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Abstract

Deposition of volcanic ash into aqueous environments leads to dissolution of adsorbed metal salts and aerosols, increasing
the bioavailability of key nutrients. Volcanogenic fertilization events could increase marine primary productivity, leading to a
drawdown of atmospheric CO2. Here we conduct flow-through experiments on unhydrated volcanic ash samples from a vari-
ety of locations and sources, measuring the concentrations and fluxes of elements into de-ionized water and two contrasting
ocean surface waters. Comparisons of element fluxes show that dissolution of adsorbed surface salts and aerosols dominates
over glass dissolution, even in sustained low pH conditions. These surface ash-leachates appear unstable, decaying in situ even
if kept unhydrated. Volcanic ash from recent eruptions is shown to have a large fertilization potential in both fresh and saline
water. Fluorine concentrations are integral to bulk dissolution rates and samples with high F concentrations display elevated
fluxes of some nutrients, particularly Fe, Si, and P. Bio-limiting micronutrients are released in large quantities, suggesting that
subsequent biological growth will be limited by macronutrient availability. Importantly, acidification of surface waters and
high fluxes of toxic elements highlights the potential of volcanic ash-leachates to poison aqueous environments. In particular,
large pH changes can cause undersaturation of CaCO3 polymorphs, damaging populations of calcifying organisms. Deposi-
tion of volcanic ash can both fertilize and/or poison aqueous environments, causing significant changes to surface water chem-
istry and biogeochemical cycles.
� 2008 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Explosive volcanic eruptions are capable of causing sig-
nificant disruptions to the Earth’s climate (Kelly et al.,
1996; Robock, 2000). The environmental repercussions fol-
lowing volcanic eruptions are complex as many cycles in the
Earth system are affected simultaneously. An important
consideration is the release of gases, aerosols, and metal
salts during an eruption, which have the ability to instigate
rapid biogeochemical changes upon deposition. Acids,
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metal salts and adsorbed gases on tephra (airborne volcanic
particulate matter) surfaces are highly soluble, dissolving
rapidly on contact with water (Frogner et al., 2001). These
soluble surface accumulations have been termed ‘ash-leach-
ates’ by previous investigations (Witham et al., 2005) and
we use this term herein. Ash-leachate chemistry and volume
can vary considerably. Gas solubilities and levels of magma
degassing affect the speciation and volume of ash-leachates
(Oppenheimer, 2003), which are largely governed by the
composition of the source magma (Armienta et al., 2002).
Additional factors are also important, such as tephra parti-
cle size, gas:ash ratios, and the time spent in the volcanic
cloud (Oskarsson, 1980; Witham et al., 2005). Adsorption
of volatiles is variable, with SO4

2�, Cl and F showing
preferential enrichment on tephra surfaces (Delmelle et
al., 2000, 2007). Up to 40% of sulfur species and 10–20%
of HCl can be scavenged by tephra in the eruption column
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and volcanic cloud (Rose, 1977; Varekamp et al., 1984).
Adsorbed volatiles can leach host particles prior to deposi-
tion and alter dissolution rates upon mixing with surface
water (Wolff-Boenisch et al., 2004a). Smaller particles are
better scavengers of volatiles due to their higher surface
area:mass ratio (Rose, 1977; Oskarsson, 1980). This allows
more efficient heat transfer between the particle and the
atmosphere, encouraging preferential condensation of
soluble elements on fine tephra surfaces in the volcanic
cloud.

The deposition of unhydrated, or ‘pristine’, tephra into
aqueous environments will instigate the dissolution of solu-
ble accumulations on particle surfaces. Dissolution of vol-
canic glass occurs at rates several orders of magnitude
lower than ash-leachate dissolution (Gislason and Eugster,
1987; Gislason and Oelkers, 2003; Wolff-Boenisch et al.,
2004b). Therefore, the initial chemical fluxes into solution
will be dominated by the release of ash-leachates. The rapid
release of nutrients and metals following the mixing of
unhydrated ash or aerosols with surface waters has been
the focus of field studies (Gislason et al., 2002; Uematsu
et al., 2004; Flaathen and Gislason, 2007), and experimen-
tal studies (Frogner et al., 2001; Duggen et al., 2007). The
experimental studies add weight to the hypothesis that
deposition of tephra can instigate a rise in marine primary
productivity, representing an increased biological pump for
atmospheric CO2 (Sarmiento, 1993; Watson, 1997; Frogner
et al., 2001; Duggen et al., 2007). Evidence for phytoplank-
ton blooms as a result of volcanogenic sedimentation have
been observed in lakes (Smith and White, 1985) and in
oceans, based on preliminary satellite data (Duggen et al.,
2007). Bio-incubation experiments have shown diatoms uti-
lizing nutrients from volcanic ash (Duggen et al., 2007).
Mesoscale iron enrichment experiments have shown that
Fe addition to low chlorophyll ocean waters can instigate
elevated marine primary productivity (Martin et al., 1994;
Boyd et al., 2000).

