, upon a short contact with

seawater volcanic ash from Etna volcano readily dissolves macro-nutrients and trace
metals that can be bioavailabile for the phytoplankton in the nutrient-starved MedSea.
MedSea is one of the highest dust input regions in the global ocean (20-50 x10'? g/y),
with dust input of 3-7 x10'? g/y in the western, 4-11 x10'? g/y in the central, and 13-32
x10" g/y in the eastern MedSea (Guerzoni et al., 1999). The region that is frequently
affected by the Etna ash fallout is the central MedSea including largely the lonian and the
Tyrrhenian Sea (Figs. 1 and 6). Focusing exclusively on the ash producing events, the
explosive eruptions of Etna can be considered as episodic. However, increased explosive
activity periods can last several months (e.g., 2002-2003 eruption, (Andronico et al.,
2008a)) and frequent episodes can occur during a single day (e.g., lava fountains occurred
up to 3-times within a single day in February 2000 (Alparone et al., 2003).

The total amount of tephra ejected from Etna during ten years period between
1998 and 2008 is about 45-79 x10'* g (Table 4). Based on the isopach maps in the
Central American Volcanic arc (Kutterolf et al., 2008), it has been suggested that about
60-80% of the ejected tephra during explosive eruptions is deposited offshore (Olgun et
al., 2011). Assuming a similar offshore deposition (60-80%), the annual averaged
offshore Etna ash flux would correspond to 3-5 x10'* g/y, most of which have been likely
to be deposited into the central MedSea (Table 4). On a decadal basis (Table 4), Etna ash
input corresponds to about 45-75% of the dust input in the central MedSea, and likely to
contribute to about one third of the marine sediments in the Ionian seafloor and may
provide additional nutrients through upwelling during mixed winter conditions. The
offshore ash input from Mount Etna can reach values up to 2.5 x10" g during episodic
explosive eruptions (e.g., 22 July 1998; Table 4), in amounts as high as the yearly dust
input in the central MedSea region, showing that volcanic ash fallout during explosive

activities of Mount Etna can be an important nutrient supply in the central MedSea.
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Table 4: Summary of ejected tephra during explosive eruptions of Mount Etna within 10
years period between 1998-2008. Volcanic ash flux in the Mediterranean Sea is

calculated by assuming 60-80 % of ejected tephra is deposited offshore (based on Olgun

et al., 2011). Tephra volumes are converted to mass by using ash density of 2600 kg/m3.

Year Period Description Ejected Tephra
1998 11 June 1998 -4 > 22 paroxysms, alternating magnitude of eruptions  ().8-3 x10"? g @,b)
Feb. 1999 on the Voragine Crater. Plumes reached 12 km on 22 July 1998
(a.s.l.) on 22 July 1998. ~ 38 days of ash-emissions,  (in 12 minutes)
and during ~8 days ash reached to the sea.

2000 26 Jan.-24 June Paroxysm events reached up to 3 times per day on 52-7.8x10"% g ©

28-29 Aug. some days in February, 64 lava fountain episodes
within less than six months. Plumes reach a
maximum height of 6 km a.s.l. ~ 35 days of ash-
emissions, and during ~12 days ash reached to the
sea.

2001 17 July-9 Aug. Flank eruptions in the SE crater. The most explosive  18x10'? g @
phases 20-24 July and 31 July-5 August. Plumes 1-2.3 x10"2 g(e)
reached 5 km a.s.1. Closure of Catania airport for
several days. ~ 26 days of ash-emissions, and during
~9 days ash reached to the sea.

2002- 27 Oct. 2002- Phreatomagmatic intense activity in the SE crater. 38-50x10'2 g (t. g h)

2003 9 Jan. 2003 Plumes rose 4-6 km high a.s.1., reached Greece and  (the entire period)
Libya (Dellino and Kyriakopoulos, 2003;

Kelepertsis et al., 2003). The plume tracked over
1,000 km into the North Africa. ~58 days of ash
emission, and during ~30 days ash reached to the
sea.

2006 14-31 July and Alternating eruptive intensity with light to moderate > .4x10"? g (.3 k)

31 Aug.— 15 Dec.  ash fallout lasting several hours to 2-4 days (total of some daily
intervals. ~70 days of ash emissions, and during~9  records)
days ash reached to the sea.

2007 11-29 Apr., 15-21  Long-lasting powerful lava fountain episodes started ~ 3.1-4.5x10°g U

Aug. 4-5 Sept., at the SE crater. Plumes reached 5 km a.s.1. ~40 days  (4-5 September)
1 Oct-24 Nov. of ash-emission, and during ~9 days ash reached to
the Sea
Total tephra flux 1998-2008 45-79 x 10"
g/decade
Offshore ash flux into the MedSea (assuming 60-80  27-48 x 10"
% of the ejected material is deposited offshore) g/decade

(3-5 x 10" 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., 2009b), j) (Andronico et al., 2009¢c), k) (Corradini et al., 2008), 1) (Andronico et al.,
2008a).
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4.2 Volcanic ash flux during explosive eruptions of Etna
The phytoplankton response to episodic volcanic ash inputs may see an initial

response in a couple of days followed by blooms lasting 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 fall, the
ash flux during single eruptions have to be considered. The new supply of nutrients from
volcanic ash fall during an explosive Etna eruption can be constrained by combining the
ash fluxes (g/m’) and the nutrient release from Etna volcanic ash upon contact with
seawater (nmol/g ash).

Based on the ash samples collected on land, coastal ash fallouts were
demonstrated by the isomass maps (contours in g/m?) (e.g., Fig 5). Etna eruptions can
deposit >1,000 g/m” of ash in the coastal regions (Andronico et al., 2008b). The ash flux
and therefore the ash-load on the ground gradually decrease from the source (Fig. 5).
Although for most of the explosive Etna eruptions a larger fraction of ash is deposited
into the MedSea, the ash fallouts in the open sea is not documented. Offshore deposited
volcanic ash layers are usually/typically/normally preserved in the marine sediments.
However, drill cores studies soon after the eruptions are very rare world-wide, except in
the case of 1991 Pinatubo eruption in Philippines, for which the ash layers in the South
China Sea were documented shortly after the eruption (Wiesner et al., 1995).

In the absence of marine sediment core data, an alternative way to estimate ash
flux in the open MedSea is to combine the available proximal data with the distal ash
fallout records (e.g., Greece, Libya) (see Fig. 6). The ash flux in remote regions in the
MedSea can be constrained by using the universal relation between the thickness of the

ash layers and the depositional areas (Fierstein and Nathenson, 1992; Pyle, 1989).
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Figure 5: Isomass map showing the ash-fall deposition (in g/m®) of the 4-5 November
2002 ash emission activity of Etna, based on (Andronico et al., 2008b). Also shown are
the parameters mentioned in the text (e.g. isomass width, isomass length, the dispersal

axis and the distance downwind).
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4.2.1 A case study: 4-5 November 2002 ash emission

In this section, we estimated the ash felt on 4-5 November 2002 activity as a
function of distance downwind in the MedSea. Intense explosive activity here considered
lasted about eighteen hours, generating ash plumes up to ~6 km above the sea level
(a.s.l.) and depositing about 1.4 x 10" g of tephra (Andronico et al., 2005). Based on the
isomass maps, coastal ash flux during 4 November 2002 eruption was >1,000 g/m2 (Fig.
5) (Andronico et al., 2008b). Notably, higher-level eruptions could have deposited ash in
larger distances in the MedSea (e.g., 22 July 1998 eruption with plume height of 12 km
a.s.l. (Table 4) (Andronico et al., 1999; Folch et al., 2009). However, due to scarcity of
data, the ash flux over the MedSea could only be constructed for the 4 November 2002
eruption, which is used as a case study to show the marine biogeochemical impact of
volcanic ash during single explosive eruptions.

Etna ash was recorded twice in Athens on 5 and 6 November 2002, twice also on
the Greek Island of Kefalonia on 27 October and 5 November 2002, and once in Libya on
27 October 2002 (Andronico et al., 2005; Dellino and Kyriakopoulos, 2003; Kelepertsis
et al., 2003). Among all these records, the amount of ash fallout was reported only in
Athens (Kelepertsis et al., 2003). On 5 November 2002, 20 mg of ash was deposited in
Athens, sampled over 706 cm? collectors (Dikaiakos et al., 1990; Kelepertsis et al.,
2003), corresponding to an ash deposition of 0.3 g/m”. Based on the backward wind
trajectories (Kelepertsis et al., 2003), the eruption started on 4 November 2002
transported the ash plume first in south-east and later in north-east, and arrived Athens
from south-west direction (see Fig. 6).

