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[1] Aerosol deposition from the 2010 eruption of the
Icelandic volcano Eyjafjallajökull resulted in significant
dissolved iron (DFe) inputs to the Iceland Basin of the North
Atlantic. Unique ship-board measurements indicated strongly
enhanced DFe concentrations (up to 10 nM) immediately
under the ash plume. Bioassay experiments performed with
ash collected at sea under the plume also demonstrated the
potential for associated Fe release to stimulate phytoplankton
growth and nutrient drawdown. Combining Fe dissolution
measurements with modeled ash deposition suggested that
the eruption had the potential to increase DFe by >0.2 nM
over an area of up to 570,000 km2. Although satellite ocean
color data only indicated minor increases in phytoplankton
abundance over a relatively constrained area, comparison of
in situ nitrate concentrations with historical records
suggested that ash deposition may have resulted in enhanced
major nutrient drawdown. Our observations thus suggest that
the 2010 Eyjafjallajökull eruption resulted in a significant
perturbation to the biogeochemistry of the Iceland Basin.
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1. Introduction

[2] The trace nutrient Fe limits phytoplankton growth in
approximately 30% of the world’s oceans [Boyd and Ellwood,
2010] (the so-called high-nitrate low-chlorophyll (HNLC)
regions). Inputs of Fe from aeolian mineral dust are important
in remote ocean regions, and their effects on primary produc-
tivity and nitrogen fixation have received considerable atten-
tion [Jickells et al., 2005; Moore et al., 2009]. Volcanic ash
emissions and subsequent aerosol deposition to the surface
ocean have also frequently been implicated as a source of Fe
[Duggen et al., 2010; Frogner et al., 2001; Sarmiento, 1993;

Watson, 1997]. Increased productivity in both the modern
[Langmann et al., 2010] and paleo oceans [Cather et al.,
2009] has been linked to volcanism; however, direct observa-
tions of ash deposition and biogeochemical responses are
scarce due to the intermittent and unpredictable nature of
events. Nevertheless, observed decreases in atmospheric
CO2 following the large eruptions of Agung (1963) and
Pinatubo (1991) have been interpreted in terms of the fertiliz-
ing effects of ash-derived Fe on ocean productivity [Cather
et al., 2009; Sarmiento, 1993; Watson, 1997]. More recently,
ocean color satellite observations provided evidence for
enhanced phytoplankton growth in the HNLC Northeast
Pacific following the eruption of the Kasatochi Volcano in
2008 [Hamme et al., 2010; Langmann et al., 2010] and in
the low-nutrient low-chlorophyll North Pacific following the
Anatahan eruption in 2003 [Lin et al., 2011].
[3] The explosive eruption of the Eyjafjallajökull Volcano

commenced on 14 April 2010, following two decades of
intermittent seismic unrest [Dahm and Brandsdóttir, 1997].
Highly variable ash particle (tephra) emissions continued
until 22 May, discharging ~270� 70 106m3 into the atmo-
sphere to a height of up to 10 km [Gudmundsson et al.,
2012]. Due to interactions with the glacier of the ice-capped
volcano [Sigmundsson et al., 2010], a large fraction of the
emitted ash was sufficiently fine grained for long-range
transport [Stohl et al., 2011]. An estimated 75% of the emit-
ted particle mass with a size fraction of 0.25–250 mm was
deposited in the ocean [Stohl et al., 2011]. We investigated
the effects of the tephra-associated Fe inputs on the biogeo-
chemistry of the Iceland Basin of the North Atlantic.
Following a pronounced annual spring bloom, this region
typically features residual nitrate (2–5 mM) and low
dissolved iron (DFe; 0.01–0.2 nM) and chlorophyll
(Chl; 0.2–0.4mg l�1) concentrations in surface waters in sum-
mer [Nielsdóttir et al., 2009; Ryan-Keogh et al., 2013;
Sanders et al., 2005], and thus, increased Fe supply can poten-
tially enhance the efficiency of the biological carbon pump.

