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Abstract

Iron is a key micronutrient for phytoplankton growth in the surface ocean. Yet the sig-
nificance of volcanism for the marine biogeochemical iron-cycle is poorly constrained.
Recent studies, however, suggest that offshore deposition of airborne ash from vol-
canic 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 kilometres high into
the atmosphere during large-scale eruptions and fine ash may encircle the globe for
years, thereby reaching even the remotest and most iron-starved oceanic areas. Sci-
entific ocean drilling demonstrates 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.
The data from geochemical and biological experiments, natural evidence and satellite
techniques now available suggest that volcanic ash is a so far underestimated source
for iron in the surface ocean, possibly of similar importance as aeolian dust. Here we
summarise the development of and the knowledge in this fairly young research field.
The paper covers a wide range of chemical and biological issues and we make recom-
mendations for future directions in these areas. The review paper may thus be helpful
to improve our understanding of the role of volcanic ash for the marine biogeochemical
iron-cycle, marine primary productivity and the ocean-atmosphere exchange of CO,
and other gases relevant for climate throughout the Earth’s history.

1 Introduction

1.1 Purpose and structure of the review paper

Soils in volcanic areas have for thousands of years been known for their fertility
(Schmincke, 2004) but the fertilising potential of volcanoes in the marine environment
is poorly understood. Satellite images and drill core data from scientific ocean drilling
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illustrate that large amounts of volcanic ash have been deposited in the marine envi-
ronment (Fig. 1). Yet relatively little still is known about the role of volcanoes for the
surface ocean nutrient budget and how volcanic activity may affect marine primary pro-
ductivity (MPP), carbon-cycles and climate in the Earth’s history. Sufficient information
is now available arguing that oceanic fertilisation with volcanic ash is a process that
has largely been overlooked in marine sciences and that its significance for the marine
biogeochemical iron-cycle might have been underestimated so far.

We provide an overview of the literature related to surface ocean fertilisation with
volcanic ash. In an introduction, we briefly outline the young research field from a his-
toric perspective, showing how ideas developed, complexity rapidly increased and how
different research fields can provide important new information. Milestones and prob-
lems in improving our understanding of the role of volcanic ash for the surface ocean
biogeochemical iron-cycle and whatever follows from that are highlighted, also drawing
attention to important and unanswered research questions. The review is written in
such a way that the reader can gain a quick overview from the introduction and leave
it with that, or the more interested reader can move on to the other sections with an in-
depth review of different chemical and biological aspects in this research field. We hope
that the review will be inspiring and helpful for developing future research activities and
to make an intriguing phenomenon of our planet more known to ocean scientists.

1.2 Giving birth to a new multi-disciplinary research focus — overview from
a historical perspective

Since the early 20th century it was hypothesised, on the basis of growth experiments,
that low concentrations or the lack of iron may limit phytoplankton growth in surface
oceanic areas with little iron-supply from the continents (Gran, 1931; Harvey, 1937).
About 50 years later ship-based experiments in the subarctic north Pacific confirmed
that iron deficiency can limit marine phytoplankton growth (Martin and Fitzwater, 1988).
Since then numerous studies tested the hypothesis and examined the role of artificial
and natural oceanic iron fertilisation for the use of major nutrients, for global C-cycles
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and climate (Blain et al., 2007; Martin et al., 1990; Boyd et al., 2004, 2000; Cooper
et al., 1996; Coale et al., 2004, 1996; Behrenfeld et al., 1996).

Although iron concentrations are very low (<1 nM) in vast areas of the surface ocean
(De Baar and De Jong, 2001) (Fig. 2), the effects of iron-fertilisation are not of the same
importance for the marine primary productivity (MPP) in all parts of the open ocean.
Artificial and natural iron-fertilisation is particularly relevant for biogeochemical cycles
in oceanic areas with excess macro-nutrients such as nitrate and phosphate that are
not used up by unicellular algae in so-called high-nutrient low-chlorophyll (HNLC) or
iron-limited areas. Addition of minor amounts of iron to surface waters of HNLC areas
may cause massive phytoplankton blooms. In other oceanic areas, where the levels of
both macro-nutrients and trace metals are relatively low (low-nutrient low-chlorophyll
(LNLC) or oligotrophic areas such as the open ocean gyres), additional iron in the
surface waters alone is unlikely to have the same immediate biological effects as in
HNLC areas. In other oceanic regions, iron can control rates of nitrogen fixation (partly
in connection with POi‘) (Mills et al., 2004; Morel et al., 2004).

Soon after the discovery of iron-limitation in HNLC areas scientists started to think
more deeply about natural sources of iron, including volcanoes. To our knowledge the
person who first mentioned the possible significance of volcanic ash for the marine bio-
geochemical iron-cycle in the literature was Charles S. Spirakis from the US Geological
Survey, in a short communication in EOS (Spirakis, 1991). He pointed to soluble salts
and leachable iron found in volcanic ash but stressed that the amount of leachable iron
from ash is not well known. Spirakis hypothesized that volcanic ash may be at least
as good a source of soluble iron as iron-bearing desert dust added to the oceans. He
also speculated that biotic productivity in iron-starved regions of the oceans should
increase after addition of airborne volcanic ash and mentioned that the effect should
be visible in satellite data. In 1993 Jorge L. Sarmiento linked the unexpected rela-
tive drawdown of atmospheric CO, in the Northern Hemisphere following the 1991
large-scale eruption of Pinatubo volcano (Philippines) to oceanic iron fertilization with
volcanic ash (Sarmiento, 1993). He mentioned the unfortunate luck in the lack of an
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ocean colour imager available at that time, as the according increase in MPP would
likely have been visible from space. Sarmiento made some simple calculations as to
the amount of iron required from the Pinatubo volcanic matter but these were based
on the bulk composition of the material that did not take into account how the iron was
bound (e.g. in soluble salts or less soluble silicate structures) (Spirakis, 1991). In 1997
Andrew Watson drew the attention to an extra atmospheric oxygen pulse emanating
from the ocean in the Southern Hemisphere (Keeling et al., 1996), eventually asso-
ciated with the post-Pinatubo eruption atmospheric CO,-drawdown. He linked this to
iron-fertilisation with volcanic ash in the iron-limited Southern Ocean, which is a major
HNLC area (Watson, 1997). Watson further stressed that iron-fertilisation with volcanic
ash can not only cause short-term perturbations of the atmospheric CO, but may also
have long-term effects — on the order of thousands of years — through changes in the
inorganic to organic carbon rain ratio associated with diatom blooms. In his iron-flux
calculations he assumed (based on measurements of aeolian dust) that 1% of the
bulk iron content is soluble and thus bio-available for uptake in marine phytoplankton.
In order to link oceanic Fe-addition to C-cycles, Watson used the molar C:Fe ratio of
phytoplankton observed in iron-limited areas, which is on the order of 10°. This large
number stresses that even relatively small amounts of iron added to the surface ocean
may have a strong impact on the MPP and C-cycles. In a more recent paper it was
proposed that fertilisation by volcanic fallout may be partly responsible for productiv-
ity feedback and the termination of global warmth at the Paleocene/Eocene boundary
(Bains et al., 2000). This implies that surface ocean iron-fertilisation by volcanic ash
might be among the essential processes in shaping the Earth’s climate history.