In order to estimate the ash flux between Etna and Athens (0.3 g/m?), we used the
relation between the thickness of ash deposits and the depositional areas. Fallout deposits
thin exponentially from the source. Therefore the relation between the In [thickness] and
the square root [area] is quasi-linear, which is mainly used for estimating the total volume
of the erupted deposit (Fierstein and Nathenson, 1992; Pyle, 1989). Based on the slopes
provided in In [thickness] and sqrt [area], it is possible to calculate the ash-layer

thicknesses for given isopach areas (Fig. 7).
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Figure 6: Map showing the arbitrary shape of the ash-plume produced by the 4-5
November 2002 explosive activity from Etna, which is used for ash-flux estimations as a
case-study. The blue line is the 3-days backwards wind trajectory ending at 10:00 UTC
on 5 November 2002 based on (Kelepertsis et al., 2003). Elliptical blue area shows the
0.3 g/m’ isomass for the 4-5 November 2002 ash emission, based on ash fall in Athens
(Kelepertsis et al., 2003). Yellow circles indicate downwind distance from volcano in 100
km intervals. The circular green areas show the region where Etna ash fallout is likely to
impact MPP based on the nutrient supply from Etna ash indicated in Fig. 9. Yellow stars
indicate the distal ash fallout records mentioned in the main text; Athens on 5-6
November 2002 (Kelepertsis et al., 2003), Kefalonia on 27 October 2002 and 5
November 2002 (Dellino and Kyriakopoulos, 2003; Kelepertsis et al., 2003), Libya on 27
October 2002 (Andronico et al., 2005; Carn, 2005).
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The plots of In [thickness] and square root [area] show in most cases two straight-
line segments for the proximal and distal isomass data, respectively (Fig. 7) (Fierstein
and Nathenson, 1992; Pyle, 1989). In order to estimate the distal ash flux in the open sea,
the necessary slope is the distal slope since, for this size of Etna eruptions, such fallout
deposits at similar distances are considered distal; therefore the proximal slope likely to
underestimate the actual dispersal of ash particles (see the steeper slope in Fig. 7). In the
case of 4-5 November 2002 activity, we combined two data points for the distal slope
which are the 0.3 g/m” of Athens data (Kelepertsis et al., 2003) and the 300 g/m? isomass
of (Andronico et al., 2008b) (Fig 5).

Based on the wind trajectories, we estimated a curve-shape for the distal isomass
with about 800 km downwind from the volcano (Fig. 6). Isomass length and width are
calculated based on the last two proximal data (Table 5), assuming constant enlargement.
The length that is deposited in the opposite direction increases about 0.05 km per km
isopach length and the width increases about 0.2 per km increase in isopach length.
Accordingly, the dimensions of the 0.3 g/m” isomass drawn in Athens is estimated to be
848 km long and 186 km wide (Table 5). For simplicity in calculations we assumed
elliptical isopach areas (Area=n*(width/2)*(length/2)), which is also the closest shape in
the proximal isomass map of the 4 November 2002 activity (Fig. 5). By using the distal
equation, the ash layer thicknesses were calculated for downwind distances up to 800 km.
The data for 848 km elliptical isomass is projected to the curve-shape isomass for the

actual location of the corresponding ash-flux, as described in Fig. 6.
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Table S: Ash-flux estimations for the case-study on 4-5 November 2002 Etna ash
emission by using the relation between the natural logarithm of the ash-thickness and the
depositional area (Fierstein and Nathenson, 1992; Pyle, 1989). Based on the plots of In
[thickness] versus square root [area] (see Fig. 7), three distal equations were calculated
for three different isomass dimensions; a) moderate (extrapolated based on proximal

data), b) narrower and ¢) wider plume.

Table 5a: Moderate plume (distal equation: y=(-0.0216x)+2.0289, see Fig. 7)

Ash-flux Downwind Isomass Isomass Area Area 2 Ln Thickness

(g/m’) distance Length width (km?) (km) thickness (mm)
(km) (km) (km) (mm)

5000 11 13 5 44 7 4.15 63

3000 17 21 9 138 12 3.64 38

2000 21 25 12 193 14 3.23 25

1000 31 36 15 382 20 2.54 13

300 55 61 20 1029 32 1.34 4

231 100 109 30 2571 51 0.9 2.5

91 200 215 52 8840 94 0.0 1.0

36 300 320 74 18713 137 -0.9 0.4

14 400 426 97 32378 180 -1.9 0.156

5.6 500 531 119 49577 223 -2.8 0.062

2.2 600 637 141 70639 266 -3.7 0.024

0.9 700 743 164 95416 309 -4.6 0.010

0.3 800 848 186 123622 352 -5.6 0.004

Table 5b: Narrower plume (distal equation: y=(-0.0308x+2.3234), see Fig 7)

Ash-flux Downwind Isomass Isomass Area Area 2 Ln Thickness

(g/m?) distance Length width (km?) (km) thickness (mm)
(km) (km) (km) (mm)

5000 11 13 5 44 7 4.15 63

3000 17 21 9 138 12 3.64 38

2000 21 25 12 193 14 3.23 25

1000 31 36 15 382 20 2.54 13

300 55 61 20 1029 32 1.34 4

225 100 109 25 2120 46 0.9 2.5

86 200 215 35 5972 77 -0.1 0.9

34 300 320 46 11528 107 -1.0 0.4

13 400 426 56 18893 137 -1.9 0.148

5.4 500 531 67 27928 167 -2.8 0.059

2.1 600 637 78 38806 197 -3.7 0.024

0.9 700 743 88 51450 227 -4.7 0.009

0.3 800 848 99 65714 256 -5.6 0.004
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Table 5c: Wider plume (distal equation: y=(-0.01816x+1.9172), see Fig. 7)

Ash-flux Downwind Isomass Isomass Area Area 2 Ln Thickness

(g/m?) distance Length width (km?) (km) thickness (mm)
(km) (km) (km) (mm)

5000 11 13 5 44 7 4.15 63

3000 17 21 9 138 12 3.64 38

2000 21 25 12 193 14 3.23 25

1000 31 36 15 382 20 2.54 13

300 55 61 20 1029 32 1.34 4

232 100 109 34 2936 54 0.9 2.6

91 200 215 66 11162 106 0.0 1.0

36 300 320 98 24530 157 -0.9 0.4

14 400 426 129 43295 208 -1.8 0.157

5.7 500 531 161 67103 259 -2.8 0.063

2.2 600 637 193 96407 310 -3.7 0.025

0.9 700 743 225 131007 362 -4.6 0.010

0.3 800 848 256 170500 413 -5.6 0.004

Proximal mass-fluxes in g/m’ were converted to thicknesses in millimeters (isopachs) by using the average
ash density of 2600 kg/m® (Carn, 2005), porosity (30 %) and interparticle pore space (50% proximal, 30%
distal) of the ash deposits (Kutterolf et al., 2008). The equivalent volumes for the proximal and distal layers
are 3.3 m’ and 2.9 m’, respectively. Deposition of one g of ash per square meter area corresponds to ash
layer thicknesses of 0.0127 mm for the proximal and 0.011 mm for the distal ash layers, with corrected bulk
densities of 789 kg/m’ and 910 kg/m’, respectively.

Error related to the ash flux estimates for 4-5 November 2002 ash emission case

The method of In [thickness] and square root [area] is valid for any shape of
isomass (Fierstein and Nathenson, 1992). Due to cloudy conditions during the eruption
phase (http://www.fvalk.com/etna.htm), the actual isomass area is unknown and the
dimensions of the plume subject to some error. Different isopach areas give different
distal equations so that the ash-load variation can be estimated (Fig. 7). To test the
magnitude of the variation, the error was estimated by using a range of isopach widths for
given isopach lengths. Based on the last two proximal data, the width (w) of the isomass
expands with a rate of 0.2 per km increase in isopach length (1), referred here as w:1 ratio.
Alternative width dimensions were calculated for narrower and wider isopachs with w:l
ratios of 0.1 (Scenario 1), 0.2 (Scenario 2) and 0.3 (Scenario 3), respectively (Fig. 7). The

calculated width of 0.3 g/m” isomass ranges from 99 km to 256 km, giving a wide range
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of isomass area between 65,714 km? - 170,500 kmz, which enables us to calculate the

variation in the ash-flux in the two end-member scenarios for isomass area.