2. Material and Methods

[4] Observations were undertaken in the North Atlantic
during three cruises in 2010 (Spring: 26 April to 9 May
and 10–28 May; Summer: 4 July to 11 August). Full details
of all materials and methods are provided in the Supporting
Information, and here we provide a brief outline. Seawater
was pumped from a depth of approximately 3m using trace
metal clean techniques and sampled every 2 h. Dissolved Fe
and aluminum (Al) (0.2 mm filtered) were analyzed using
flow injection techniques [Brown and Bruland, 2008; Obata
et al., 1993], Fe ligands using electrochemistry [Croot and
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Johansson, 2000], nutrients using an auto-analyzer [Grasshoff
et al., 1983], and Chl a using a fluorescence method
[Welschmeyer, 1994].
[5] Aerosols were collected using low-volume collectors

and subjected to a rapid de-ionized water leach [Buck
et al., 2006] and a hydrofluoric acid (HF) digest [Ottley
et al., 2003] followed by inductively coupled plasma-mass
spectrometry (ICP-MS) analysis. Volcanic ash collected
under the plume was analyzed with X-ray fluorescence,
and ICP-MS after HF digestion. Bioassay experiments were
conducted on the summer cruise using established trace
metal clean protocols [Moore et al., 2006]. Seawater was
collected using the towed fish, and incubations were
performed in parallel as triplicate controls and following
the addition of 2 nM FeCl3 and 9mg l�1 of the ash collected
under the plume (8 May), both alone and in combination.
Biological variables including Chl and apparent photochem-
ical quantum efficiencies as derived by fast repetition rate
fluorometry (FRRf) were measured in situ and within
experiments [Ryan-Keogh et al., 2013]. MODIS satellite
observations for Chl, aerosol optical thickness, and fluores-
cence line height data were obtained from NASA.
[6] Dispersion and deposition of volcanic ash emissions

were calculated with a Lagrangian particle dispersion model
using meteorological analysis data and a volcanic ash source
term derived by inverse modeling of satellite observations
[Stohl et al., 2011].

3. Results and Discussion

[7] Serendipitously, the RRS Discovery was undertaking
three cruises within the Iceland Basin and wider high-
latitude North Atlantic both during (spring cruises) and
following (summer cruise) the explosive eruption phase of
the Eyjafjallajökull Volcano. Consequently, on 8 May we

had the unique opportunity to sample directly underneath
the eruptive plume (Figure 1), which was rotating in a
clockwise direction at the time (Figure S1). Water samples
with relatively low DFe (0.23–0.45 nM) collected directly
prior to encountering the plume were thus in a region which
had not recently been exposed to deposition. Ash inputs to
the sampled region had been low immediately prior to
5 May but increased to a peak on 8 May (Figure S2)
[Stohl et al., 2011] when we encountered high deposition
immediately under the plume. Atmospheric ash concentra-
tions were ~6mgm�3 within the plume, with an ash layer
of a few millimeters thick accumulating on the ship’s deck
within 30 min.
[8] Highly elevated concentrations of DFe (maximum

10.2 nM) and DAl (maximum 45 nM; DAl is a tracer for
aerosol inputs [Measures and Vink, 2000]) (Figure 1) were
observed directly under the plume (63.1�N, 18.5�W), in
contrast to more typical concentrations in Icelandic coastal
surface waters of approximately 0.2–0.6 nM DFe and
approximately 2–3 nM DAl (63�N, 19–20�W; July–August
2010 cruise). Moreover, a station occupied on 12 May at
63.3�N, 20.1�W (70–80 km west of the 8 May sampling
location) also indicated enhanced DFe in the surface mixed
layer (1.39–2.05 nM), compared to a previous observation
of 0.56–0.90 nM at the same location in June 2009.
Movement of the ash plume (Figure S1), combined with
the likely timescales of any biological responses [Nielsdóttir
et al., 2009] (also Figure 2), restricted the inferences which
could be drawn from biological sampling directly beneath
the plume. However, FRRf measurements [Suggett et al.,
2009] indicated high photosynthetic efficiencies (>0.55)
within the natural phytoplankton populations sampled
directly under the plume, suggesting that acute local trace
metal toxicity [Duggen et al., 2010; Hoffmann et al., 2012]
was unlikely.