Until the year 2000 the discussion of the role of volcanic ash for the surface ocean
iron-cycle was scattered in short communications or minor comments in articles fo-
cussing on other issues. Although restricted to ideas, speculations and hypotheses
these publications were inspiring and helped giving birth to a new research focus. Re-
sults from the first study that linked the release of iron and other nutrients from volcanic
ash to the surface ocean nutrient budget was presented during the 2000 Goldschmidt

6445

BGD
6, 6441-6489, 2009

Role of volcanic ash
for the surface ocean
biogeochemical
iron-cycle

S. Duggen et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
(R [ 4]
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/6441/2009/bgd-6-6441-2009-print.pdf
http://www.biogeosciences-discuss.net/6/6441/2009/bgd-6-6441-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Conference (Frogner et al., 2000), followed by a publication a year later by a group of
authors with a deep-going background in geochemistry and volcanology (Frogner et al.,
2001). Until then ash-leachate studies that included iron in examining the release of
trace metals and various chemical compounds dealt with onshore processes such as
the impact on the environment (e.g. health, lifestock, vegetation, lake water) and chemi-
cal processes (e.g. chemical weathering of volcanic ash and soil fertility) (Witham et al.,
2005) and references therein). Moreover, in these leaching experiments seawater was
rarely used but instead destilled/deionised water or acidic or alkalic solutions. Frogner
et al. (2001) demonstrated in geochemical experiments with volcanic ash (sieved to 44—
74 um size) and natural seawater that an ash sample from the Icelandic Hekla volcano
releases an array of macro- and micro-nutrients such as phosphate, silica and various
trace metals (e.g. iron) relevant for marine phytoplankton growth. The flow-through ex-
periments were designed to monitor the release of these elements from volcanic ash in
seawater on an hour-scale with the first solution taken for measurements after 45 min.
Most of the nutrient mobilisation, however, took place within these 45 min contact time,
indicating a relatively short timescale release of nutrients from volcanic ash in contact
with water. Frogner et al. (2000) argued that dissolution of soluble salt coatings found
on the surface of ash particles were most likely responsible for the relatively swift re-
lease of nutrients. Based on their results, they discussed the fertilising potential of the
1991 Pinatubo eruption as a possible cause for the CO,-drawdown that followed in the
years after. In the following two years other authors provided statistical evidence from
ice core data for a causal connection between volcanism and millennial climate change
(Bay et al., 2004, 2006). It remained unclear, however, whether volcanism caused cli-
mate change (e.g. through increased iron supply to large surface ocean areas) or, vice
versa, climate change rapidly influenced volcanic activity (e.g. through sea level change
and changing pressure conditions in magma chambers of coastal volcanoes).

More recently, Duggen et al. (2007) provided new constraints on the role of volcanic
ash on the surface ocean biogeochemical iron-cycle. Time-dependent geochemical
experiments with natural seawater and five volcanic ash samples from three subduction

6446

BGD
6, 6441-6489, 2009

Role of volcanic ash
for the surface ocean
biogeochemical
iron-cycle

S. Duggen et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/6441/2009/bgd-6-6441-2009-print.pdf
http://www.biogeosciences-discuss.net/6/6441/2009/bgd-6-6441-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

zone volcanoes (Arenal in Costa Rica; Mt. Spurr in Alaska and Sakura-jima in Japan)
demonstrated a rapid (minute-scale) release of iron and an array of other nutrients.
The study focused on volcanic ash from volcanoes in subduction zones as these host
most of the subaerially active volcanoes on Earth that can erupt enormous amounts
of volcanic ash through explosive eruptions as high as 30-50 km into the stratosphere
(Sigurdsson et al., 2000). The authors used bulk (i.e. unsieved) ash samples and
included an iron-complexing organic ligand added to Antarctic seawater, mimicking
the existence of siderophores in natural surface ocean water. With their geochemical
experiments, Duggen et al. (2007) showed that significant amounts of iron are released
from volcanic ash at time-scales during which ash particles sink through the sunlit part
of the surface ocean where phytoplankton thrives (the euphotic zone). The observed
very rapid release of iron in geochemical experiments is consistent with a detailed
surface analysis of ash particles from the same year (Delmelle et al., 2007). The study
confirms and demonstrates the existence of thin (<10nm) coatings of soluble salts
found on the surface of ash particles. The salt coatings contain iron and are proposed
to being formed through interaction of the ash particles with volcanic gases (e.g. HCI,
HF) during the eruption.

The first results from biological experiments with Antarctic seawater and volcanic ash
(from Arenal volcano) as a source for iron were presented in the same year by Duggen
et al. (2007). The bio-incubation experiments were performed under iron-limited con-
ditions with an Antarctic diatom species (Chaetoceros dichaeta) that is common in the
iron-limited (HNLC) Southern Ocean. Over the course of 18 days two key biological
parameters, namely chlorophyll-a (Chl-a) concentration (as a measure for biomass)
and the photosynthetic efficiency (as a measure for the efficiency with which algae
can use sunlight for photosynthesis) were monitored. Both parameters were signifi-
cantly higher in the experiments where phytoplankton grew in volcanic-ash-fertilised
seawater, compared to control experiments in which the seawater was not fertilised
with volcanic ash. These experiments were the first to show that phytoplankton in iron-
limited areas are able to utilize iron from volcanic ash to build up biomass. Duggen
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et al. (2007) stressed that the addition of volcanic ash to the surface ocean can either
be positive (e.g. through iron addition) or negative through release of toxic metals (e.g.
copper or other metals) on phytoplankton growth, so that volcanic ash injected to the
surface ocean may have different effects on different algae species. More experiments
with other species from other oceanic regions have been performed, indicating that dif-
ferent phytoplankton species indeed show different response to volcanic ash addition
(L. Hoffmann, personal communication, 2008).

Scientists have also searched NASA satellite archives for natural evidence for ma-
rine biological response to volcanic fallout. Satellite techniques such as MODIS
(Moderate-Resolution Imaging Spectraradiometre) and SeaWiFS (Sea-viewing Wide
Field-of-View Sensor) for obtaining true colour images and monitoring the bio-optical
parameters such as Chl-a of the surface ocean have only been available for about
a decade, so the information is still limited (see summary of satellite techniques avail-
able for this purpose in Langmann et al., 2009). In 2004 Uematsu et al. provided direct
natural evidence for a marine fertilisation event in the aerosol fallout area of the 2000
eruption of Miyake-jima volcano offshore Japan (Uematsu et al., 2004). Enhancement
of phytoplankton growth in the fallout area of Miyake-jima was inferred from an in-
crease in surface ocean chlorophyll-a (Chl-a) levels, detected using the satellite-based
SeaWIFS tool. The increase of the MPP, however, was associated with offshore de-
position of ammonium-sulphate aerosols formed from NH; and SO, gases released
by the volcano. Therefore the stimulation of phytoplankton growth in the oligotrophic
oceanic area downwind of Miyake-jima was caused by fertilisation with fixed nitrogen
(ammonium-sulphates) rather than iron.

Greenish-blue seawater discolourations, usually interpreted as phytoplankton
blooms, were repeatedly observed in the vicinity of erupting Souffriere Hills volcano
on Montserrat (Lesser Antilles) using MODIS, for example in July 2003 (Duggen et al.,
2007). SeaWiFS data also point to a significant increase in Chl-a levels within the ca.
160 km by 40 km large discoloured oceanic area. The problem, however, is that there
is also evidence for increased reflectance at wave-lengths where Chl has an absorp-
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tion minimum. It thus still is unclear how much of the chlorophyll signal is a true signal
or a pseudo-chlorophyll signal arising from volcanic particulate matter in the surface
ocean or in the atmosphere. It further remains unclear whether a possible phytoplank-
ton bloom visible in the vicinity of Montserrat from space is associated with the release
of fixed nitrogen (NO, NO, or NHZ) from volcanic ash or iron or both, as the oceanic
area around Montserrat is thought to be oligotrophic (LNLC). In the meantime some
more satellite true colour photos showing seawater discolouration associated with vol-
canic fallout have been found, the causes of which are under examination (F. Prata,
2008, personal communication at the IAVCEI conference in Reykjavik). Notably, 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) show strongly increased
concentrations of dissolved iron (up to several hundred nM) and other trace metals that
are reported to be linked to enhanced Chl-a levels (Randazzo et al., 2009).

A recent satellite study provides the first direct natural evidence that volcanic ash
fall-out can cause iron-fertilisation in an iron-limited oceanic (HNLC) area and a phy-
toplankton bloom (Langmann et al., 2009). Using different satellite techniques such
as MODIS and SeaWiFS the authors demonstrate a causal connection between the
eruption of Kasatochi volcano in the Aleutian subduction zone and a large-scale phy-
toplankton bloom in August 2008 in the northeast subarctic Pacific commencing soon
after the onset of ash fall-out into the surface ocean. Worth noting is that this first-
time observed natural evidence of volcanic-ash-induced iron-fertilisation occurred in
the same area where Martin and Fitzwater (1988) took water samples in the Gulf of
Alaska at the Ocean Station PAPA for their biological experiments to confirm that iron-
deficiency can limit marine phytoplankton growth.