4.2.2 Ash fallout during the 4-5 November 2002 ash emission of Etna

As shown in Table 5, the variation in the ash-load decreases downwind from the
volcano. The maximum error found at 100 km distance from the volcanic source is about
+3 g ranging from 225 g to 232 g. The variation in the ash-load decreases down to less
than 0.1 g ash in 800 km downwind from the volcanic source (Table 5). It is important to
note that the flux estimated for the 4-5 November 2002 can be an order of magnitude
lower compared to the large eruptions, like the Pinatubo 1991 eruption, during which the
ash fallout was 20-30 g/m2 as far 585 km west of the volcano (Fig. 8) (Wiesner et al.,
1995).

In terms of nutrient supply, since the nutrient solubility of Etna ash samples is
highly variable, the error associated with the ash flux is negligible in the open sea. The
downwind ash-flux can also be used for comparisons with desert dust flux in the MedSea
(Fig. 8). Extreme dust events can deposit as high as 29 g/m” in the MedSea (probably
once every year) (Guieu et al., 2010; Ternon et al., 2010), average dust storm event
deposit 10 g/m2 dust (Guieu et al., 2010), and low-intensity dust events deposit about
0.05 g/m* (occurred 27 times at the DYAFAMED-site during four year period) (Ternon
et al., 2010). Based on the estimates for 4 November 2002 eruption (Fig. 8), in the coastal
region, the particle flux during eruptions can be 10-50 times higher than the extreme dust
events. Ash flux simulates an extreme dust event about 300 km and resembles an average
dust storm event about 400-450 km downwind. In distances as far 800 km, ash flux is

above a low-level desert input (Fig. 8).
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Figure 7: Plots of natural logarithm of the thickness of the ash layer and the square root
of the ash depositional area. The equations provided by the distal slope are used for
estimating the ash-fall as a function of distance form the volcano (shown in Table 5).
The three different isopach areas were calculated based on the varying plume width for a

wide, moderate and narrow isopach area. See section 4.2.1 for discussion.
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November 2002 ash emission of Etna. Ash-flux is plotted as a function of distance (km)
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4.3 Biogeochemical implications of nutrient supply during an Etna eruption
Fertilizing potential of Etna ash fallout has been evidenced during July 2001 by

the increased chlorophyll-a concentrations in the Ionian Sea ash fallout region (Censi et
al., 2010). However, the mechanisms that stimulated the MPP remained uncertain. Here
we predicted the input of dissolved nutrient in the surface water by using ash flux and
nutrient-release from Etna ash. We assumed a homogenous distribution of particles over

top meter of the column.

4.3.1 Phosphate fertilization by Etna ash fallout
The main limiting factor for MPP in the MedSea is likely P (Krom et al., 1991;

Thingstad et al., 1998). The N:P ratio of the seawater is commonly used to establish the
limiting nutrient. The N:P ratio of MedSea surface waters is 20-27, higher compared to
normal oceanic N:P ratio (of 16:1), and has been suggested to reflect P-limitation in the
MedSea (Bonnet et al., 2005; Guerzoni et al., 1999; Socal et al., 1999). Dissolved P-
concentrations in the MedSea are generally less than standard detection limits (of 20 nM)
(Bonnet et al., 2005). Based on a recent one-year-time-series study in the western
MedSea, the highest P-concentrations are found during winter mixed period reaching
values of 200-350 nM (Fig. 9), and decreases to 30 nM in April, after the spring bloom
(Pulido-Villena et al.,, 2010). Throughout the stratified period, between May to
December, surface P-concentrations (in upper 8-20 km) are found to be as low as <1-6
nM in the western MedSea (Fig. 9) (Pulido-Villena et al., 2010), similar to measured
concentrations in the eastern MedSea with P-concentrations of <2-4 nM (Krom et al.,
2005). P-concentrations <1 nM are sufficiently low to result in P control on the MPP (Wu
et al., 2000).

P-fertilizing effects of dust deposition in the MedSea has previously suggested by
microcosm (Bonnet et al., 2005; Herut et al., 2005; Lekunberri et al., 2010) and
mesocosm experiments (Laghdass et al., 2011; Pulido-Villena et al., 2010). However, the
threshold concentrations of P to stimulate the MPP in the MedSea remain poorly
understood. By measurements of P-uptake, the concentration of bioavailabile P was

estimated to be 3nM (Moutin et al., 2002).
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During a large-scale mesocosm experiment (54 m’, 15 m depth) in the western
MedSea, dust addition (mimicking 10 g/m” dust deposition) increased the dissolved P-
concentrations in the upper 40 cm in the surface by about 12 nM (Pulido-Villena et al.,
2010). However, no significant P increase was observed at 5 m and 10 m depths,
probably because most of the particles stay in the surface during the first hours of
deposition, and lead a transient increase in the surface P-concentrations (Pulido-Villena et
al., 2010). Based on the P-release per gram of Cape Verdean loess in our study (43
nmol/g; Fig. 2), the input of P in the surface water through dry deposition of dust would
be 15 nM for deposition of 10 g/m” dust, which is consistent with the mesocosm
experiments in the western MedSea (Pulido-Villena et al., 2010). If we assume a
homogenous distribution of particles and constant dissolution in the upper 1 m water
column, the supply of P from dust would be 6 nM, lower compared to the calculations for
the upper 40 cm. P-input during extreme events (29 g/m?) would be as high 42 nM in the
upper 40 cm and 17 nM in the upper 1 m. Input of P during low intensity events (0.05
g/m?) would be as low as 0.07 nM in the upper 40 cm and 0.03 nM at 1 m depth. These
variations in our estimates highlight the importance vertical distribution and dissolution
rates of the particles during the settlement in the ocean.

The maximum P-input during Etna eruptions would be in the first 100 km
downwind from the volcano, ranging from 1,940 nM to 220 nM (calculated for 1 m
depth), above the highest P-concentrations during winter period (Fig. 9). The minimum
P-input based on the geochemical data, ranges between 14 nM and 2 nM in the first 100
km (Fig. 9). A fraction of the dissolved P may be scavenged by adsorption on the ash
particle surface, similar to what has been suggested for dust particles (Krom et al., 1991;
Ridame et al., 2003). However, scavenging of nutrients to the volcanic ash surface has
not been evaluated yet. In the open ocean, assuming a threshold of 3 nM of P for
biological response (Fig. 9) (Moutin et al., 2002), the minimum impact on the P
fertilization is at least 100-150 km downwind. Depending the P-release potential of the
erupted ash (Fig. 2), the maximum distance for P-fertilization can extend as far as 600 km
in the MedSea (Fig. 9). Therefore, following the deposition of volcanic ash into the sea
surface, ash plumes ejected from Etna may have significant effect on the MPP through

supplying P, the ultimate limiting nutrient in the surface MedSea.
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Figure 9: Supply of nutrients related to an Etna ash fall integrated to top meter of water
depth, based on the 4-5 November 2002 ash emissions (Fig. 8) and the nutrient release
data (Fig. 2). Concentrations in nM show the range indicated by the minimum and the
maximum release of nutrients by Etna ash samples (Fig. 2). The initial and threshold
seawater concentrations are indicated as red lines (see section 4.3 for discussion). The
green areas indicate the regions where Etna ash fall would likely to affect marine primary
productivity (dark green regions with higher likelihood). The corresponding distances

downwind from Etna is shown in the MedSea map in Fig. 6.
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4.3.2 Iron and nitrogen fixation
Addition of P alone in the MedSea may not enhance MPP since the limitation

may immediately shift to nitrogen (Herut et al., 2005), as the concentrations N during the
stratified season are as low as P (less than detection limits of 50 nM) (Fig 9) (Bonnet et
al., 2005; Mihalopoulos et al., 1997). Indeed, N-limitation after ash deposition is very
likely to occur due to low N:P ratio of the ash leachates. Most of the Etna samples
showed N:P ratios less than 16, which are lower if compared to the typical N:P ratio of
MedSea (20-27).

The input of total fixed N related to an Etna ash fallout is 120-1940 nM in the
coast, 14-225 nM in the first 100 km, decreasing <1-14 nM at distances 400 km
downwind from the volcano (Fig. 9). The concentrations of fixed N sufficient to maintain
plankton demand in the coast is found be high (220 nM), in the coastal zone of Gulf of
Lion (Fig 9) (Diaz and Raimbault, 2000). The maximum estimates of nitrate input from
ash would be significant up to 200 km downwind from the volcano (>220 nM), while the
minimum estimates are slightly lower than limit to sustain N demand for new production
(e.g., 300-150 nM, in the 30 km coastal zone) (Fig 9). The requirement of fixed-N is
probably lower in the open sea, and N-fixation may additionally increase the N-
concentrations in the surface MedSea.