The experimental investigations suggest that pristine
volcanic ash could cause widespread changes in nutrient
availability in surface waters, but the conclusions are based
on a relatively small sample set and use a variety of exper-
imental techniques. In this study we assess the fluxes and
chemical variation of ash-leachate dissolution from volca-
nic ash samples of varying compositions and ages. We use
one sample from Iceland and several samples from volca-
noes around the Pacific and Caribbean. The aim of testing
a range of ash samples is to assess how volcanoes of differ-
ing provenances affect nutrient release, as well as providing
an indicator for the reduction in ash-leachate availability
from unhydrated ash over time. Three water samples are
used as solvents in the experiments, allowing variations in
ash-leachate release as a function of background nutrient
levels and buffering capacities to be assessed. Attempts
are made to quantify the relative fluxes of bulk dissolution
rates and soluble surface accumulations to assess the rela-
tive importance of ash-leachate release against glass disso-
lution for volcanic sedimentation into surface waters.
Finally, mixing ratios of ash and surface waters are esti-
mated to assess the fertilization and toxicity potential of
ash-leachates.
2. MATERIALS AND METHODS

2.1. Ash sample collection

Eight samples were used from seven volcanoes of vary-
ing ages, eruption type, and silica contents (Fig. 1). The
bulk chemical compositions of these ash samples are shown
in Table 1. We use the same sample of ash from the 2000
eruption of Hekla, Iceland, as used by Frogner et al.
(2001). Hekla is an unusual composition, with a combined
hotspot and constructive plate margin magma source, cou-
pled with high fluorine in the eruptive products (Oskarsson,
1980; Moune et al., 2006). The sampling is described in
Frogner et al. (2001). Since collection, the ash has since
been stored first in a freezer at �18 �C, then in a desiccator
from 2005 after freeze-drying. Approximately 5% of the
collected sample was interstitial snow, as the eruption oc-
curred during a snowstorm. Snow particles are efficient
scavengers of aerosol particles (Graedel and Franey,
1975), which will have led to some enrichment of ash-leach-
ates on tephra surfaces during the freeze-drying process.
While this may lead to an overestimation of ash-leachates
adsorbed to Hekla ash, the expected degree of contamina-
tion is low as the sample was collected prior to the main
phase of precipitation. The increased deposition of aerosols
through snowfall is also a likely contributor for many high-
latitude eruptions, implying that the Hekla 2000 sample can
be treated as representative of similar eruptions.

The most recent ash sample is from a vulcanian summit
explosion of Galeras, Colombia, in 2005. Ash was collected
by Gloria Cortés of the Ingeominas Volcanic Observatory.
Ash from the 2003 dome collapse eruption of the Soufrière
Hills volcano on Montserrat was provided by Sue Loughlin
at the Montserrat Volcanic Observatory. Two samples were
provided by Bill Rose of Michigan Technological Univer-
sity from two historic eruptions of Santiaguito, a vent on
the side of Santa Maria volcano, Guatemala. The 1998
sample is elutriated ash associated with a block and ash
flow from a dome collapse. A much older Santiaguito sam-
ple was also provided from a small vertical explosion in
1968, analogous to more recent observations at the volcano
(Bluth and Rose, 2004). Older ash samples of a 1994 erup-
tion of Sakura-jima (Japan) and the 1980 eruption of
Mount St. Helens (USA) were donated by Claire Horwell
of Durham University. The final sample used is from the
1993 eruption of Lascar (Chile), collected from the top of
the pyroclastic deposits by M.T. Jones in 2004. This sample
is not pristine, though the exceptionally dry conditions of
the Atacama Desert may have allowed some of the ash-
leachates to be preserved.