Another geochemical study examined the release of biologically relevant elements,
including iron, from volcanic ash on contact with seawater and ultrapure water
(Jones and Gislason, 2008) by means of flow-through experiments similar to Frogner
et al. (2001). Most of their volcanic ash samples (sieved to 45—125 um size) stem from
subduction zone volcanoes (volcanoes Galeras in Columbia; Lascar in Chile; Soufriére
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Hills on Montserrat; Mount St. Helens in the USA; Sakura-jima in Japan; Santiaguito
in Guatemala) and one comes from the Iceland hotspot (Hekla volcano). Jones and
Gislason (2008) also determined the pH and found an initial strong drop in the solute
(including seawater) for some ash samples. As discussed in more detail further below,
the drop of pH may be an important issue for the oceanic iron-cycling, for two reasons:
First, pH drop can potentially occur in those parts of an ash fall-out area where the ash
load in the otherwise pH-buffered surface ocean is high and affect surface ocean iron
solubility, e.g. in the proximity to the volcano (direct pH effect). Second, pH drop in fog
and cloud water in contact with volcanic ash in the atmosphere may strongly increase
the amount of iron mobilised from volcanic ash through enhanced glass dissolution, so
that it may be important whether the ash is transported into the surface ocean through
dry or wet deposition (indirect pH effect).

Jones and Gislason (2008) also drew attention to the post-sampling decay of the
soluble salt coatings on the surface of ash particles, which occurs even if the samples
are stored dry. Further constraints for the salt coating decay were recently provided
by a systematic study of numerous pristine ash samples from subduction zone volca-
noes encircling the Pacific Ocean (Olgun et al., 2009). The decay appears to affect
samples more than a few years old and is expressed by a tendency of decreased Fe-
mobilisation with increasing age of the sample. The issue would be important for future
flux estimates of iron into the surface ocean, both on a regional, short-term scale (e.qg.
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 surface ocean are an important
component in improving our understanding of the role of volcanic ash for the oceanic
iron-cycle. lron-release data have been used to calculate the possible increase of iron
concentrations in the surface ocean through the deposition of ash from subduction
zone volcanoes. It was inferred to be on the order of a few nM (nmol/kg) for a 1 mm
ash layer (Duggen et al., 2007), which is enough to trigger a massive phytoplank-
ton bloom in an iron-limited (HNLC) oceanic area (>2 nM Fe-increase) (Wells, 2003).
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Worth noting here is that scientific ocean drilling reveals that volcanic ash layers in the
open ocean can have thicknesses on the mm-, dm- and even up to the metre-scale
and that these also occur in iron-limited HNLC areas (Straub and Schmincke, 1998).
This implies that volcanic ash fall-out has the potential to swamp the surface ocean with
iron at least within the ash fall-out area. Iron fertilisation may in such case not be re-
stricted to the ash fall-out area, as iron-fertilised surface ocean water can be distributed
with oceanic currents away from the site of iron-injection. It is, however, unclear how
much of the iron injected by single major eruptions can stay in solution and in a form
that is bio-available, which will much depend on iron speciation and the presence of
iron-complexing organic ligands (as discussed in more detail below).

Recent estimates for the Pacific surface ocean indicate that the flux of iron from vol-
canic ash is potentially within the same order of magnitude as the flux of iron from
aeolian dust (Olgun et al., in prep.). Furthermore, Olgun et al. infer that subduction
zone volcanoes contribute the majority of the iron-load because: 1) the flux of SZVA
to the surface Pacific ocean is much higher than that of HSVA and 2) subduction zone
volcanic ash (SZVA) has a higher iron-mobilisation potential compared to hotspot vol-
canic ash (HSVA), most likely linked to characteristics of the subduction zone volcanic
gas system through enhanced ClI and F contents and thus ultimately to the subduc-
tion of oceanic lithosphere at convergent plate margins. Olgun et al. also highlight
that volcanic ash and aeolian dust deposition is unevenly distributed. Therefore the
relative role of these atmospheric iron sources for the iron-cycle of the Pacific surface
ocean (covering about half of the Earth’s surface and hosts about 70% of the iron-
limited, HNLC oceanic areas) will much depend on the short- to long-term temporal
and spatial distribution patterns of these atmospheric components. The flux estimates,
however, suggest that volcanic ash is a major and hitherto underestimated component
in the millennial-scale atmospheric input of iron to the surface ocean, especially in the
Pacific Ocean.

Finally worth noting is that volcanic ash carrying soluble (and bio-available) iron is
not injected into surface ocean water by direct fallout during volcanic eruptions alone.
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A recent piston core study of sediments in the Atlantic sector of the Southern Ocean
suggests that ash can be deposited on sea ice that later can be transported more
than 1000 km away from the site of deposition (Nielsen et al., 2007). It is possible that
volcanic ash deposited and preserved on sea ice maintains the full potential to release
soluble and bio-available iron upon ice melting so that iron-fertilisation with volcanic
ash may occur in the open ocean, far away from the source volcano and the original
ash-fall area.

2 What is volcanic ash?

Freshly erupted volcanic ash (pristine or juvenile ash) is different from fossil volcanic
ash and aeolian dust. Pristine volcanic ash particles have iron-bearing soluble salt
coatings and can through volcanic eruptions be transported directly into the surface
ocean and rapidly release soluble and bio-available iron (Delmelle et al., 2007; Duggen
et al., 2007; Jones and Gislason, 2008; Frogner et al., 2001). Fossil volcanic ash was
deposited on land, and has been subject to hydrological and soil processing since then,
and may be taken up by winds and become a component of aeolian dust. Fossil ash,
however, differs significantly in terms of chemical behaviour on contact with seawater,
as the original soluble salt coatings should have been washed away due to rain.
Volcanic ash is produced in the course of fragmentation processes during explo-
sive volcanic eruptions. A general term for fragmented volcanic material is “tephra”,
the classification of which is based on the grain size, distinguishing three main types:
1) ash (particles below 2 mm down to the micrometer-scale), 2) lapilli (2—64 mm), and
3) bombs and blocks (>64 mm) (Schmincke, 2004; Fisher and Schmincke, 1984). Due
to the granulometric classification the term “volcanic ash” does neither include informa-
tion about a particular volcanic process forming the ash nor about its shape or com-
position. Volcanic ash is produced by both subaerial or submarine volcanic eruptions.
In the current paper we focus on the significance of airborne volcanic ash produced by
explosive eruptions on land and that may reach the surface ocean after atmospheric
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transportation.

The transport and dispersal of airborne volcanic ash is affected by the type and scale
of the eruption (e.g. Strombolian, Hawaiian, Plinian etc.), wind directions, and size and
density of ash particles. Ash particles fall out of a volcanic ash plume (Fig. 3) accord-
ing to their settling velocities, which is related to their density and size. As the distance
from the source increases, maximum particle size and grain size distribution generally
decreases (Walker and Craosdale, 1972). However, sorting is rarely perfect since very
small particles commonly become agglutinated (e.g. through electrostatic forces and
moisture) and therefore may be deposited together with larger particles. The median
diameter found in submarine ash layers from subaerial eruptions commonly vary be-
tween 125 to 63 um and smaller (Pedersen and Surlyk, 1977). Fragments with small
air-fall velocities compared to wind strength may encircle the globe several times be-
fore settling to ground (e.g. micrometer-size ash particles from major volcanic eruptions
such as Pinatubo 1991).

The chemical composition of airborne volcanic ash ranges from mafic (relatively high
MgO and FeO but low SiO, contents) to silicic (relatively low MgO and FeO but higher
SiO,). The bulk composition of volcanic ash is defined by the proportions and compo-
sitions of individual vitric fragments (glass shards, pumice), pyrogenic minerals, lithic
particles (pieces of pre-existing rocks) and salt coatings (Fisher and Schmincke, 1984;
Oskarsson, 1981; Delmelle et al., 2007). Glass shards are particles of the chilled,
fragmented melt and form angular and irregular fragments, partly with extraordinarily
large surface-to-volume ratios (Fig. 4) and are typically a dominating component of
volcanic ash (Fisher and Schmincke, 1984). Pyrogenic minerals are crystals that crys-
tallised in the magma prior to the eruption and mainly include silicate minerals such
as amphibole, biotite, feldspar, olivine, pyroxene and quartz, depending on the chem-
istry of the magma. Minerals are more abundant in the grain size range of about 2 mm
and 63 um and are generally absent below 10 um, whereas glass shards can be much
smaller like aerosols. Lithic particles may include fragments of volcanic rocks from
previous eruptions and/or the subvolcanic basement rock and may therefore be of any
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crustal origin (Fisher and Schmincke, 1984). Silicic ash, however, is more widespread
than mafic ash: 1) due to a potentially greater explosivity of volcanic eruptions involv-
ing SiO,-rich, high-viscosity magmas (Schmincke, 2004) and 2) because SiO,-poor
components such as ferromagnesian minerals (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, 2003). All solid parti-
cles found in volcanic ash plumes may during the eruption interact with surrounding
volcanic gases to form iron-bearing soluble salt coatings.