Nitrogen fixation is co-limited by P and Fe, and is an important source of
dissolved nitrogen in the MedSea (Bonnet et al., 2005; Mills et al., 2004). Like the
eastern tropical Atlantic Ocean (Mills et al., 2004), there is growing evidence supporting
the importance of N,-fixation on the phytoplankton community (and the diazotrophs) in
the Mediterranean waters (Bonnet et al., 2005; Herut et al., 2005; Lenton and Watson,
2000). In fact, the high N:P ratio found in the MedSea has been related to elevated N-
fixation rates associated to high Fe-input through desert dust, shifting the system towards
P-limitation (Lenton and Watson, 2000; Wu et al., 2000). Since Etna ash provides P
along with Fe, ash fallout from Etna can therefore impact the surface N-concentrations by
directly through particle dissolution, and indirectly through N-fixation by addition of P
and Fe.
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Fe-concentrations in MedSea are around 1-3 nM in the coast (e.g., (Censi et al.,
2010)), while very low concentrations of <0.13 nM were found in the open MedSea (Fig.
9) (Sarthou and Jeandel, 2001), despite the high input of desert dust. Microcosm
experiments in the MedSea showed that addition of Fe together with P stimulates MPP
more effectively compared to addition of Fe alone or P alone, which has been linked to
increased N-fixation (Bonnet et al., 2005). In a bioassay experiment in the eastern
tropical Atlantic Ocean, addition of ~3-11 nM of P together with 1-4 nM of Fe swiftly
doubled the N-fixation rates (Mills et al., 2004).

Based on the Fe-release data, 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. 9). If we assume 3 nM P and 1 nM Fe as threshold for N-fixation (Mills
et al., 2004), ash fallout would have strong impacts on the N-fixation extending as far as
500 km distances downwind from the volcano with strongest potential in the first 100 km
(based on minimum release) (Fig. 6 and Fig. 9)

In the high-nutrient, low-chlorophyll (HNLC) ocean regions, Fe is the major
limiting nutrient, where 2 nM increase in the Fe-concentrations is found to be sufficient
to trigger phytoplankton blooms (Wells, 2003). However, the role of Fe for the MPP in
the LNLC ocean regions is still not entirely understood. It has been suggested that the
deposition of reduced Fe to surface waters of MedSea has the potential to induce
phytoplankton blooms (Saydam, 1996). For example, wet deposition of Saharan dust on
July 1988 in the central MedSea off the coast of Libya was associated to an Emiliania
huxleyi bloom (evidenced by the Meteosat scenes) (Dulac et al., 1996). Fe-concentrations
in the surface MedSea during this dust event were increased by 6 nM (Dulac et al., 1996).
In contrast, a recent mesocosm study in the western MedSea showed that, large dust
deposition events might act as sink of Fe (rather than a source), through scavenging of Fe
on to the dust particles (by 0.4+0.1 nmol Fe/mg dust) (Wagener et al., 2010). Our data for
Cape Verde loess suggest low amounts of Fe-input by <1 nM even for extreme dust
events of 29 g/m? dust flux.

Dissolved Fe concentrations in the Ionian coast within the Etna ash fallout region

on 21 July 2001 were by 640-690 nM (Censi et al., 2010), significantly higher compared
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to our estimates based on the geochemical data (highest by 260 nM) (Fig. 9). The high
concentrations of dissolved Fe in the ash fallout region has been previously linked to
increased lysis of phytoplankton (by grazing), which may in turn increase the
complexation of the Fe released from Etna ash (i.e. higher organic ligand concentrations)
(Censi et al., 2010). Another possibility would be a decay of the soluble Fe-compounds
(e.g., Fe-bearing salts) on our ash samples through storage time of the ash samples, which
may underestimate the actual Fe-mobilization from volcanic ash (Jones and Gislason,

2008; Olgun et al., 2011).

4.3.3 Silica
New production in the MedSea is characterized by dominance of diatoms (Socal

et al., 1999). Silica is an ultimate nutrient required by the phytoplankton to build up the
silica shells. Si-concentrations during stratified season are relatively high (700 nM) (Fig.
9) (Bonnet et al., 2005; Schink and Kingston, 1967). By contrast, severe Si-limitation of
the diatom spring bloom has been observed at least for one coastal zone (in the Gulf of
Lion) (Leblanc et al., 2005). Elevated demand of Si by the diatom blooms can reduce the
Si concentrations to 120 nM (Fig. 9), indicating the significance of Si after the bloom
period at the end of April. Si-supply based on the data from Cape Verde loess samples
would range between 13 nM to 32 nM calculated for the extreme dust events of 29 g/m’
dust flux.

Based on the lowest Si-release by Etna ash into the seawater, the minimum supply
of Si is insignificant (below 5 nM), while the maximum input based on highest
mobilization would be about 4.1 um in the coast, 2uM in the 30 km in the coast, and
>120 nM in the 200 km downwind from the volcano, indicating eruptions can impact on
Si-budget in the surface MedSea waters, however very dependent on the Si-mobilization
behavior of the ash (Fig. 9). 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.,
submitted to Marine Chemistry). It is therefore very likely that ash fallout from Etna may
change the composition of phytoplankton assemblage in the ash fallout regions towards
domination of diatoms in the surface water, and further increase demand of Si in the

surface waters.
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4.3.4 Zinc
Zinc is a bioactive trace metal required by the phytoplankton and a co-factor in

alkaline phosphatese, an enzyme that allows phytoplankton to utilize phosphate from
organic compounds (Morel and Price, 2003). 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). In the North Atlantic Ocean, the lessening of P-
limitation of N-fixers was linked to Zn that is possibly introduced by the dust particles
(Mills et al., 2004). However, the Cape Verde loess sample did not show any Zn-release.
Together, not all the Etna samples released Zn during the first hour contact with seawater
(Fig. 9). Highest input of Zn related to the ash fallout would be 42 nM in the coast, and
above 3 nM in distances about 150 km downwind from Etna (Fig. 9). Addition of Zn
together with P by the ashfall may increase the up-take of P and relieve the P-limitation
in the MedSea.

4.3.5 Copper-toxicity
The MedSea, especially the central and eastern part, were inferred to be close to

the Cu-toxicity during large part of the year (Paytan et al., 2009). Our voltammetric
experiments showed that during the first hour of interaction with seawater, Etna ash
releases no detectable amounts of Cu into the seawater. Long-term ash-dissolution
experiments also showed that the dissolved Cu concentrations remain below 1 nM until
the end of the first week (Censi et al., 2010). Therefore, in terms of Cu, eruptions of Etna
are unlikely to increase the Cu-toxicity in the MedSea. Atmospheric input Cu and Zn
therefore is likely dominated by the anthropogenic particles, since most of the trace
metals are more mobile from pollution derived aerosols (Boyle et al., 1985; Guerzoni et

al., 1999; Guieu et al., 1997).

Conclusive Remarks

* Volcanic ash ejected during Etna eruptions release fixed-nitrogen, phosphate, silica,
iron and zinc into seawater, and provide an atmospheric source of nutrients in the
oligotrophic surface waters of MedSea.

* Ash flux estimates based on the 4-5 November 2002 Etna ash emission event

showed that during explosive eruptions of Etna, volcanic ash flux in the central
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MedSea exceeds the particle flux during dust storm events. Volcanic ash flux of
>10 g/m’ similar to average dust storms, can be deposited as far as 400 km
downwind from Etna.

* Based on the ash flux during an Etna eruption and the nutrient release from Etna
ash, the highest impact of Etna ash fallout would be relieving the phosphate
limitation in the LNLC MedSea by providing a good source of dissolved phosphate
in the surface water column.

* Delivery of significant amounts of iron together phosphate is very likely to increase
nitrogen-fixation rates in the Etna ash fallout regions in the MedSea.

* Input of iron and silica by the Etna ash would be more pronounced during post-
bloom periods due to strong utilization by diatoms, compared to winter mixed
season.