Figure 1. (a) Satellite image of volcanic ash plume for 8 May 2010, with ship track superimposed. The sampling station for
8 May is indicated as a red circle. (b) Enlarged image of the region in vicinity of the ash plume (13:35 UTC on 8 May), with
DFe (in nM) in surface waters as determined in situ during 6–8 May and 12–14 May. Two samples with highly enhanced
DFe (>10nM) were sampled directly under plume at ~15:02 and 15:59 UTC on 8 May. (c, d) DFe and DAl (in nM) in
surface waters of the North Atlantic as determined in situ during 28 April to 23 May.
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[9] Stimulation of phytoplankton productivity by ash
deposition requires the addition of a previously limiting
nutrient. The high-latitude North Atlantic, where Fe avail-
ability is clearly sufficient to sustain a highly productive
spring bloom, is not a classical HNLC region [Martin
et al., 1993]. However, there is evidence for the develop-
ment of Fe stress within phytoplankton communities in the
region as the bloom progresses toward the peak and post-
bloom stages [Nielsdóttir et al., 2009; Ryan-Keogh et al.,
2013]. In order to establish whether ash deposition had the
potential to generate a significant biological effect, we
experimentally added ash collected under the plume to natu-
ral phytoplankton populations during our summer cruise in
2010 (Figure 2). Experiments performed in the Irmminger
Basin region, which received much lower ash deposition
(Figure 3), and where observed residual surface major
nutrients in summer were high (nitrate 5.2� 0.2 mM) and
DFe was relatively low (0.037–0.051 nM) indicated clear
evidence of Fe stress [Ryan-Keogh et al., 2013] alongside a
significant response of phytoplankton to the 9mg l�1 ash addi-
tion (Figure 2). Addition of ash combined with Fe further
confirmed the absence of acute toxic effects, at least for the
extant phytoplankton population (Figure 2).
[10] Although ash addition clearly promoted a rapid (~24 h)

photo-physiological response and subsequently stimulated net
Chl accumulation and nutrient drawdown within our experi-
ments (Figures 2 and S3), the magnitude of these effects was
modest. Addition of 9mg l�1 of ash had less than half the

stimulatory influence of a 2 nM DFe addition. Chemical
analysis of the ash collected at sea indicated 7.59% Fe by
weight (Table S1), consistent with other reports (e.g.,
7.75% [Gislason et al., 2011]). Hence, only a small fraction
of our total particulate Fe (PFe) addition of ~12 mM
appeared to become available to the natural biota within
our experiments. Indeed the magnitude of observed biolog-
ical responses suggested that at most 0.02% of the total
Fe became bioavailable.
[11] In contrast, results from a rapid leach [Buck et al.,

2006] conducted with the ash collected at sea on 8 May,
yielded 511–1740 nmol DFe g�1 ash and hence an Fe
solubility of 0.042% to 0.143% in de-ionized water. These
values represent instantaneous Fe solubility upon ash enter-
ing the ocean [Buck et al., 2006] and are comparable to,
although slightly higher than, the range of 100–400 nmol g�1

ash reported for subduction zone volcanoes [Duggen et al.,
2010]. Dissolved Fe inputs are likely dominated by the
highly soluble salt layer of metal sulphates and halides
formed on ash particles within volcanic plumes through

Figure 2. Response of bulk phytoplankton community to
Fe and ash additions in an experiment performed at 63.8�N
�34.7�W, showing results for controls, additions of 2 nM
dissolved FeCl3, additions of 9mg l�1 volcanic ash, and
additions of 9mg l�1 volcanic ash + 2 nM FeCl3. (a) Phy-
toplankton photochemical efficiency Fv/Fm against time.
(b) Chl concentration against time. Shown are mean
values (�1 standard error, n = 3).

Figure 3. (a) Modeled DFe enhancement (nM) as a result
of ash deposition (15 April to 23 May) using midrange esti-
mates of salt layer thickness (20 nm) of volcanic particles as
obtained through leaching experiments. Contours mark
0.2 nM DFe enhancement. The dashed line is the cruise track
(May 2010). (b) The proportion of the Iceland Basin
(assumed to be a region ~1� 106 km2) receiving DFe inputs
from ash (15 April to 23 May) using minimum (solubility
0.042%) and maximum (salt layer coating of 90 nm thickness)
estimates of Fe content of volcanic particles.
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reactions with acidic gases (i.e., HF, HCl, and SO2) and
aerosols (i.e., H2SO4) [Duggen et al., 2010]. Direct esti-
mates of salt layer thickness on particles collected from
the same eruption of Eyjafjallajökull yielded values of up
to 300 nm, while an average thickness of 7 nm contributed
approximately 0.6% of the ash particle weight with an Fe
content of 3.1% [Gislason et al., 2011]. Combining our
observed ash size spectrum (peaking at 123mm, Figure S4),
with a conservative range of 3–7.5% Fe content, we similarly
estimate that complete dissolution of an average salt layer
of ~20–90 nm would have been consistent with our leaching
results for the ash we collected at sea.
[12] Although solubility in seawater may have been lower