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

There are two principal ways how iron in volcanic ash can be transferred into soluble
forms and thus become bio-available in the surface ocean (Fig. 3): 1) formation and
dissolution of soluble salt coatings on the surface of ash particles and 2) dissolution
of glass shards in the ash in contact with a solute. Soluble salt coatings may dissolve
either in direct contact with seawater (dry deposition) or in contact with cloud water
which eventually rains into the ocean (wet deposition). Below we briefly outline these
two principal ways of Fe-mobilisation.

The first step in the formation of soluble salt coatings apparently is the unmixing of
an iron-bearing (non-silicate) fluid phase from a silicate magma rising to shallow crustal
levels beneath a volcano. Iron and other heavy metals such as Cu and Zn are trans-
ported as chlorine complexes (e.g. FeCIg) into the fluid phase, which to some extent
links the iron- to the chlorine-cycle for the formation of soluble salts on ash particles
surfaces. In the course of an explosive volcanic eruption the iron-bearing fluid phase
is erupted together with the fragmented silicate melt, contributing to the formation of
volcanic gases and aerosols (e.g. tiny salt crystals) (Fig. 3). During cooling the gases
may condense on and the aerosols may adsorb to the surface of ash particles in the
plume of a volcanic eruption, forming iron-bearing soluble salt coatings (Oskarsson,
1980). In addition, the surface of the ash particles may react with volcanic gases such
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as HCI and HF that are aggressive to silicates, especially the glass shards, at various
temperatures in the eruptive plume (Delmelle et al., 2007). As iron usually is a major el-
ement in volcanic glass, the process should transfer further iron into soluble salts such
as halogenides. Reaction with oxygen, volcanic SO, or H,S may transform the halo-
genides to oxides, sulphates or sulphides (Oskarsson, 1980, 1981). In the course of
a volcanic eruption, the salts on the surface of ash particles may thus go through sev-
eral cycles of dissolution and precipitation, ultimately forming coatings of iron-bearing
soluble salts (for a more detailed discussion of these processes see Olgun et al., and
references therein). The salt coatings have been visualised recently by microscopic
methods (Fig. 4e, f) (Delmelle et al., 2007). As halogenides, oxides, sulphates and sul-
phides have different solubilities and variable Fe-contents, these salts should dissolve
at different timescales on contact with water, eventually releasing Fe dependent on the
nature of the solute (e.g. pH, presence of organic ligands).

Glass shards are frequently found in volcanic ash and glass dissolution on contact
with water is also likely to play a role for the marine biogeochemical iron-cycle. Iron
is usually found in major element concentrations in metastable volcanic glass so that
even partial dissolution of the glass shards may transfer significant amounts of iron
into solution. Glass dissolution rates in a solute, however, are dependent on various
chemical and physical parameters (Wolff-Boenisch et al., 2004a, b; Flaathen et al.,
2008). The dissolution rates are relatively slow in seawater and therefore the iron-
release behaviour, while volcanic ash sinks through the euphotic zone, is probably
dominated by dissolution of soluble salt coatings (Jones and Gislason, 2008; Duggen
et al., 2007). Very little, however, is known about the mobilisation of iron from volcanic
ash that interacted with cloud water, which is discussed in more detail below.

4 Chemical behaviour of volcanic ash on contact with water

Constraints on the iron-mobilisation behaviour of volcanic ash mostly stem from leach-
ing experiments, where ash is brought in contact with an aqueous solution. Due to
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coatings of soluble salts that contain iron (Delmelle et al., 2007) it is crucial to conduct
leaching experiments with pristine (unhydrated or dry) volcanic ash, i.e. ash that has
not been in contact with water after deposition and prior to the experiment. Unfortu-
nately, such ash material is relatively rare in comparison to fossil ash that has been
exposed to water (rain or groundwater). Fossil ash is unsuitable for leaching studies
examining the release of nutrients in the euphotic zone. Laboratory leaching studies
can still provide valuable information as we know of only one field study where surface
ocean water samples were collected within an ash fall-out area of an erupting volcano.
This was done during the 2001 eruption of Etna volcano (Fig. 1) and the seawater sam-
ples show strong increases of dissolved iron concentrations up to ca. 650 nM down to
300 m below sea level (Randazzo et al., 2009).

Leaching experiments with pristine volcanic ash and water or aqueous solutions have
been performed for decades (a detailed review was provided by Witham et al., 2005).
Until recently leaching experiments focussed on landward environmental issues such
as air pollution and contamination of pasture, soil, groundwater and lakes and the con-
sequences for human health and livestock. The environmental problems arising from
volcanic ash fall-out on land or into fresh water systems were mainly associated with
the release of halogenides (especially F~), heavy metals and toxic complexes (Witham
et al., 2005; Frogner Kockum, 2006, and references therein). Other studies inves-
tigated the release of such components to examine processes in plumes of volcanic
eruptions (plume/gas proxies). Iron, however, has only gained limited attention in these
experiments and only very recently studies investigated the release of iron together
with other elements on contact with seawater and on timescales comparable with the
surface ocean residence time of ash sinking through the euphotic zone.

4.1 The iron-release behaviour of volcanic ash

As outlined in Table 1, so far three main different laboratory approaches have been
used to determine the release of iron from volcanic ash in a solute (seawater or ultra-
pure water): 1) agitation experiments, 2) flow-through reactor experiments and 3) ex-
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periments with iron concentrations determined in situ in the solute. In the first case the
ash is shaken in a solute, in the second the solute is slowly pumped through a batch of
ash. In both cases the solute is separated from the ash by filtration and submitted to
analysis of Fe and other elements (e.g. by ICP-AES). In the course of the in situ experi-
ments ash is added to a solute and the changes in Fe-concentrations are measured as
a function of time directly in the solute (e.g. by electrochemical stripping voltammetry).
The amount of ash required for the different experimental setups ranges from several
gram (agitation and flow-through experiments) down to several tens of microgram (in
situ measurements). In the following, we summarise the results of relevant studies
available in the literature. Subsequent subsections focus on issues that (as we think)
currently merit a more in-depth discussion. Beyond the experimental setup and an-
alytical method for iron-determination the experiments are distinguished by involving:
1) ash samples from different volcanoes in distinct tectonic settings (e.g. subduction
zones versus hotspots), 2) sieved or non-sieved (bulk) ash samples, 3) variable ash-
to-seawater ratios, 4) different contact times between the ash and solute, 5) a variation
of the type of solute (natural or artificial seawater, ultrapure water, acidified or alkaline
water), and 6) absence/presence of organic ligands.

A key result from these minute- to day-scale experiments is that iron is always re-
leased from pristine volcanic ash in amounts that can alter the surface ocean Fe-
budget. In general, pristine ash samples from subduction zone volcanoes release
between several 10 to several 100 nmol of Fe per gram of ash in ultrapure and sea-
water (Table 1). Exceptionally high iron-release such as for subduction zone volcanic
ash from the Galunggung volcano, however, seems to be restricted to acidified solutes.
The data available also point to systematic differences in the iron-release behaviour of
ash from subduction zones (SZVA) and hotspots (HSVA), which is important to keep
in mind for future estimates of the flux of Fe from volcanic ash into the surface ocean.
A discrepancy with relatively high Fe-release of the 2000 Hekla HSVA sample used
in two different studies (Frogner et al., 2001; Jones and Gislason, 2008) seems to be
caused by sampling of the ash together with snow, as discussed in more detail below.
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There is, however, a tendency that ash releases significantly more iron in experiments
with ultrapure and especially acidified ultrapure water (Table 1), indicating that reac-
tion with cloud water and thus wet deposition may lead to a substantial increase in
iron-mobilisation of volcanic ash. The iron-release data now available suggest a global
value in the range of 100-400 nmol Fe for the dry deposition of each gram SZVA, which
is likely to be a useful parameter for global models of the surface ocean biogeochemical
iron-cycle.

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 flow-through reactor they re-
analysed the Hekla 2000 sample also used in experiments by Frogner et al. (2001)
and found that it released substantially less iron in year 2007 (ca. 7-9 umol Fe /g ash)
compared to year 2000 (ca. 36 umol Fe/g ash) experiments. Frogner et al., however,
had sieved the sample to 44—-74 um, whereas Jones and Gislason sieved the sample
to 45—-125 um, so that there was significant differences in the particle size analysed.
Jones and Gislason also mention that ash particles <100 um show a strong increase
in element-release, which alone could explain why the 2000 Hekla sample released
significantly more Fe about 5-6 years earlier.