* Compared to the more widespread inputs of desert dust that affects the entire
MedSea, the impact of Etna ash is more episodic and affects mainly the central
MedSea region. However, increased explosivity of the Etna over the last decades,
suggests that the biogeochemical impact of Etna ash fallout on the nutrient-starved

LNLC MedSea is likely to increase in the near future.
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Abstract

Recent studies demonstrate that volcanic ash has the potential to increase
phytoplankton biomass in the open ocean. However, besides fertilizing trace metals such
as Fe, volcanic ash contains a variety of potentially toxic metals such as Cd, Cu, Pb, and
Zn. Especially in coastal regions closer to the volcanic eruption, where ash depositions
can be very high, toxic effects are possible. Here we present the first results of laboratory
experiments, showing that trace metal release from different volcanic materials can have
both fertilizing and toxic effects on marine phytoplankton in natural coastal seawater.
The diatom Thalassiosira pseudonana generally showed higher growth rates in seawater
that was in short contact with volcanic ash compared to the controls without ash addition.
In contrast to that, the addition of volcanic ash had either no effect or significantly
decreased the growth rate of the coccolithophoride Emiliania huxleyi. It was not possible
to attribute the effects to single trace metals, however, our results suggest that Mn plays
an important role in regulating the antagonistic and synergistic effects of the different
trace metals. This study shows that volcanic ash can lead to changes in the phytoplankton

species composition in the high fall-out area of the surface ocean.

1. Introduction

Large volcanic eruptions can eject enormous amounts of ash and pumice far into
the open ocean (Olgun, et al. 2011, and references therein). The importance of volcanic
ash as a source of nutrients and trace metals in the ocean, however, has been largely
overlooked compared to the much better studied effects of desert dust inputs (Jickells, et
al. 2005). This is mainly because of the unpredictability of volcanic eruptions and the
difficulties associated with sampling of uncontaminated and unhydrated volcanic ash
material. Therefore, direct measurements of the effect of volcanic ash on marine
phytoplankton in the field are very rare. The first trace metal analysis within the ash fall-
out area of a volcanic eruption (Etna, Sicily, 2001) demonstrates both strongly elevated
trace metal concentrations (e.g., over 600 nM Fe in surface waters) and higher
chlorophyll values compared to previous years (Censi, et al. 2010). Also, there is growing
evidence from satellite data that phytoplankton productivity is increased with volcanic

ash deposition in the open ocean (Duggen, et al. 2007, Hamme, et al. 2010, Langmann, et
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al. 2010, Lin, et al. 2011). A main factor suggested for this is fertilization with iron
(Duggen, et al. 2010), which limits phytoplankton productivity in large regions of the
world’s ocean.

Besides iron, volcanic ash releases macronutrients such as NH; ", NO5’, PO43', and
Si0;,; volatile compounds such as Br', CI', F, SO42'; and a variety of trace metals such as
Al, Cd, Co, Cu, Mn, Ni, Pb, and Zn (Duggen, et al. 2007, Frogner Kockum, et al. 2006,
Frogner, et al. 2001, Jones and Gislason 2008, Witham, et al. 2005). Some of these trace
metals, especially Cd, Cu, Pb, and Zn, have potentially toxic effects on marine
phytoplankton in higher concentrations (Brand, et al. 1986, Sunda 1988). Toxic effects of
Cu from desert dust have recently been shown in incubation experiments (Paytan, et al.
2009), however, the degree of Cu toxicity from this source in the open ocean remains
questionable (Sholkovitz, et al. 2010). Since the amount of volcanic ash deposition into
seawater is strongly dependent on the distance from the volcano, coastal areas will
receive higher trace metal inputs with so far unpredicted effects for their phytoplankton
community structure. Most studies addressing the combined effects of different trace
metals for marine phytoplankton have been performed in laboratory experiments using
trace metal chelators such as EDTA to control free trace metal concentrations (e.g.,
Sunda and Huntsman 1996, Sunda and Huntsman 1983, Sunda and Huntsman 2000,
Sunda and Huntsman 1998b, Tortell and Price 1996). Further, the main focus of these
studies was to mimic low trace metal availability as in open ocean regions. Therefore, our
understanding of antagonistic and synergistic effects of trace metals in coastal regions is
still very limited today.

In this study we investigate the trace metal release of four volcanic ashes and one
pumice sample from different regions of the Pacific Ring of Fire and their effect on the
growth rate and Cu ligand production of the diatom Thalassiosira pseudonana and the

coccolithophoride Emiliania huxleyi in natural coastal seawater.
2. Material and Methods

Throughout the experiment trace metal clean techniques were used to prevent

trace metal contamination. All materials that came in contact with the ash, the cultures, or
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the media were acid cleaned before use. Sample and culture handling took place inside a

class 100 clean bench.

2.1. Volcanic ash and pumice samples

All volcanic ashes were sampled as clean as possible shortly after explosive eruptions
and never had contact with rain or seawater before the experiments. The location and
time of the eruptions, as well as the collection sides are described in Table 1. The ash and
crushed pumice were stored double bagged in zip lock bags in a dry environment. The

samples are unsieved and had no contact with metal-containing materials.

Table 1: Origin of the volcanic ash, year of eruption, and description of sampling site.

Volcano, location ~ Eruption year Collection distance Description
Arenal, Costa Rica 1993 At the foot of the volcano Silty-fine sandy
Popocatepetl, Mexico 2000 18.7 km NW from crater Silty

Rabaul-Tavurvur,
) 2002 At the foot of the volcano Fine-sandy
Papua New Guinea

- 3 km NW of the Minamidake
Sakura-jima, Japan 2007 Silty
crater

2.2 Cultures
Axenic cultures of Thalassiosira pseudonana and Emiliania huxleyi were
obtained from the Provasoli-Guillard Center for Culture of Marine Phytoplankton,

1a‘[

Bigelow Laboratories. The cultures were grown at 18 °C and 100 pmol quanta m ~s°
a light : dark cycle of 16 : 8 hours. Before the experiments, both cultures were grown for
at least 8 generations in natural coastal seawater enriched with nitrate, phosphate, silicate
and vitamins in /2 concentrations (7. pseudonana) and in f/20 concentrations without
silicate additions (E. huxleyi). The /2 trace metal mix was prepared without EDTA and
added 1/500 times more diluted compared to the original recipe. To ensure that no EDTA
was left in the media, the cultures were transferred into fresh, EDTA free media several

times until EDTA concentrations were diluted to values below 1 pM.
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For both, the growth and the ligand experiments, the growth medium was prepared as
described above using the same coastal seawater but only the macronutrients and no trace

metals were added. All experiments were incubated in triplicates for 9 days.

2.3. Growth experiments

For every experiment, 2 g ash were added to 750 ml natural seawater and gently
shaken for 10 minutes by hand, followed by a 5 minutes settling time. This ash
concentration corresponds to a ~ 6.6 cm thick sediment ash layer as calculated by
Duggen et al. (2007), which is realistic for coastal regions (Cao, et al. 1995, Olgun, et al.
2011). Afterwards the ash was removed through in-line sterile filtration using 0.22 pum,
Millipore, Sterivex units. This water was mixed in different ratios with sterile filtered
natural seawater to gain four concentrations corresponding to contact with 0.53, 1.07, 1.6,
and 2.67 g ash I"'. The controls were grown in natural seawater without ash addition. No
or only a low decrease in pH of maximum 0.1 units was observed after the ash addition.
Afterwards, the cultures were added at cell densities of about 200 cells ml! for T
pseudonana and 300 cells ml" for E. huxleyi and incubated for 9 days. Samples for cell
numbers were taken every third day and immediately measured without addition of
preservatives using a Flow Cytometer (Becton Dickinson FACSCalibur). Specific growth
rates (1 d) were calculated from the least-squares regression of cell counts versus time
during exponential growth. For statistical analyses Students t-tests were used. Differences

found are reported as significant in the text if p<0.05.

2.4. Ligand experiment

In a second experiment, we tested the effect of addition of Sakura-jima ash and
pumice addition on the Cu ligand production of Thalassiosira pseudonana and Emiliania
huxleyi. The cultures were grown in the same seawater as for the growth experiment.
Since we only measured cell densities at day one and 9 in this experiment we did not
calculate growth rates. The copper complexing ligand concentrations were determined
using cathodic stripping voltammetry after Campos and van den Berg (1994). Seawater
samples were filtered through in-line sterile filtration using 0.22 um, Millipore, Sterivex

units and stored frozen until analysis. The samples were slowly thawed in a fridge and

172



aliquots of 10 ml each were given in Teflon voltammetric cells. 50 pl borate buffer and
20 ul SA (0.01 M) as well as copper standard at increasing concentration from 0 — 180

nM were added to each sample. The solutions were equilibrated over night.

2.5. Trace metal concentrations

The trace metal concentration of the seawater before and after 15 minutes of
contact with the volcanic material was measured in direct determination after 10 times
dilution in MilliQ using a HR-ICP-MS (Thermo Finnigan Element) as described in
Ardelan et al. (2009). All samples (10 ml) were filtered through a 0.22 um syringe top
filter (Millipore Sterivex) and acidified with 20 pl HNO; (FLUKA, trace select).