than that in de-ionized water [Buck et al., 2006], leaching
data thus indicated that addition of 9mg l�1 ash within
biological incubation experiments could have provided
4.6–16 nM DFe. In contrast, observed biological responses
were weaker than for the 2 nM FeCl3 addition. Hence, in
addition to much of the PFe addition being nonbioavailable,
a significant fraction of the DFe released from ash particles
may also not become available to the extant phytoplankton
community, at least over the timescales of our experiments,
which were likely comparable to residence times for ash in
the upper ocean (see Supporting Information specifically
Figure S5). The observed surface water concentrations of Fe-
binding ligands (L) in excess of DFe (L0 =L�DFe) ranged
between 0.33 and 1.77 nM during the summer cruise for the
Iceland Basin region affected by ash inputs (Figure S1), com-
pared to 0.37–0.94 nM during cruises in the Iceland Basin in
2007 and 2009 [Mohamed et al., 2011]. Concentrations of L0
similarly ranged between 0.16 and 1.22 nM for the region of
the North Atlantic where the bioassay experiments were
undertaken during the summer cruise. These observations sug-
gest that cumulative DFe inputs exceeding ~1–2 nM cannot be
stabilized by the available free ligand L0 in seawater and hence
may be lost through rapid precipitation both within our exper-
iments and in situ.
[13] We estimate the contribution of the Eyjafjallajökull

ash to DFe inputs to the region using an atmospheric particle
dispersion model [Stohl et al., 2005, 2011] constrained
with satellite observations of volcanic ash (Figure 3). For
simplicity, we initially assume that all modeled size classes
(25, from 0.25 to 250 mm) had the same chemical composi-
tion and dissolution characteristics as our samples collected
at sea. Resulting best estimates (and upper bounds) for the
DFe input to the North Atlantic over the course of the
eruption were ~550 kmoles (1800 kmoles), assuming
0.042–0.143% Fe dissolution, with DFe increases >1 nM
only occurring in the immediate vicinity of the volcano,
while a region of ~10,000 km2 (42,000 km2) was predicted
to have accumulated >0.2 nM DFe. If, in contrast, we
assume that all size classes were coated with a highly soluble
salt layer ranging from 7 to 90 nm thick, then a region of
26,000–570,000 km2 could have accumulated >0.2 nM DFe.
Such sensitivity analyses emphasize that estimates of DFe
inputs (Figures 3b and S6) from volcanic eruptions remain
highly sensitive to poorly constrained assumptions regarding
Fe dissolution.
[14] Satellite ocean color data has previously been used to

infer basin-scale responses to ash inputs in the HNLC North
Pacific. For the region of the Iceland Basin where potential
DFe enhancement was>0.2 nM (assuming a salt layer thick-
ness of 20 nm), the typical annual phytoplankton bloom

starts in early April and peaks in late June (Figure 4a). In
contrast, during 2010 the time series of satellite-derived
Chl indicated an early peak from early April through to late
May in this region (Figure 4a). The phytoplankton bloom
thus peaked anomalously early before returning to mean
summer levels, suggestive of a rapid phytoplankton response
to ash deposition in the northern Iceland Basin (Figure 4a).
Satellite-derived fluorescence line height data displayed
a similar signal (see the Supporting Information and
Figure S7). These data provide a measure of the reflectance
at a similar wavelength to Chl fluorescence and hence might
be expected to be less sensitive to any problems with
atmospheric corrections during the eruptive phase. The good
agreement between the in situ Chl a data and the satellite-
derived Chl a data (no observable systematic differences)
further supported the inference that the altered seasonal
cycle observed within the satellite record was robust.
[15] Following the eruption, we observed near-complete

nitrate depletion in the central Iceland Basin (59–61�N,
19–21�W) during summer, in contrast to previous years
[Nielsdóttir et al., 2009] (Figure 4b). Consequently, we
propose the following scenario. During typical years, this
region of the Iceland Basin appears to be deficient in Fe,
contributing to a residual major nutrient pool in summer
[Nielsdóttir et al., 2009]. Enhanced Fe inputs as a result of
the 2010 Eyjafjallajökull eruption and ash deposition may
thus have increased phytoplankton growth rates within the
early spring bloom [Moore et al., 2006], driving more com-
plete depletion of the surface major nutrient pool, although
the dynamics of this would clearly depend on both growth