Further constraints on 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., 2009). Older samples tend to release iron by a factor of up to ten less than
younger samples. For example, four samples from Sakura-jima volcano, sampled since
the mid-1980s, show a linear decrease of Fe-release with increasing age, which is
largely mimicked by four samples from Arenal volcano (which basically is a two-point
line though). The Sakura-jima ash samples, however, suggest that the Fe-mobilisation
potential (and thus probably element-mobilisation potential in general) of an ash sam-
ple from a subduction zone volcano may be reduced to about 50% after 10 years of
storage and to about 10% after ca. 20-25years (Olgun et al., 2009). Although the
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number of pristine HSVA samples so far analysed is relatively low, it seems that the
effect is not observed for ash samples from hotspot volcanoes (e.g. Iceland, Hawaii)
and limited to ash samples from subduction zone volcanoes. The decay phenomenon
indicated for SZVA may be associated with transformation of Fe-bearing halogenides
on the surface of ash particles into less soluble salts, e.g. through loss of Cl and F into
the vapour phase and formation of Fe-oxides (e.g. goethite). The available data show
that the possible influence of salt coating decay needs to be kept in mind for the use of
decade-old versus young ash samples, as the phenomenon could introduce an order of
magnitude error (too low) into estimates of the flux of iron into the marine environment.

4.1.2 Sampling with show

A way to contaminate pristine ash samples is by collection with snow as snow may
contain various components other than crystallised clean water. This may especially
be an issue in volcanic areas, as airborne snow is capable of scavenging substantial
amounts of volatiles from the air in the plume of a volcanic eruption. Snow deposited
during the 2000 eruption of Hekla volcano was analysed and found enriched in most
trace elements. For example, the snow contained up to 163 pg/g Al, up to 990 ng/g Zn,
up to 1260 ug/gF~ and had, when molten, pH values as low as 2.5 (Moune et al.,
2006). Unfortunately, iron concentrations of the snow were not determined but are
likely to have been elevated also.

The Hekla 2000 volcanic ash sample repeatedly used for geochemical iron-release
experiments, however, shows an anomalously high Fe-release behaviour with ca.
36 umol Fe/gash (Frogner et al., 2001) and ca. 7-9 umol Fe/gash (Jones and Gis-
lason, 2008) in flow-through experiments with seawater. The 2000 Hekla ash sample
was collected together with snow, kept at sub-zero temperatures and then freeze-dried.
During the freeze-drying process components contained in coexisting snow will ulti-
mately end on the surface of the ash particles. It is therefore well possible that the
high Fe-release of the Hekla 2000 ash sample is associated with snow-contamination.
Collection of pristine ash samples together with snow or ice may thus strongly affect
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the quality of ash samples and yield unrepresentative results in leaching experiments.

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

Geochemical experiments examining the release of iron in (sea)water have been per-
formed with different ash-to-water ratios. These range from about 1:0.5 to 1:1000, cor-
responding to very high to very low ash loads (Table 1). So far, no clear correlation be-
tween the Fe-release behaviour and the ash-to-seawater ratio exists. The reason may
be that uncertainties arising from different experimental setups with different solutes
and contact times may mask possible systematic ash-to-seawater-ratio-dependent dif-
ferences in the iron-release behaviour of volcanic ash. No general rule, however, can
be provided as to which ash-to-water ratio is correctly used in geochemical experi-
ments the ash load in an ash fall-out area varies with volcanological and atmospheric
parameters. Among these are: 1) the scale of the volcanic eruption, which includes
the erupted ash volume and the altitude to which the ash is transported into the atmo-
sphere (up to 50 km), 2) the rate at which the ash is expelled from the volcano, 3) the
wind speed in combination with the grain size spectrum of the ash particles, which
defines how far the particles travel before being deposited in the surface ocean, and
4) the distance from the volcanic source (proximal or distal) (Fig. 3).

In general the offshore ash load in a given oceanic area is high if the volcanic mass
flux is high (high volume erupted during a short period) during low wind speed con-
ditions and the oceanic area is located close to the volcano (e.g. a proximal coastal
oceanic area). Alternatively, 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 ash layer deposited in the coastal region near
erupting Mt. Pinatubo (1991) was about 10-20cm thick (Wiesner et al., 2004), which
(with a density of ca. 2.5 g/cm3 and a porosity of ca. 30%) corresponds to an ash load
of about 2500 to 5000 g/dmz. Assuming 50m mixed layer depth, i.e. if equilibrated
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with a 50 m water column, this ash load corresponds to an ash-to-water ratio of roughly
1:200 to 1:100. During much larger eruptions, however, the ash load in coastal areas
near the volcano can be clearly higher, i.e. ash layer thickness on the metre-scale (e.g.
during 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 observed that volcanic ash layers, even hundreds and thousands of kilo-
metres away from the coast can have thicknesses on the millimetre-, centimetre- and
decimetre-scale, occasionally even up to the metre-scale (Rea et al., 1995; Kutterolf
et al., 2008). Millimetre and metre thick ash layers yield, respectively, an ash load of
ca. 25 g/dm2 and 25000 g/dmz, which roughly correspond to ash-to-seawater ratios
of 1:20000 and 1:20, if referenced to a 50 m water column. Very low ash-to-seawater
ratios are expected for the deposition of the very fine fraction of volcanic ash that can
be kept suspended in the atmosphere for months or years and reach very remote areas
of the surface ocean. Nevertheless, the iron-release potential of these very fine, ba-
sically aerosol-size particles may be considerable due to their very high surface-area-
to-volume ratio. Since most of the 1991 Pinatubo volcanic ash was deposited in the
South China Sea (Wiesner et al., 2004), it may be possible that the hypothesized iron-
fertilisation effect of the Southern Ocean with Pinatubo ash (Sarmiento, 1993; Watson,
1997) was associated with deposition of suspended very fine ash (F. Prata, personal
communication).

Several authors have argued that their experiments were designed to mimic the
settling of ash through the surface ocean. The calculations above show that the
ash-to-seawater ratio chosen can be very variable, depending on the process consid-
ered. An ash-to-seawater ratio of 1:8 used in the flow-through experiments of Frogner
et al. (2001) and Jones and Gislason (2008) is representative for a very high ash load
relevant for the deposition of a metre-scale ash layer, which is very rare in the open
ocean but may be found in coastal areas in the vicinity of very large-scale volcanic
eruptions. The 1:400 ash-to-seawater ratio used in in situ experiments of Duggen
et al. (2007) and Olgun et al. (2009) are closer to ash loads linked to centimetre-
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scale ash layers frequently found in the open ocean. Experiments at very low ash-
to-seawater ratios (e.g. well below <1:500) that are likely to be associated with ash
layer thicknesses on the millimetre-scale have rarely been performed (Table 1). It is
tempting to extrapolate results from geochemical experiments to lower (and higher)
ash-to-seawater ratios and thus ash loads. One should, however, be aware that ex-
trapolation by orders of magnitudes may not be feasible, especially for experiments
with high ash-to-seawater ratios. In such experiments effects of re-adsorption of Fe
to the surface of ash particles and solubility limitations (e.g. due to pH-dependent Fe-
solubility and the presence/absence of organic ligands) are likely to introduce large
errors that would propagate into the extrapolation. In general, it would be useful if
the amount of ash and (sea)water chosen for a geochemical experiment attempts to
mimic processes in nature. For dry deposition, experiments with high ash-to-water ra-
tios would be useful to examine the effect of large-scale eruptions in coastal oceanic
areas, close to the erupting volcano, and eventually the rare cases in which large-scale
eruptions produced metre-scale ash layers in the open ocean. Moderate to very low
ash-to-water ratios are more useful to examine open ocean processes within the ash
fall-out area of a volcanic eruption, and coastal processes with lower ash loads towards
the edge of ash fall-out areas. For wet deposition, however, the ash-to-water ratio may
be highly variable.

Direct in situ measurements in nature, linking the increase of Fe within a volcanic ash
fall-out area to an ash-to-seawater ratio have as yet not been performed. Unfortunately,
such studies within the marine ash fall-out area of a volcanic eruption are difficult to
plan and not easy to perform. Results from such projects, however, are important to
verify the outcome of laboratory experiments thereby improving our understanding of
the significance of volcanic ash for the marine biogeochemical iron-cycle.