3. Results
3.1. Trace metal release

Volcanic ash samples generally mobilized significant amounts of trace metals
after short (15 minutes) contact with seawater. However, the trace metal release of the
four ash samples and the pumice showed significant variations. From all the four ashes
tested, Al, Mn, and Zn were released in very high concentrations between 17.4 nM and
1749.7 nM (Table 2). Cu and Fe were released at concentrations of 10.2 nM and 2.1 nM
and 10.8 nM and 5.7 nM from the Arenal and the Rabaul-Tavurvur volcanoes,
respectively. For the ashes from the Popocatepetl and the Sakura-jima volcanoes, Fe
release exceeded Cu release with 7.0 nM and 83.2 nM compared to 4.4 nM and 5.6 nM.
Cd, Co, Ni, and Pb were released in concentrations < 1.5 nM from the Arenal,
Popocatepetl, and the Rabaul-Tavurvur ashes. The ash from the Sakura-jima volcano
generally released the highest trace metal concentrations of the four ashes tested except
for Al, Cu, and Zn. The concentrations for Cd, Co, and Mn released from this ash were
about 20 to 45 times higher compared to the other ashes while Fe and Ni were about 10
times higher compared to the other ashes.

In contrast, the pumice material released relatively low concentrations of trace
metals within 15 minutes contact time. No release of the metals Cd, Pb and Zn was
detected. Fe and Mn were the trace metals released in the highest concentrations with 3.9

nM and 5.9 nM, respectively.
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Table 2: Trace metal concentrations (in nM) of the coastal seawater used as growth
medium and the concentrations released by 1 g (calculated from the 2g added to 750
ml) of the different ashes and the pumice material after 15 minutes of contact with
seawater for the growth experiment (upper 5 lines) and the ligand experiments (bottom
3 lines). Note that due to the different ash concentrations used in this study the final
concentrations released in the incubations were 0.53, 1.07, 1.6, and 2.67 times the

values given in this table.

Al Cd Co Cu Fe Mn Ni Pb Zn
seawater 445 0.5 0.5 6.3 15.1 3.1 8.5 0.2 279.4
Arenal 1749.7 0.0 0.1 102 2.1 174 0.5 0.0 71.5
Popocatepetl 77.6 0.2 0.4 4.4 7.0 295 1.5 0.1 119.7
Rabaul-Tavurvur 330.9 0.1 1.0 10.8 5.7 695 13 0.0 58.0

Sakura-jima 1377.6 4.2 33.0 5.6 83.2 1298.6 13.9 0.8 34.0
seawater 783 0.6 0.1 6.4 226 1.7 8.4 0.01 1589
pumice 1.5 0.0 0.2 1.3 3.9 59 1.2 0.0 0.0
Sakura-jima 1105.0 3.8 314 9.0 50.6 12373 9.9 0.6 39.1

3. 2. Phytoplankton growth

In most cases the addition of volcanic ash significantly changed the growth rate of
T. pseudonana and E. huxleyi. Interestingly, the ashes tested had an opposite effect on
both species (Fig. 1). T. pseudonana had a growth rate between 0.37 and 0.5 in the
controls. The addition of medium ash concentrations between 0.53 and 1.6 g I
significantly increased the growth rate to values between 0.53 and 0.65 (p values between
0.004 and 0.04) for the ashes Popocatepetl, Rabaul-Tavurvur, and Sakura-jima. In
contrast, the ash of the Arenal volcano significantly (p values between 0.002 and 0.007)
decreased the growth rate of this species at medium ash concentrations. Here, the growth
rates were 0.17, 0.23, and 0.15, respectively. At the highest ash concentrations added
(2.67 g 1) the growth rate of T. pseudonana was significantly higher compared to the
controls for the three ashes Arenal (u=1.15; p=0.03), Popocatepetl (u=0.75, p=0.007),
and Sakura-jima (u=1.0, p=0.001). Only the incubation with the ash from the Rabaul-
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Tavurvur volcano did not show a significant difference at the highest ash concentration
compared to the control.

The growth rates in the controls without ash addition were between 0.64 and 0.96
for E. huxleyi. The incubations with different ash concentrations from the Arenal,
Popocatepetl, and Rabaul-Tavurvur eruptions did not show any significant difference
compared to the respective controls. However, the Sakura-jima ash significantly
decreased the growth rate of this species at every concentration tested. Here growth rats
decreased from 0.76 in the controls down to 0.07 at the highest ash concentration (p

values between 0.03 and 0.002).

Thalassiosira pseudonana Emilania huxleyi
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Figure 1: Growth rate of 7. pseudonana and E. huxleyi grown at different
concentrations of the four ashes. All measurements are done in triplicates,
error bars denote standard deviation. If not visible, error bars are smaller

than symbols.

3. 3. Ligand experiment

Compared to the control, 7. pseudonana again showed a much higher growth with
addition of the Sakura-jima ash (Fig. 2). After 9 days of incubation the cell numbers were
67.5 times higher in the ash treatment. Addition of pumice material still increased the
growth rate of this species and final cell numbers were 6.8 times higher compared to the

control.
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Figure 2: Cell numbers of 7. pseudonana and E. huxleyi in the controls,
with addition of Sakura-jima ash, and with addition of pumice material over
nine days. All measurements are done in triplicates, error bars denote

standard deviation. If not visible, error bars are smaller than symbols.

Like in the first experiment, ash from the Sakura-jima eruption decreased the
growth of E. huxleyi, which did not grow at all in the ash treatment of this experiment.
However, addition of pumice material increased the growth of E. huxl/eyi with final cell
numbers being 5.5 times higher compared to the controls.

The copper ligand concentration in the medium before the incubation was 3.5 +
1.1 nM. Right after the addition of volcanic ash or pumice material to the seawater, the
ligand titrations became very noisy and the concentration measured varied between 2.5
and 22.1 nM. Most likely surface complexation of colloids leaching from the volcanic
materials interfered with the measurements. These colloids may be nanoparticles
disaggregating from the ash on contact with the water, or it may be colloidal secondary
phases precipitating either before or after filtration, e.g., iron oxyhydroxides. Similar
problems have been observed in glacial meltwaters in Iceland containing large
concentrations of volcanic ash (M. Bau pers. comm.). These very variable ligand
concentrations in the beginning of the experiment make it difficult to determination any
changes during the course of the incubations (Fig. 3) and we did not find a production of

Cu binding ligands in any of the incubations with the Sakura-jima ash. However, our data
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show a strong production of about 60 nM of Cu binding ligands by 7. pseudonana in the

incubations with pumice material (Fig. 3).
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Figure 3: Changes in Cu ligand concentration after the 9 days of

incubation compared to the start.

4. Discussion

The Cd, Co, Cu, Fe, Ni, Pb, and Zn concentrations in the coastal seawater used as culture
media were close to those reported for other coastal regions (Kozelka and Bruland 1998,
Kuma, et al. 1998, Lares, et al. 2009, Oztiirk, et al. 2002, Wells, et al. 1998). Since trace
metal concentrations in coastal regions are much higher compared to the open ocean,
trace metal additions would usually not be expected to have significant effects here.
However, Oztiirk et al. (2002) show that phytoplankton growth can also be limited by
iron in coastal regions. The bioavailability of iron in natural systems is dependent on the
chemical from of iron rather than on the total concentration. In coastal systems a large
fraction of iron is colloidal Fe, which releases bioavailable iron much slower compared to
dissolved labile Fe(Ill) organic complexes (Kuma, et al. 1995). Moreover, high
concentrations of organic matter can also reduce Fe bioavailability in coastal waters
(Breitbarth, et al. 2009). Therefore, addition of iron could possibly have beneficial effects

even in high-metal coastal systems.
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Further, addition of trace metals can in some cases alter toxicity effects of other metals as
in the case of Mn. Since Cd, Cu, Zn and Mn compete for the same uptake systems in 7.
pseudonana, high Mn concentrations inhibit the uptake of these trace metals and prevent
toxicity (Sunda, et al. 1981, Sunda and Huntsman 1996, Sunda and Huntsman 1998a,
Sunda and Huntsman 1998b, Sunda and Huntsman 1998c). Rather than the absolute free
Cd, Cu, and Zn concentration, it is the ratio of Mn to these metals that determines their
toxicity. In other words, input of Mn to polluted, high Cd, Cu, and Zn waters could

quench toxic effects of these metals for phytoplankton and increase growth.