2.2. Seawater sample types and collection

The experiments were conducted using de-ionized (DI)
water (18 MX) and two seawater samples from contrasting
surface water environments. The first sample is from a
nutrient rich coastal area in the North Atlantic, south of
Iceland’s Reykjanes peninsula (63�N, 21.5�W; Fig. 1). The
sample was collected in June 1999. The second sample
was collected from the Southern Ocean in April 2004, east



Fig. 1. Sample volcanoes with the year(s) of eruption (triangles), and sites where surface ocean water was sampled (circles).
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of New Zealand’s South Island (43 �300S, 178�E; Fig. 1).
Both seawater samples were filtered through a 0.2 lm cellu-
lose acetate filter and then radiated for 4 h with ultraviolet
light to remove particulate matter and kill any remaining
biota. The seawater samples were then stored in the dark
before being used in the experiments. The Atlantic Ocean
sample has a pH of 7.95 at 20.2 �C, with an alkalinity of
2.04 meq./l. The Southern Ocean sample has a pH of 7.75
at 20.5 �C, with a measured alkalinity of 1.96 meq./l. The
pH was measured by glass combination electrode at labora-
tory temperatures recorded in electronic annexes EA-1 and
EA-2. The pH buffers and unknown solutions were at the
same temperature. The pH meter was calibrated against
certified pH buffers (Titrisol/Merk) cover the pH range of
the solutions measured. The analytical error was ±0.05
pH units. Background salinity and nutrient concentrations
are shown in EA-2 and in Stefánsdóttir and Gislason
(2005).

2.3. Experimental methods

To allow direct comparisons with previous work, we
have attempted to apply the same methods as used in Frog-
ner et al. (2001). The ash samples were dry sieved with ny-
lon sieves to between 45 and 125 lm. The experiments were
conducted in Teflon single pass plug flow-through reactors
with an inner diameter of 8 mm and a length of 200 mm. A
thermostatic water bath kept the temperature of the reactor
constant at 25 ± 0.2 �C. The plug flow-through reactors
had 45 lm nylon sieves at each end, with an additional
0.2 lm cellulose acetate membrane filter at the end of the
apparatus to ensure that the samples were not contami-
nated with particulate matter. At the beginning of each
experiment, 5 g of ash was placed as a stationary bed in a
plug flow-through reactor. Water was then continuously
pumped through at a flow rate of 60 ± 5 ml h�1, simulating
the settling of ash through the water column. The settling of
ash through the euphotic zone is poorly constrained, so we
set our flow rate to that used by Frogner et al. (2001). Sub-
aqueous settling rates for aggregated volcanic ash have
been estimated to be in excess of 1670 m/day (Wiesner et
al., 1995). Settling rates for single ash particles are therefore
less rapid due to high particle vesicularity and maintained
suspension of smaller particles. Ash deposition rates can
also affect settling rates by changing convective sedimenta-
tion (Carey, 1997).

Initial experiments were conducted using de-ionized
(DI) water and ran for 8 h. Due to a limited supply of
ash from older eruptions, only the four most recent samples
(Galeras, Montserrat, Hekla, and Santiaguito) had enough
material to perform seawater experiments, which ran for
24 h. Fifty milliliters were analyzed, 40 ml for inductively
coupled plasma—atomic emission spectroscopy (ICP-
AES) analysis, 5 ml for pH measurements and 5 ml for
ion chromatography (IC) analysis. The 40 ml samples were
immediately acidified to 1% by volume with Suprapure
HNO3, then stored in acid cleaned polythene bottles. Speci-
ation and saturation state calculations were conducted
using the PHREEQC program (Parkhurst and Appelo,
1999). The majority of element concentrations were ascer-
tained using ICP-AES analysis, while ion chromatography
was used to quantify NO2

�, NO3
�, F, Cl, and SO4

2�.
NH4

þ was determined using the Automated Phenate titra-
tion method in DI water, described in Standard Methods
for the examination of water and wastewater, American
Water Works Association (AWWA), 2005. Samples were
fed manually to prevent ammonia concentrations increas-
ing in the auto-sampler, but otherwise the method is the