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

Due to aeolian fractionation of ash particles of variable size and density, volcanic ash
deposited near the volcanic source is generally coarser (e.g. in coastal areas) than that
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deposited far away (e.g. in open ocean areas). Worth noting here is that the ratio of
surface area to volume increases drastically with decreasing grain size (Fig. 4), in par-
ticular for particle diameters below 200-300 pum (assuming perfect spheres) (Witham
et al., 2005). Moreover, leaching studies with pristine ash from Mt. Hudson (Chile) and
Hekla (Iceland) volcanoes show that the release of soluble components such as Cl, F,
Ca and Na strongly increases for particle diameters below 100—-200 um (Oskarsson,
1980; Rubin et al., 1994).

It is therefore possible that fine ash particles below about 100 um have the potential
to release significantly more Fe per gram of ash than coarser particles. Partly because
fine ash may carry more Fe-bearing soluble salts on their surface per mass unit but
also because the solubility of solids such as glass and other silicates is also a function
of grain size. Systematic studies of the Fe-release of ash as a function of grain size,
however, have as yet not been performed. Some constraints though, come from repeat
analysis of the 2000 Hekla sample. Frogner et al. (2001) had sieved the 2000 Hekla
sample to 44-74 um, releasing ca. 39 umol Fe/gash after 45 min contact with seawa-
ter. Jones and Gislason (2008) sieved the same sample to 45—-125 um, releasing 7.1
and 8.9 umol Fe/gash in natural seawater. The difference in grain size distribution
may explain why the Hekla sample released more Fe in the experiments of Frogner
et al. (2001). Jones and Gislason, however, also raised the aforementioned issue of
the possibility of the decay of soluble salt coatings associated with the storage of the
2000 Hekla sample.

Systematic measurements of the iron-release as a function of grain size, especially
distinguishing that of fine (<100-200 pm) ash, would thus be very useful to examine the
impact of dry and wet deposition of volcanic ash for the marine biogeochemical iron-
cycle, as a function of the distance from the volcanic source (coastal or near-coastal
areas versus remote open ocean areas) and ash particle residence times in the surface
ocean and cloud water.
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4.1.5 Influence of pH

Initial low pH was observed in both artificial and natural seawater in disequilibrium
experiments with relatively high ash-to-seawater ratio (ca. 1:8) (Jones and Gisla-
son, 2008; Frogner et al., 2001). The reported pH-decrease ranges from moderate
0.1-1.5 for ash samples from subduction zone volcanoes to up to ApH=5. De Hoog
et al. (2001) agitated pristine volcanic ash in ultrapure (de-ionised) water and in 1M
HNOj. The iron release behaviour of the same ash sample changed drastically by
roughly two orders of magnitude (by a factor ranging from 30—700 with an average of
200), indicating a strong pH-influence of the iron mobilisation potential of volcanic ash.
Experiments with four SZVA samples with both ultrapure water and seawater, however,
do from a first glance not indicate any systematic difference in iron-release behaviour
(at high ash loads) with a solute that can buffer pH and one that cannot (Jones and
Gislason, 2008). In the experiment where the ash sample released more iron in de-
ionised water, however, the solute also had the lowest pH (e.g. 3.5-4.0 for the Hekla
ash sample), also suggesting that pH may have a substantial influence on the iron
mobilisation potential of volcanic ash.

An explanation as to why pH may be an important issue for the iron-release be-
haviour can probably be found in the variable solubility of the salt coatings on the ash
particles and the dissolution behaviour of volcanic glass. Salts found on the surface
of ash particles are halogenides, oxides, sulphates and sulphides (Oskarsson, 1981).
While some iron-bearing salts (e.g. halogenides and sulphates) are relatively quickly
dissolved by de-ionised and slightly alkaline seawater, other salts (e.g. oxides and
sulphides) may require acidic conditions to dissolve more swiftly or even to go signif-
icantly into solution at all (Smith et al., 1982). Moreover, iron is a major element in
volcanic glass (contained in as much as several percentages of FeO, depending on
composition). Therefore, in addition to the rapid dissolution of the soluble salt coatings,
additional iron may be released through glass dissolution. The rate of glass dissolu-
tion, however, is strongly dependent on pH: Relatively slow for seawater pH of ca. 8
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and faster for an acidic pH <7, especially if fluorine and sulphate anions are present
(Gislason and Oelkers, 2003; Flaathen et al., 2008; Wolff-Boenisch et al., 2004a).
A temporal drop of seawater pH within an ash fall-out area, caused by the acidic com-
ponents on the surface of the ash particles, may thus temporarily mobilise iron through
accelerated glass dissolution. Due to the pH-buffering capacity of seawater, however,
pH drop is unlikely to play a role for low ash-to-seawater ratios in the surface ocean
(e.g. generally in an open ocean scenario) but can possibly play a role 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).

4.1.6 Wet and dry deposition

There is two principal ways how iron from volcanic ash may loop into the marine biogeo-
chemical iron-cycle: 1) through offshore deposition of volcanic ash (without interaction
with fog or cloud water), and subsequent dissolution primarily of soluble salt coatings
in direct contact with seawater (dry deposition), 2) through dissolution of soluble salts
and eventually partly of volcanic glass in contact with fog or cloud water most likely
at lower pH, followed by offshore rain fall (wet deposition). Various aspects of the dry
deposition process were outlined above but the mechanism of wet deposition merits
some further consideration.

The role of wet deposition of volcanic ash for the surface iron-cycle is poorly con-
strained. Some predictions, however, can be made from what is known about glass
dissolution rates and the solubility of iron. Volcanic ash typically reacts moderately to
strongly acidic in contact with non-pH-buffered fresh water (Oskarsson, 1980; Jones
and Gislason, 2008) and glass dissolution rates increase dramatically with decreas-
ing pH at acidic conditions (Gislason and Oelkers, 2003). Moreover, at acidic pH, the
presence of fluorine and sulphate significantly further increases the glass dissolution
rates (Wolff-Boenisch et al., 2004a; Flaathen et al., 2008). Fluorine and sulphate are
both contained in soluble salt coatings of volcanic ash particles (Delmelle et al., 2007).
HF and SO, are typically released during volcanic eruptions (Oppenheimer, 2004) and
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may also find their way into cloud water. lron usually is a major element in volcanic
glass and can be released by both stoichiometric and non-stoichiometric glass dissolu-
tion. Fine (dominantly glassy) ash particles from volcanic eruptions can have relatively
long residence times in the atmosphere and could therefore have a strong influence on
cloud water iron-levels downwind volcanic eruptions. Worth noting is that volcanic par-
ticulate matter may act as cloud condensation nuclei. Especially fine ash particles that
have coatings of hygroscopic salts are suitable to initiate the formation of water drops
from atmospheric vapour (Textor et al., 2006, and references therein). Iron solubility
strongly increases below pH 4 under oxidizing conditions (Kraemer, 2004). Therefore,
wet deposition of volcanic ash into the surface ocean, although unconstrained up to
now, may well be a common and important process for the marine biogeochemical
iron-cycle.

So what iron concentrations may be reached in fog and cloud water? Numerous
cloud water samples collected on Hawaii had highly variable iron concentrations rang-
ing from <6 to 6420 nM, with a median of 32nM (Benitez-Nelson et al., 2003). The
authors linked the origin of the relatively high Fe concentrations to the activity of Hawai-
ian volcanoes, such as scavenging of volcanic gases while clouds pass over a de-
gassing/erupting volcano (e.g. active Pu’u’0o) 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 were shown to have extraordinarily high con-
centrations of iron (ca. 250 uM) (Sansone et al., 2002), which is two to three orders of
magnitude more than the iron levels in the Hawaiian cloud water samples. It is notewor-
thy 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). Interest-
ingly, the cloud water samples with the highest Fe concentrations also had the lowest
pH of around 2.7. The iron in the fog or cloud water in the aforementioned cases, is
unlikely to be associated with airborne volcanic ash. The data, however, gives an idea
about the Fe concentrations that may be reached in cloud water, and thus the potential
role of wet deposition of volcanic ash for the marine iron-cycle. Further geochemical
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experiments with ultrapure water and volcanic ash as well as direct measurements of
Fe-levels in cloud water that passed a volcanic ash plume can be expected to provide
valuable new constraints.