4. 1. Fertilizing effects of volcanic material for 7. pseudonana

In our study, 7. pseudonana had a growth rate between 0.37 and 0.5 in the controls,
which is clearly below the maximum growth rate of this species reported for artificial
media (about 1.7 (e.g., Ellwood and Hunter 2000, Price, et al. 1987, Sunda and Huntsman
1992)). This indicates that the coastal seawater either did not supply this species with
efficient nutrients or that the concentration of toxic metals was high enough to depress
growth of this species. Since we added the macronutrients nitrate, phosphate, and silicate
to the incubations, this species can not have suffered macronutrient limitation. It is
possible though that the high Zn and Cu concentrations in the controls (279.4 and 6.3 nM,
Table 2) suppressed growth of this species since the Mn concentrations were relatively
low (3,1 nM, Table 2). In laboratory experiments, 7. pseudonana only showed a distinct
reduction in growth rate to about 40 % of the maximum growth rate at much higher free
Cu concentrations of 10 uM (Brand, et al. 1986). However, in Brand et al.’s experiment
(1986) all other trace metals, including Mn, were buffered to levels ideal for
phytoplankton growth, excluding the possibility of antagonistic and/or synergistic effects
of different trace metals. Toxic effects of Cu for 7. pseudonana can be reached at much
lower concentrations when Mn concentrations are suboptimal (Sunda and Huntsman
1983). Another possibility could be that the growth of 7. pseudonana in the controls is
limited by the relatively low Co concentrations (0.5 nM Table 2). Other than E. huxleyi,
T. pseudonana is known to have Co requirements which can not be met by Zn (Sunda

and Huntsman 1995, Whitfield 2001).
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The general increase in growth rate of the diatom 7. pseudonana with addition of the
volcanic ash could be caused by a combination of Mn, Fe, and Co fertilization. It is
noticeable that the ash with the highest concentration of Mn, Fe, and Co (Sakura-jima)
had the strongest effect on the growth rate of 7. pseudonana (Fig. 1). The input of
potentially toxic trace metals such as Cd and Cu did not seem to have a significant effect
on this species, most likely because they are buffered by the high input of Mn from the
ash. Since the Mn release from the volcanic materials tested here was always higher
compared to the combined Cu and Cd release (Table 2) it is likely that this would quench
Cd, Cu, and Zn toxicity for diatoms in the field in general. A recent evidence of volcanic
ash fertilization in coastal waters was shown in the Ionian coast during the 2001 eruption
of Mount Etna (Censi, et al. 2010). Here, similar effects could be responsible for the
reported increase in chlorophyll as in particular the dissolved concentrations of Mn, Fe,

and Co increased more compared to other metals (Censi, et al. 2010).

4. 2. Toxic effects for E. huxleyi

The maximum growth rate for E. huxleyi reported in the literature is about 1.1
(Zondervan 2007) which is close to the maximum growth rate we observed in the
controls without ash addition (0.96 + 0.04, Fig. 1). Since E. huxleyi can meet its Co
requirements partly by replacing it with Zn (Sunda and Huntsman 1995, Whitfield 2001)
it is possible that the high Zn concentrations in the controls are beneficial for this species.
Also, E. huxleyi showed to be very tolerant to Cu toxicity and only reduced its growth
rate to about 80% at free Cu concentrations of 20 uM in EDTA buffered media (Brand, et
al. 1986) and above 48 nM in culture experiments without addition of EDTA (Leal, et al.
1999), which is much higher than the Cu concentrations in the controls and in any of our
ash addition treatments.

In contrast to 7. pseudonana, addition of volcanic material did not have any
significant effect (Arenal, Popocatepetl and Rabaul-Tavurvur ash, Fig.1) or resulted in a
significant decrease of the growth rate of E. hux/eyi (Sakura-jima ash, Fig. 1). The only
volcanic material that increased the growth of this species compared to the controls was

the pumice, which released trace metals in much lower concentration compared to the
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other ashes tested (Table 2). In both incubations with the Sakura-jima ash we observed a
strong toxic effect for E. huxleyi despite the high Fe and Mn concentrations released from
the ash (Figs. 1 and 2). We can only speculate what caused this effect but direct toxic
effects of Cu, Cd, Pb, or Zn seem implausible for the following reasons:

E. huxleyi is known to produce Cu binding ligands when grown under Cu stress
(Leal, et al. 1999) but we did not find any production of Cu binding ligands by E. huxleyi
above the high variance when incubated with the Sakura-jima ash (Fig. 3). Further, the
Cu and Zn concentrations released from the Sakura-jima ash are lower compared to the
other ashes and E. huxleyi has a high Cu tolerance (Brand, et al. 1986, Leal, et al. 1999).
Cd and Pb are released in higher concentrations from the Sakura-jima ash compared to
the others, however, similar to Cu, E. huxleyi showed to be very tolerant to Cd compared
to other species tested (including 7. pseudonana) and only reduced its growth rates by 50
% at free Cd concentrations of 580 nM in the NTA buffered media used (Payne and Price
1999), and at 1 uM free Cd in EDTA buffered media, respectively (Brand, et al. 1986).
Further, Pb and Cd additions of up to 25 nM each to coastal seawater without the addition
of EDTA only showed a low toxic effect on E. huxleyi and reduced its growth rate by
about 13% (Vasconcelos and Leal 2001).

Other than for 7. pseudonana, the extremely high Mn concentrations released by
the Sakura-jima ash might have negative effects for the growth of E. huxleyi. It is known
that metal uptake in E. huxleyi is regulated by different uptake systems than in diatoms
and Mn does not seem to play the same role in preventing uptake of toxic metals as in
diatoms (Sunda and Huntsman 2000). It is therefore possible that the very high Mn
concentrations released from the Sakura-jima ash might interfere with the uptake of
essential metals rather than that of toxic ones as for diatoms. This theory is supported by
the observation that the addition of pumice, which released the lowest Mn concentration
of all volcanic materials tested, was the only one that significantly increased the growth

of E. huxleyi (Fig. 2).
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4. 3. Conclusions

Our experiment shows that the same volcanic ash can both, increase and decrease growth
rates of different phytoplankton species, which will ultimately lead to changes in species
composition with implications for community productivity and export of the affected
ocean regions. Other than suggested for open ocean regions, however, it seems that the
inputs of Fe and Cu through volcanic eruptions are not the main factors influencing
phytoplankton growth and species composition in coastal, high trace metal regions.
Rather, the complex interactions of antagonistic and synergistic effects between different
trace metals and especially the Mn concentration seem to control phytoplankton growth
in our experiments. If similar effects could also apply for the open ocean are difficult to
predict. However, it is likely that the overall effects of volcanic eruptions for the marine
ecosystem are much more complex than only the previously suggested Fe fertilization
and a possible Cu toxicity.

Despite the enormous amount of work in this field, most studies investigating
combined effects of different trace metals for marine phytoplankton have been performed
in EDTA buffered media using mainly the diatom species T. oceanica, T. weissflogii, and
T. pseudonana, and the coccolithophoride E. huxleyi. We know very little about
combined trace metal interactions and their effects for other marine phytoplankton
species in natural seawater. To be able to better understand implications of combined
natural trace metal inputs such as volcanic eruptions or also desert dust storms for natural
phytoplankton communities and their effects for ecosystem productivity we urgently need
more detailed studies addressing synergistic and antagonistic effects of trace metals under
more natural culture conditions without the addition of metal chelators in both coastal

and open ocean regions.
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CONCLUSIONS AND FUTURE PERSPECTIVES

The present study shows that volcanic ash deposition is an important source of macro-
nutrients and trace metals for the surface ocean. The influence of volcanic eruptions can
be striking in the iron-limited ocean regions during single major eruptions. The iron
release data based on the ash samples from volcanoes world-wide (of 200+50 nmol Fe/g
ash) can be used as a representative value in the global models (e.g., dry deposition of
volcanic ash). Similarly, atmospheric deposition rate of volcanic ash estimated for the
Pacific Ocean (128-221x10" g/ka) shows that volcanic ash deposition is an important
nutrient source over geological time-scales, and the results provide a basis for the flux
estimates for other trace-metals and macro-nutrients into a large basin like the Pacific
Ocean.

Macro-nutrients and trace-metals released from volcanic into the seawater can
have strong impacts on the MPP in the low-nutrient, low-chlorophyll ocean regions too.
Flux estimates of volcanic ash and the related nutrient input downwind an eruption
(based on the 4-5 November 2002 Etna eruption) serves a good basis for future
experimental studies in the oceans.

Another the key conclusion of this study is that the different phytoplankton may
respond in different ways to volcanic ash deposition, which can alter the composition of
the phytoplankton assemblage in the ash fallout regions. And above all, it appears that the
volcanic ash can not only stimulate MPP but also may affect the higher trophic levels
including the zooplankton and the fish populations in the oceans and the neighboring
rivers and lakes.