Table 1
Summary of bulk ash sample compositions using X-ray fluorescence (XRF) spectrometry

Galeras Montserrat Hekla Santiaguito Sakura-jima Lascar Mount St. Helens Santiaguito

Classification Andesite Andesite Basaltic-Andesite Andesite Andesite Dacite Dacite Dacite
Eruption style Vulcanian Dome collapse Sub-plinain Dome collapse Vulcanian Sub-plinain Plinian Strombolian
Eruption date 24th Nov 2005 12th July 2003 26th Feb 2000 30th Nov 1998 1st Jan 1994 19th April 1993 18th May 1980 Sept. 1968
Collection date 24th Nov 2005 12th July 2003 26th Feb 2000 30th Nov 1998 4th Jan 1994 10th Nov 2004 18th May 1980 Sept. 1968
Sample site Pasto (9 km) Olveston (4 km) 11 km NNW Unknown Arimura (2.7 km) 7 km NW Spokane (378 km) Unknown

SiO2 57.03 61.91 54.80 62.63 59.10 60.20 64.97 63.45
TiO2 0.72 0.56 1.98 0.45 0.78 0.84 0.65 0.47
AI2O3 17.44 16.37 14.35 18.08 15.95 16.20 16.07 16.94
Fe2O3 7.47 6.57 4.38 4.51 7.96 6.00 4.44 2.27
FeO W W 7.48 W W W W 2.56
MnO 0.08 0.15 0.27 0.15 0.16 0.11 0.06 0.12
MgO 2.11 2.34 2.81 1.60 3.69 3.91 1.54 1.87
CaO 5.66 6.33 6.65 5.27 6.94 6.91 4.49 5.03
Na2O 2.93 3.86 4.01 4.75 3.40 3.54 4.81 4.91
K2O 1.64 0.92 1.27 1.55 1.44 1.72 1.37 1.59
P2O5 0.21 0.15 0.96 0.21 0.15 0.25 0.18 0.19
LOI 4.36 0.46 �0.43 0.44 0.11 0.22 0.98 Not known
Total 99.91 99.63 98.96 99.79 99.68 99.68 99.56 99.73

The Galeras and Santiaguito samples were done in this study, other results were collated from previous investigations (Calvache and Williams, 1997; Smith et al., 1982; Risacher and Alonso, 2001;
Wolff-Boenisch et al., 2004b; Horwell et al., 2007). Eruption type and collection information is shown, where known. W, No data for partitioning between FeO and Fe2O3.
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same as the standard procedure. The ionic load of seawater
prevented ammonium analysis by this titration method, and
the sensitivity of the IC machine is an order of magnitude
higher than the maximum NH4

þ measured in the DI water
in these experiments. The maximum time lag between sam-
pling and analysis was three weeks.

The concentrations of elements are measured in moles
per liter, while the fluxes are standardized to moles per
gram of ash per hour. When comparing the fluxes from
Hekla ash in this study to the dissolution of Hekla glass
in Wolff-Boenisch et al. (2004b), we re-standardize the re-
sults to geometric surface area (Ageo). This is calculated
by Brantley et al. (1999) and Gautier et al. (2001):

Ageo ¼
6

q � deff

ð1Þ

with q representing the volcanic glass density, the number 6
is based on the assumption of a spherical glass particle
shape, and deff is the effective particle diameter. This is ob-
tained from Tester et al. (1994):

deff ¼
dmax � dmin

ln dmax

dmin

� � ð2Þ

where dmax and dmin are the maximum and minimum parti-
cle sizes used in the experiments, assuming a homogenous
particle distribution.
2.4. Ash sample characterization