4.1.7 Significance of Fe-complexing organic ligands

As outlined in more detail in Baker and Croot (2009) the solubility and thus maxi-
mum concentration of iron in seawater is closely linked to the presence of organic
ligands. Organic molecules in surface ocean water are produced both directly in re-
sponse to iron limitation by phytoplankton and bacteria and also by the decomposition
of biomass and subsequent release of iron-containing proteins and enzymes. Some of
these molecules are organic chelators with a low molecular weight and a very high and
specific affinity for Fe3* (siderophores). More than 99% of the iron in surface ocean wa-
ters is complexed by such organic ligands that exist 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 order to remove/destroy organic molecules and biota. Seawater samples
treated this way do not contain natural marine organic ligands. The seawater used
for the flow-through experiments with volcanic ash was free of marine organic ligands
(Frogner et al., 2001; Jones and Gislason, 2008) whereas in situ iron measurements
in seawater by stripping voltammetry an electrochemically active organic ligand (e.g.
TAC) was added (Olgun et al., 2009; Duggen et al., 2007; Croot and Johansson, 2000).
In some of these experiments, the seawater was treated with UV-light (Duggen et al.,
2007), whereas more recently it was not (Olgun et al., 2009), because the TAC-ligand
used is stronger and binds most of the water soluble iron. Addition of an organic
ligand to a solute 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
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more representative 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 lig-
ands (Mendez et al., 2008, 2009). 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 Mount St. Helens volcanic ash
(Taylor and Lichte, 1980), which suggests that volcanic ash may inject organic ligands
to experimental solutes and surface ocean water: The authors analysed the organic
compounds by oxidation of the leachate followed by infrared CO, measurement of the
released gas 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 atmospheric condensation of organic compounds. These may orig-
inate from vegetation often burned during volcanic eruptions and may be sucked into
the volcanic plume together with ambient air during the eruption. Low molecular weight
organic compounds are also found in volcanic gases (Capaccioni and Mangani, 2001)
and references therein) and may be produced in the volcanic plume or be degassing
products of host rocks, sediments and soils containing organic carbon heated by as-
cending hot magma. The role of organic compounds of volcanic origin for the surface
ocean iron-speciation and solubility has not yet been examined. Interesting to note
is that some authors speculate that volcanic ash injection may cause lysis of phyto-
plankton in the surface ocean, leading to an enhancement of iron-complexing ligands
(Randazzo et al., 2009). The role of iron-complexing organic ligands therefore merits
more consideration in future studies as they play a major role for the capability of the
surface ocean to keep volcanic iron in solution for biogeochemical processes.
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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 possible effects in the surface ocean. Eicher and Roun-
sefell (1957) observed a strong decrease in the abundance of young salmon in the
four years after the eruption of the Katmai volcano in 1912 in Alaska, which was fol-
lowed 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 Mount St. Helens eruption were added to con-
tainers with Columbia River water and juvenile salmon (Newcomb and Flagg, 1983).
The results show that initial salmon mortality triggered by Mount St. Helens ash was
caused by mechanical gill damage by particulate matter rather than the soluble material
coating the ash. The drop in pH of the moderately hard Columbia River water was rel-
atively minor (from 7.8 down to 7.6), thus staying well above the threshold detrimental
to salmonids (pH=5.5).

Several authors show that volcanic eruptions in Kamchatka had significant influence
on phytoplankton growth in lakes in Kamchatka and Alaska such as the lake Kurile
(Kamchatka) after the eruption of the Alaid volcano, and the lake Asabatchye (Alaska)
after the eruption of the Mount Besymjanny volcano (Kurenkov, 1966; Felitsyn and Kiri-
anov, 2002; Lepskaya, 1993). Kurenkov (1966) describes a strong increase of diatom
biomass in 1956 in the lake Asabatchye after ash of the great eruption of the Mount
Besymjanny volcano had reached the lake. Diatom abundances stayed at a distinctly
higher level until 1964, 9years after the eruption. Possibly as a result of increased di-
atom abundance the number of the copepod Cyclops scutifer also increased in winter
1960 and was 10 to 48 times higher in the period of 1960-1964 than in the 10 years be-
fore the eruption (Kurenkov, 1966). Interestingly, Kurenkov (1966) already mentioned
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that the unusual development of the algae may have been stimulated by an increased
iron availability from the volcanic ash. In several lakes in the ash fall-out area of the
May 1980 eruption of Mount St. Helens volcano an increase of the population of golden
algae and diatoms were observed (Smith and White, 1985). Ash leachates from the
1980 Mount St. Helens eruption, however, also caused toxic effects on blue-green al-
gae in biological experiments (McKnight et al., 1971, 1981).

In summary, these studies indicate that initial toxic effects are subsequently over-
compensated by a multi-annual increase of biomass and that diatoms in lakes as well
as the grazing zooplankton and fish usually benefit from volcanic ash fall-out (except
for gill damage upon high ash loads).

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 vol-
canic ash fall-out (Rolett and Diamond, 2004). If plants on ocean islands do, why
should phytoplankton between these islands, where the ash is deposited also, not ben-
efit too? Key questions 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 volcanic ash can be of regional or even global relevance for C-cycles
and climate throughout the Earth’s history. Iron-limitation and iron-fertilisation are likely
to have played an important role for the marine primary productivity at least for a few
millions of years but relatively little is known about how long back in the Earth’s history
surface ocean iron-limitation existed. So the role of volcanic ash in shaping the marine
biogeochemical iron- and carbon-cycle in the past is highly uncertain. There are, how-
ever, 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) the association of diatomites and volcanic ash layers in
the Tertiary Danish Mo-clay formation (Duggen et al., 2007), 3) a significant increase of
the relative abundance of the marine diatom Thalassiosira oestrupii due after the de-
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position 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 4) 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. Geochemi-
cal experiments demonstrate an (iron-)fertilising potential of volcanic ash in several
oceanic regions (Olgun et al., 2009; 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). Further laboratory studies indicate that in gen-
eral 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. Hoffmann, un-
published data). Iron inputs through volcanic eruptions have been discussed as a pos-
sible 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 eruption is consistent with an iron-fertilisation event with
Pinatubo ash in the iron-limited Southern Ocean (Keeling et al., 1996; Watson, 1997;
Sarmiento, 1993). It was proposed that the oxygen pulse was linked to an atmo-
spheric CO,-drawdown in the same years, also argued to be causally related to an
iron-fertilisation effect with ash from the Pinatubo eruption (Sarmiento, 1993; Watson,
1997). The causes for the post-Pinatubo CO,-drawdown, however, seem to be subject
to ongoing discussion. It can be argued that the relative atmospheric CO,-reduction
cannot be explained by an increase in net primary production (NPP) of the terrestrial
biomass, as several studies show a decrease in terrestrial NPP of up to eight years
after the eruption, possibly caused by a decrease in mean summer temperatures and
a shortening of the growing season (Lucht et al., 2002; Nemani et al., 2003; Awaya
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et al., 2004; Krakauer and Randerson, 2003).

For the phytoplankton bloom around erupting Soufriere Hills volcano on Montserrat
mid-July 2003, as revealed by satellite data (e.g. Duggen et al., 2007), it is still un-
clear which phytoplankton species were involved in the bloom. Moreover, a possible
increase in phytoplankton biomass in this oligotrophic oceanic area is more likely linked
to fertilisation with fixed nitrogen (e.g. ammonia or nitrate) rather than iron from volcanic
ash. Soufriere Hills volcano is permanently active since 1995 and in the past years the
phenomenon of a seawater discolouration has been visible several times in MODIS
satellite images. In the near future valuable biogeochemical data may be obtained
from water samples of surface oceanic areas that are located within an ash fall-out
area and show a contemporaneous discolouration. Recently, satellite data provided
the first evidence for volcanic ash fall-out causing a large-scale phytoplankton bloom in
an iron-limited oceanic area (Langmann et al., 2009). Such satellite techniques have
only been available for about a decade and can be expected to provide more important
information about the role of volcanic ash fall-out for the MPP in the near future.