Figure 4. (a) Time series of satellite-derived Chl concentra-
tion averaged over regions where potential DFe enhancement
was >0.2 nM (assuming a salt layer thickness of 20 nm).
The thick black line is the 2010 Chl; the thin grey line is the
2003–2009 mean Chl; the grey shading is the standard error
of the 2003–2009 Chl. The black horizontal line marks the
period of volcanic eruption. (b) Measured surface nitrate in
the region between 60–62�N and 19–21�W from cruises
between 26 April to 9May and 4 July to 11 August, and histor-
ical data from the World Ocean Database [Boyer et al., 2006]
for the same region. Shown are the mean and standard devia-
tion of nitrate against mean time of the year of observations
during each cruise, individual years are labelled. Bars mark
�1 standard deviation. Summer concentrations from 2010 are
significantly lower than all other summer observations.
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and loss terms, including grazing [Banse, 2002]. Irrespectively,
the observed depletion of nitrate during summer 2010
would be expected to place a constraint on further increases
in phytoplankton standing stocks, reducing the subsequent
sensitivity to Fe inputs. Indeed, by summer, phytoplankton
populations in the Iceland Basin displayed evidence of co-
limitation by nitrate and Fe [Ryan-Keogh et al., 2013].
Our proposed scenario is consistent with the early onset of
the bloom (Figure 4a) and satellite-derived Chl concentra-
tions following the peak bloom being below the mean after
mid-June in regions proximal to the volcano.
[16] We clearly cannot exclude other causes of interannual

variability as drivers of the observed anomalous time series
of satellite-derived Chl and depletion of surface nitrate
concentrations in the central Iceland Basin during 2010. If,
as we suggest [Ryan-Keogh et al., 2013], Fe availability in
the Iceland Basin is only just deficient of the level required
for the annual new production to fully remove the end of
winter surface nitrate pool (approximately 12–14 mM
[Sanders et al., 2005]), any change in either Fe or nitrate
inputs (or specifically the overall Fe:N input ratio) could
influence whether nitrate becomes fully depleted in summer
(Figure 4b). Our direct evidence of enhanced Fe (Figure 1)
combined with estimated DFe inputs (Figure 3) and the
experimentally established fertilization effect of ash-derived
Fe (Figure 2) is at least suggestive of the viability of ash
inputs as a mechanism for the observed nitrate depletion.
However, even in a typical year, residual surface nitrate
pools in summer (2–4 mM) are only around 10–20% of
winter concentrations (Figure 4b). Consequently, the high-
latitude North Atlantic is already characterized by highly
efficient (>80%) major nutrient removal with only a restricted
potential for any enhancement by Fe addition.
[17] Although the 5 week long eruption resulted in

enhanced Fe inputs over a large area, during our post-eruption
cruise in July–August, we found no evidence for elevated
surface DFe in offshore waters of the Iceland Basin
(0.20� 0.07 nM in 2010 compared with 0.18� 0.17 nM in
June 2009). This is consistent with the reported 2–7 week
residence times for DFe in surface waters receiving enhanced
atmospheric inputs [Sarthou et al., 2003]. The effects of
this brief midsized eruption (estimated tephra emission
~0.38 109 tonne; [Gudmundsson et al., 2012]) on the biogeo-
chemical Fe cycle were therefore relatively short-lived. Inter-
estingly, the bloom induced by the similarly sized Kasatochi
eruption (estimated tephra emission of 0.65 109 tonne over
2 days) within the HNLCNorth Pacific lasted for only 2 weeks
[Hamme et al., 2010].
[18] Our study demonstrates that the Eyjafjallajökull

eruption caused significant local impacts on oceanic Fe
cycling (Figure 1). However, subsequent regional-scale
biogeochemical effects on the high-latitude North Atlantic
were modest at most, with enhanced nutrient drawdown
(Figure 4b) indicating a maximal 10–20% increase in annual
new production. The impact of the biological pump on the
carbon cycle, and hence atmospheric CO2, scales with
surface major nutrient drawdown [Sigman and Boyle, 2000].
Therefore, the typical magnitude of the residual nitrate pool
in the region sets an upper bound on any increase in integrated
export production of ~5 gCm�2 comparedwith an annual flux
of ~30 gCm�2 y�1 [Sanders et al., 2005].
[19] In order for Fe supply from volcanic eruptions to have

a larger-scale influence on atmospheric CO2 drawdown, as

previously suggested [Sarmiento, 1993], ash emissions
would therefore likely have to be much larger than the
Eyjafjallajökull event, with sustained deposition spread over
an extensive HNLC region where removal of a larger
residual major nutrient pool can occur due to a lower
preexisting biological pump efficiency.
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