The ash samples vary from Basaltic-Andesite to low Si
Dacite (Fig. 2). Although each sample is sieved, there is a
large variation in particle size fraction and therefore parti-
cle surface area per gram. Fig. 3 shows Scanning Electron
Microscope (SEM) images of the four most recent ash sam-
ples after contact with DI water. The Galeras and Santiag-
Fig. 2. Classification of samples based on volcanic ash silica content and a
Basaltic-Andesite to low Si Dacite.
uito samples have some particles smaller than 45 lm,
suggesting that these have become detached from host par-
ticles or accretionary lapilli during the experiments. The
Galeras sample is characterized by cristobalite and occa-
sional euhedral crystals of gypsum, with rare volcanic glass.
Accretions of salts and sulfides as lapilli or adhered to par-
ticle surfaces are extremely abundant. The source of the
gypsum is most likely to be reworked country rock evapo-
rite deposits incorporated into the eruptive products (Calv-
ache and Williams, 1997). This concurs with a large loss on
ignition observed when calculating the bulk rock composi-
tion (Table 1). The Montserrat sample is more crystalline,
with dominant cristobalite, pyroxene, and minor amounts
of volcanic glass (Fig. 3). Hekla ash differs significantly
from the other samples, with comparatively low Si levels
and high Fe and P (Fig. 2, Table 1). Over 60% of particles
are glass, with plagioclase and pyroxene the dominant crys-
tals. The glass particles are highly vesicular, as shown in
Fig. 3. Santiaguito ash is dominated by cristobalite and pla-
gioclase crystals, with abundant smaller glass fragments.

2.5. Experimental and computational uncertainties

Uncertainties associated with ascertaining element re-
lease rates in water arise from various sources, including
the measurement of aqueous solution concentrations, fluid
flow rates, and ash-leachate degradation or removal prior
to analysis. Uncertainties of element fluxes increase for
more dilute concentrations, especially when mixed with
ocean surface water due to the high ionic loading. Standard
fluid flow rates were occasionally hampered by blockages in
the apparatus, leading to errors in the flow rate. The total
errors for sample concentrations do not exceed ±10%.

There may be important differences between the experi-
mental set up and the response to mixing of ash with water
in natural environments. Many reactions are temperature
lkali metal concentrations (Le Bas et al., 1991). Samples range from



Fig. 3. SEM images of ash samples after contact with de-ionized water. The left-hand column shows the ash sample at 200� magnification.
The right hand column shows typical particles at 800� magnification. Though all samples were sieved to between 45 and 125 lm, there is
significant fine material present in the Galeras and Santiaguito samples. These are inferred to have been present as accretionary lapilli or stuck
to larger host particles prior to contact with water, which were then released due to breakdown of the cement.
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dependent, so fluxes and ash-leachate speciation could vary
with water temperature. Therefore, our experiments may
not accurately mimic deposition of volcanic ash into cold
water environments. The ratio of ash to water affects ash-
leachate release and concentrations (Witham et al., 2005).
Low ash:water ratios, or rapid diffusion of leached anions,
could negate any pH change and alter nutrient fluxes.
3. RESULTS

3.1. General observations

The results from the DI water and seawater experiments
are summarized in EA-1 and EA-2, respectively. The
greatest initial concentrations are in DI water, with
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SO4
2� (616.7 mmol l�1), Ca (615.4 mmol l�1), Cl (67.2

mmol l�1), F (67.1 mmol l�1), Na (67 mmol l�1), Al
(62.2 mmol l�1), and Mg (62 mmol l�1) showing the high-
est fluxes at the 60 ml h�1 flow rate. The total amounts of
components released during the first 8 h in DI water for
all samples are shown in Table 2. Selected comparisons be-
tween element release in DI water and the two seawater
samples are shown in Table 3 for the younger samples,
namely Galeras, Montserrat, Hekla, and Santiaguito
(1998). Na, Mg, Cl, K, and Br fluxes were unobtainable
in seawater due to the high ionic load and high background
concentrations. Ca, F, SO4

2�, and several minor constitu-
ents have fluxes too low to be detected due to the increase
in detection limit associated with the ionic loading. Only
initial dissolution rates from the samples rich in soluble
material are distinguishable in these cases. For example,
background levels of fluorine in natural seawater were mea-
sured at 49–71 lmol l�1, much lower than the elevated con-
centrations from contact with Hekla ash (0.2–5.2 mmol l�1)
at the 60 ml h�1 flow rate. Initial fluxes from the Galeras
Table 2
Total fluxes of elements released from volcanic ash mixed with de-ionize