6 Conclusions

Although the overall effects of volcanic eruptions on marine ecosystems are not yet
comprehensively understood, do the data and evidence now available strongly sug-
gest that volcanic ash has the potential to be an important player for the marine bio-
geochemical iron- cycle. Important issues to be addressed in the near future are to
further constrain the Fe-release behaviour of volcanic ash on contact with seawater
and cloud water; the influence of grain-size and ash-to-seawater-ratios (proximal ver-
sus distal effects) and contact-time with the solute (ash-residence-time in the euphotic
zone), the relevance of ash sample degradation, the role of dry versus wet deposition,
the relative importance of volcanoes in different tectonic settings, and the significance
of pH-effects and organic ligands for the Fe-solubility in and Fe-keeping capacity of the
surface ocean. Further biological experiments are required to evaluate as to how dif-
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ferent phytoplankton species behave in response to volcanic ash fall-out through their
specific nutrient demands and tolerance levels for toxic metals. Many of such data can
be obtained in the course of systematic laboratory experiments and are highly rele-
vant for future flux estimates of Fe from volcanic ash into the surface ocean, both on a
regional and global scale. In addition, direct biological, chemical and physical obser-
vations and measurements in the surface ocean during volcanic ash fall-out, combined
with satellite data, can provide important new information for the surface ocean iron-
cycle and the associated response of marine phytoplankton species. At this stage in-
vestigations and data suggest that the impact of volcanic activity on the surface ocean
iron budget, oceanic biota and associated carbon-cycles has been underestimated so
far and that volcanic ash has the potential to be as important as aeolian dust.
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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 Number and Particle Ash/solute Solute Fe-release
of the type of ash size ratio (nmol Fe/
experiment sample(s) fraction (g/ml) g ash)

Fruchter Agitation  1h (10min 9 samples from Unsieved 1:10 Distilled 0.9-315.2

etal. stirring 1SZ volcano (quantities not  water

(1980) followed by (Mount St. Helens, mentioned only
resting) 1980) the ratio!)

Taylor and Agitation 4 hincolumn 4 samples from Unsieved 1:0.58 Deionised 0.2-0.4

Lichte (1980) 18SZ volcano (172g ash water

(Mount St. Helens, and 100 ml
1980) solute)

Nehring and  Agitation 1 h stirring 4 samples from Unsieved 1:25 Triply 0.2-13.9

Johnston 18Z volcano (20g ash, distilled

(1981) (Mount St. Helens, 50ml water

1980) solute)

McKnight Flow- 9h,12h, 14h 2 samples from Unsieved 1:1.25 wWC <0.2

etal. (1981)  through  in columns 18SZ volcano 1:0.87 medium

collumns  followed by (Mount St. Helens, (15-20g ash,
elution 1980) 50-70ml
solute)

Smith et al. Agitation 1 h shaking 30 samples from 850-106 pm 1:4 Distilled- 2.0-401.1

(1982) followed by 3SZ volcanoes and 106 pm (59 ash, deionized
resting (Fuego 1974 n=13, after 20 ml solute) water
overnight Fuego 19783, n=5, crushing

Pacaya 1974, n=7, HCI 0.7-458.4
Santiaguita 1967, n=1, solution
Santiaguita 1976; 1975, (pH: 3.5—
n=4) 4.0)
0.05M sodium 12.9-71.6
carbonate and
bicarbonate
(pH=9.9)
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Table 1. Continued.
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S. Duggen et al.

Reference Method Duration Number and Particle Ash/solute Solute Fe-release
of the type of ash size ratio (nmol Fe/
experiment  sample(s) fraction (g/ml) g ash)

Smith etal.  Agitation 1h agitation 19 samples Unsieved 1:4 Distilled- <0.1-8.6

(1983) followed by  from 1SZ (59 ash, deionized
resting volcano 20ml water
overnight (Mount St. Helens, solute)

1980) HCI <0.1-93.1
(1 week solution
for the (pH: 3.5—
carbonate 4.0)
solution)
0.05M sodium  5.6-34.4
carbonate and
bicarbonte
(ph: 9.9)

Ciminoand Agitation 24h Fresh lava ash 0.1- 1:10 Doubly <0.1-268.6

Toscano (Mount Etna, 0.3mm 1:33 distilled

(1998) 1996) 1:500 water

1:1000
(1,2,30,
1009 ash,
1L solute)

Christenson  Agitation 15min 22 samples Unsieved 1:10 Distilled- 17.9-1504

(2000) agitation from 1Sz (10g ash, deionised
followed by  volcano 100 g water) water,
resting (Mount Ruapehu then heated
overnight 1995, 1996) to 60°C

de Hoog Agitation 4h 8 samples Unsieved 1:80 DI water 1000-

et al. (2001) from 1 SZ volcano (0.5g ash, 23000

(Galunggung, 40 ml solute)
1982) 1M HNO;4 200 000—
1500000
6483

it

(8
S



http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/6441/2009/bgd-6-6441-2009-print.pdf
http://www.biogeosciences-discuss.net/6/6441/2009/bgd-6-6441-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 1. Continued.

BGD
6, 64416489, 2009

Reference Method Duration Number and Particle Ash/solute Solute Fe-release
of the type of ash size ratio (nmol Fe/
experiment sample(s) fraction (g/ml) g ash)

Frogner Flow- Solute sampled 1 sample from 45-74pm  1:8 Artificial 39,000

etal. (2001)  through every ca. 45min.  1HS volcano (59 ash, seawater  within

reactor Total (Hekla, 2000) 40 ml solute) 45 min
duration 8 h.
North 37,000
Atlantic within
seawater 45 min
Duggen etal. Insitu Upto1h 5 samples from Unsieved 1:400 Antarctic 18.4-72.4
(2007) by stripping  with 3SZ volcanoes (50 mg ash, seawater (after 1h)
voltammetry measurements (Sakura-Jima 1986, 20ml

1987, 1999 n=3; seawater)

Mount Spurr 1991

n=1;

Arenal 1993

n=1)
One n=1 Arenal 135.4
experiment (after 15h)
with 15h

Jones and Flow- Solute 3 samples from 45-125um  1:8 De-ionized 10-120

Gislason through sampled every 3SZ volcanoes (59 ash, (DI) water  (for SZVA)

(2008) reactor ca. 45min. and 1 sample from 40 ml solute)

Total duration 1 HS volcano 10,900
8h (DI water) (for HSVA)
or24h (Galeras 2005 n=1;
(seawater). Montserrat 2003 n=1; Atlantic 20-100
Santiaguito 1998 n=1; seawater (for SZVA)
Hekla 2000 n=1) 7100
for HSVA
Southern 10-40
Ocean (for SZVA)
seawater 8900
(for HSVA)
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Table 1. Continued.

BGD
6, 64416489, 2009

Reference  Method Duration Number and Particle Fe-release
of the type of ash size (nmol Fe/
experiment sample(s) fraction g ash)

Olgunetal. Insitu Uptotlh 32 samples from Unsieved 41.8—

(2009) by stripping  with 8SZ volcanoes 318.8

voltametry ~ measurements and 4 samples from (for SZVA)
every several 2 HS volcanoes 34.8—
minutes (Sakura-Jima 1986, 107.4

1987, 1999, 2007 n=4; (for HSVA)

Arenal 1992, 1993,
2003, 2004 n=4;
Mount Spurr 1992 n=1;
Turrialba 1864 n=1;
Rabaul-Tavurvur 2002
n=2;

Popocatepetl 1998,
2000, 2001, 2003 n=8;
Karymsky 2005 n=10;
Chaiten 2008 n=2;
Hekla 1947, 1970,
1980 n=3;

Pu’u’oo 2005 n=1)
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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 to the Atlantic sector of the Southern Ocean for Chaiten and southward
into the Central Mediterranean Sea for Etna). Depending on composition the colour of the
volcanic ash visible from space ranges from white (e.g. Chaiten) to brown (e.g. Etna).
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Surface ocean
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Fig. 2. World map showing surface ocean iron-concentrations, locations of iron-limited (HNLC)
regions and subaerially and historically active volcanoes in subduction zones and other tectonic
settings. Data sources are: surface ocean iron-concentrations (Parekh et al., 2005), location of
volcanoes (Sigurdsson et al., 2000).
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Atmospheric dispersion and aeolian fractionation

of ash from explosive volcanic eruptions

High- to low-temperature system
transferring iron into soluble Eventually interaction with cloud water
and bio-available form

- \\\\

Dry or wet deposition of volcanic ash

Proximal (coarser) Distal (finer)

Volcanic iron supply * Fine ash
and phytoplankton response i v (longer R)

(euphotic zone)

it

SURFACE OCEAN

Volcanic ash layers
on the ocean floor
(millimetre- to metre-scale)

Coarse ash
(short R)

DEEPER
OCEAN

Fig. 3. Sketch displaying the possible effects of major volcanic eruptions on the marine envi-
ronment, with focus on the surface ocean (R — surface ocean residence time).
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a) Galeras ash

Fig. 4. Examples of volcanic ash and its physical properties such as grain size distribution,
shape and surface topography of the particles. The ash displayed at different magnifications is
from the 2005 eruption of Galeras volcano in Columbia (a,b) and 2000 eruption of Hekla vol-
cano 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 elec-
tron microscope (SEM) images (Jones and Gislason, 2008), atomic force microscope (AFM)
images (Delmelle et al., 2007).
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