A number of problems, however, still remains in order to fully understand the
solubility and the bioavailability of nutrients released by volcanic ash. The possible
fertilizing or toxic effects of volcanic ash should be investigated by more biological
experiments. Several processes in the eruption plume (e.g., HF, HCI reactions) and in the
atmosphere (e.g., low pH cloud cycling) can control the surface chemistry of volcanic
ash, most of which remained poorly understood. Below, I wanted to mention some of the

unpublished data that can provide initial ideas for the future work.
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- Particles size effect in iron dissolution of volcanic ash (unpublished data)

The effect of ash particle size on iron dissolution is an important factor that
remains unanswered. Finer volcanic ash travelling long-distances can release more iron
into the seawater (Duggen et al., 2010). In the iron-release experiments, I observed that
the finer ash samples released higher amounts of iron into the seawater compared to the
coarse ash samples, which is consistent with previous hypothesis (Chapter II). To test the
particle size effect, I sieved (using plastic sieves) four ash samples into five different size
fractions (samples from Hekla 2000 (coarse sample), Merapi 1996 (fine) and Sakura-Jima
2007 (fine) were sub-divided into size fractions of >1mm, only for coarse Hekla ash,
Imm-500pum, 500-250um, 250-100pm and <100pm). With the method 1 used
(voltammetry of 20 ml sample) I did not find differences between the size fractions of a
sample that were larger than the internal precision of the experiment. Long-term traveled
ash can release more iron, however, I suggest that sieving the samples may still
underestimate the actual iron-release in the remote ocean.

- Scavenging of nutrients from ash ?

It has been suggested that the mineral dust particles can scavenge nutrients from
the water column through adsorption on the particle surfaces (e.g., phosphate and iron
(Krom et al., 1991; Wagener et al., 2010)). The net effect of nutrient dissolution from
particles likely to depend on the relative rates of “release” versus “scavenging”. For
volcanic ash, in the case of iron, the net effect was “release”. In another set of
experiments, I tested the release of zinc and copper from twenty subduction volcanic ash
samples. Most of the ash samples released zinc (up to 90 nmol Zn/g ash) and copper (up
to 110 nmol Cu/g ash) (Olgun et al., 2008). Interestingly, some volcanic ash samples did
not show a net release of zinc and copper but instead a net decrease in experiments with
Zn-Cu-doped seawater, pointing to a scavenging potential of volcanic ash (up to 10+5
nM ash) (Olgun et al., 2008). Scavenging of nutrients can be another important issue
during major eruptions that may affect the trace metal composition of biologically
relevant metals in affected areas. This process is so far completely unexplored and it is

therefore not possible to estimate its importance for the marine ecosystem.
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FUTURE PERSPECTIVES

I suggest the following research priorities for the future studies to improve our
understanding on the impacts of volcanic eruptions in the marine environments: (i) large-
scale experiments with volcanic ash, (i1) palaco indications from the marine drill cores,

(ii1) in-situ observations during volcanic eruptions.

(i) Large scale experiments - mesocosms

A considerable number of studies focus on the mineral dust and its marine
biogeochemical impacts. The knowledge provided in these studies can easily be applied
for volcanic ash. Large mesocosms suited in the sea (down to 15 m depth in the water
column, of 53 m’ volume) have been used recently to investigate the effects of mineral
dust, for example in the western Mediterranean Sea in the frame of the DUNE-project (a
Dust experiment in low Nutrient low chlorophyll Ecosystem) in Laboratoire
d’Oceanography de Villefranche/Mer, CNRS-INSU in France. Volcanic ash fertilization
experiments can be done in the Mediterranean Sea by using the same mesocosm method
used for the mineral dust studies (described in detail in (Guieu et al., 2010a)). Ash from
Etna volcano would be the most suitable samples for such a study in the Mediterranean
(see Chapter 1V). The key parameters that can be measured in the ash fertilization
mesocosm experiments are the dissolved nutrients, concentrations of chlorophyll-a and
bacteria, nitrogen and carbon in the particulate matter and isotope mass balance for rate
of N,-fixation. Additionally, in order to mimic different deposition process, ash samples
can be treated in different ways prior to experiments. For example, samples can be
diluted in acidic solutions or ultra-pure water to resemble deposition by rain (wet
deposition) to be able to see the influence of low pH in iron dissolution in seawater.
Effect of particle size and possible scavenging of nutrients on the ash particles can also
be tested more adequately in the mesocosm seeding experiments compared to small-scale
laboratory experiments. Realistic volcanic ash addition can be referred from the estimated
downwind ash flux typical for explosive eruptions of Etna volcano (Olgun et al.,

submitted to Marine Chemistry). Ash fluxes of >100 g/m* >10 g/m” and >1 g/m* can be
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representative for flux in the coast, in 400 km downwind from the volcano, and in 600
km downwind from the volcano, respectively (Olgun et al., submitted to Marine
Chemistry). The results of the ash fertilization mesocosm experiments would be helpful

also for comparison with the phytoplankton response to mineral dust addition.

(ii) Palaeo indications: Marine drill core studies

Volcanic ash layers are commonly found in the marine drill cores but often
ignored in terms of interpretation of the plankton composition of the core. Possible
correlations of volcanic ash layers with the overlying episodic plankton-rich (or plankton-
poor) layers can provide evidence for casual link between the volcanic eruptions and the
marine primary productivity. Study regions can be selected based on the ash deposition
pattern in the global ocean that has been presented in Olgun et. al. (2011). Or, particular
attention can be given to deposits of specific eruptions like the Pinatubo eruption in 1991
(Philippines), which has been speculated to iron-fertilize the Southern Ocean.
Abundances of biogenic silica (opal-contents), CaCQOj;, organic carbon and biogenic
barium can be used as proxies of palaeo-productivity. Besides the marine phytoplankton,
the shells of planktonic zooplankton can also be useful to investigate the environmental
impacts of volcanic ash fallouts. A careful examination of marine drill cores can clearly

provide several new insights for further developments.

(iii) In-situ atmospheric and marine observations during volcanic eruptions

Atmospheric sampling of volcanic ash can provide valuable information to assess
the nutrient solubility of the long-transported fine ash, and also can be used for more
precise ash flux estimations. More than thirty atmospheric sampling stations are located
in the coasts or in the oceans (see (Jickells and Spokes, 2001)), some of which are sited
downwind of the active and explosive volcanoes, like the Ocean Station Papa in the north
Pacific is in downwind of Alaskan volcanoes, or the Mace Head station in the north
Pacific is in downwind of Icelandic volcanoes. These stations can be used for volcanic
ash sampling during explosive events. Importantly, Fe/Al ratio of aerosols, which is a
traditional tracer for mineral dust, may not be reliable for distinguishing every volcanic

ash, since Fe/Al ratio of volcanic ash (0.15 to 0.88 for ash, unpublished data) can be very
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similar to that of mineral dust (0.63 for dust; (Guieu et al., 2010b)). Instead, calcium
content of the aerosol samples may be a better tracer since volcanic ash samples in this
study showed lower calcium contents (1-10 wt.%) compared to mineral dust sample (25
wt.%).

A significant challenge lies in the in sifu marine observations during major
volcanic eruptions. Geochemical, biological and satellite investigations in the volcanic
ash fallout regions will be helpful to understand the natural processes occurring in the
oceans. However, this approach is very challenging due to the episodic nature of volcanic
eruptions. Selecting the right study sites can reduce the difficulties related to the logistics
and scientific collaborations. Here in Table 1, I would suggest the following ten priority
locations for in-situ observations. Increased scientific awareness on the importance of
volcanic eruptions for the marine ecosystems may hopefully increase the number of

investigations in the near future.

Table 1: Priority locations that could be suitable for future in situ observations during

explosive volcanic eruptions.

Location Volcano Ocean regions affected by the ash fallout,
based on (Olgun et al., 2011)

1 Italy Etna Central Mediterranean

2 Iceland Grimsvotn North Atlantic

3 USA Cleveland North Pacific

4  Chile Puyehue South Atlantic (and potentially Southern Ocean)
5 CostaRica Arenal Eastern equatorial Pacific

6  Ecuador Tungurahua  Eastern equatorial Pacific

7  Russia Shilevuch Northwest Pacific

8 Japan Sakura-jima  Northwest Pacific

9 Indonesia  Merapi Indian Ocean (and potentially Southern Ocean)
10 Philippines Mayon Indian Ocean (and potentially Southern Ocean)
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