(lmol/g) Galeras Montserrat Hekla Santiaguit

Volatile F 9.0 0.3 165.3 0.2
Cl 50.2 49.9 92.9 5.8
Br 0.07 0.09 0.06 0.03
SO4

2� 554.2 12.5 8.1 3.8

Alkali metals Li 0.18 0.04 0.07 0.02
Na 46.9 26.4 84.3 7.7
K 4.0 1.3 5.4 0.4

Alkali earths Mg 28.5 11.1 9.9 0.4
Ca 588.6 12.8 32.7 2.1
Sr 0.40 0.01 0.08 0.01
Ba 0.005 0.000 0.035 0.001

Other major
elements

B 0.53 0.36 0.31 0.13
NO3

� 0.3 6.5 13.3 0.0
NO2

� 0.4 4.5 6.4 0.0
NH4

þ 0.4 0.6 0.3 No data

Al 6.1 0.3 33.7 0.3
Si 0.8 0.5 13.9 0.8
P 0.02 0.02 2.18 0.09

Minor elements Ti 0.00 0.00 0.39 0.00
V b.d.l. b.d.l. 0.004 0.001
Cr 0.001 0.004 0.002 0.004
Mn 0.71 0.72 0.67 0.02
Fe 0.12 0.04 10.85 0.01
Co 0.022 0.005 0.005 0.001
Ni 0.026 0.009 0.009 0.005
Cu 0.031 0.043 0.011 0.001
Zn 0.08 0.05 0.10 0.00
As 0.001 0.000 0.001 0.001
Se 0.002 0.001 0.001 0.002
Mo 0.000 0.000 0.000 0.000
Cd 0.001 0.000 0.003 0.000
Sn 0.001 0.001 0.001 0.001
Pb b.d.l. 0.001 b.d.l. 0.001

Fluxes are shown in lmol g�1
ðashÞ. Values above the detection limit but b

detection are labeled ‘b.d.l.’.
samples are recognizable above background values for 6–
7 h. The initial concentrations from the other ash samples
are about 10 lmol l�1, too low to distinguish from back-
ground seawater concentrations.

Initial contact of volcanic ash with DI water results in an
initial reduction in pH, which increases as each experiment
progresses (Fig. 4). The Hekla ash sample shows the great-
est change, initially dropping to pH 3.5 and staying below
pH 4.7 throughout the experiment. In comparison, pH
changes caused by Galeras, Montserrat, and Sakura-jima
are less severe, with pH decreasing to 4.6 initially and
returning to around pH 6 after 8 h. There is little change
in pH during the experiments using ash from Mount St. He-
lens, Lascar, and both samples from Santiaguito. The
change in pH in the seawater experiments is shown in
Fig. 5. The reactions show initially low pH conditions,
though the decrease in pH is much more transient. The
charge balances (100 � [Cations � |Anions|] /[Cations +
|Anions|]) of the reactant solutions was obtained using
PHREEQC. All solutions show charge balances of ±3%,
d water within 8 h

o 98 Sakura-jima Lascar Mount St. Helens Santiaguito 68

0.3 0.1 0.4 0.4
3.7 2.0 9.3 5.0
0.00 0.00 0.04 0.03
1.0 1.7 1.0 8.5

0.00 0.01 0.00 0.02
1.9 1.5 1.8 6.1
0.2 0.1 0.2 0.7

0.2 0.1 0.4 0.7
0.6 2.1 1.9 5.4
0.00 0.01 0.00 0.01
0.000 0.001 0.000 0.011

0.00 0.04 0.02 0.09
0.1 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.6 No data No data No data

0.2 0.1 0.1 0.0
0.2 0.4 0.3 0.4
0.01 0.06 0.13 0.23

0.00 0.00 0.00 0.00
b.d.l. 0.003 0.000 0.000
0.006 0.003 0.004 0.010
0.00 0.00 0.01 0.03
0.03 0.01 0.04 0.03
0.000 0.000 0.001 0.001
0.004 0.002 0.014 0.005
0.018 0.004 0.003 0.005
0.04 0.01 0.05 0.03
0.001 0.001 0.001 0.002
0.002 0.001 0.001 0.002
b.d.l. b.d.l. 0.000 0.000
0.000 0.000 0.000 0.000
0.001 0.001 0.001 0.001
0.000 0.001 0.001 0.001

elow 3 significant figures are shown as 0.000, while values below



Table 3
Comparisons of total fluxes of elements released in de-ionized water and two surface ocean water samples within 8 h

Comp. (lmol/g) Galeras Montserrat Hekla Santiaguito ’98

DI Atlantic Southern DI Atlantic Southern DI Atlantic Southern DI Atlantic Southern

F 9.0 4.6 5.5 0.3 0.6 �0.1 165.3 155.6 152.6 0.2 �0.1 �0.1
SO4

2� 554.2 381.8 579.6 12.5 71.2 84.2 8.1 63.4 71.0 3.8 31.0 56.9

Li 0.18 0.17 0.14 0.04 �0.03 0.00 0.07 0.14 0.12 0.02 �0.01 �0.02
Ca 588.6 415.1 408.6 12.8 1.6 49.5 32.7 22.1 14.1 2.1 1.4 11.9
Sr 0.40 0.43 0.22 0.01 �0.04 �0.04 0.08 0.32 0.14 0.01 �0.03 �0.19
Ba 0.005 0.027 0.033 0.000 �0.001 �0.001 0.035 0.037 0.043 0.001 0.049 0.052

B 0.53 0.43 0.19 0.36 0.45 0.55 0.31 1.23 0.92 0.13 0.22 0.06
Al 6.1 0.7 0.5 0.3 0.2 0.2 33.7 16.1 19.7 0.3 0.1 0.1
Si 0.8 0.1 0.4 0.5 0.4 0.7 13.9 13.8 17.2 0.8 0.3 0.5
P 0.02 �0.01 0.00 0.02 �0.01 0.03 2.18 0.37 0.36 0.09 0.02 0.02

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.39 0.15 0.19 0.00 0.00 0.00
Mn 0.71 0.58 0.71 0.72 0.54 0.53 0.67 0.72 0.92 0.02 0.05 0.05
Fe 0.12 0.05 0.01 0.04 0.10 0.02 10.85 7.09 8.92 0.01 0.02 0.04
Co 0.022 0.017 0.019 0.005 0.004 0.004 0.005 0.005 0.006 0.001 0.000 0.001
Ni 0.026 0.020 0.021 0.008 0.003 0.003 0.009 0.013 0.002 0.005 0.001 0.002
Cu 0.031 0.014 0.013 0.043 0.011 0.007 0.011 0.007 0.009 0.002 0.002 0.003
Zn 0.08 0.06 0.04 0.05 0.03 0.02 0.10 0.08 0.09 0.00 0.00 0.00

The seawater fluxes are the concentrations after contact with ash minus the background measured concentrations. Negative values are where
concentrations have decreased after contact with ash (e.g., P). Fluxes are shown in lmol g�1

ðashÞ.
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Fig. 4. Illustration showing pH changes in the experiments mixing volcanic ash with de-ionized water at 25 �C. The pH measurements were
done at between 20.5 and 22.2 �C.
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except for the first DI water sample reacted with Hekla ash,
which has a charge balance of +17.4%. Initial acidification
is comparable to the response in DI water, with Hekla caus-
ing a greater decrease in pH than the three subduction zone
samples. The high buffering capacity of the seawater cur-
tails the drop in pH, limiting elevated dissolution for acidity
dependent reactions. Buffering in these experiments will be
slower than in nature, as the water in contact with the ash is
restricted to 60 ml h�1.

3.2. Volatile release

The releases of volatiles can affect glass dissolution rates
in solvents (Wolff-Boenisch et al., 2004a) and the fluxes of



Fig. 5. pH changes in the experiments mixing volcanic ash with surface water samples from the North Atlantic and Southern Oceans at 25 �C.
Temperatures of samples when pH was measured were between 20.5 and 22.1 �C. Black and white labels show North Atlantic sample water,
grayscale points show Southern Ocean water.
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Fig. 6. Fluxes of halogens and sulfate from volcanic ash in de-ionized water at 25 �C. Fluxes are shown in mol g(ash)
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these elements vary by the greatest margin between each
sample. Halogen and sulfate fluxes in DI water are shown
in Fig. 6. The rates and quantities of elemental release differ
for each ash sample. In particular, the F flux from the Hek-
la ash is far greater than any other sample. Aqueous con-
centrations of F initially reach 7.14 mmol l�1 at the
60 ml l�1 flow rate in DI water, which equates to
85 lmol g�1

ðashÞ h�1. This is over 25 times more than the high-
est flux from a subduction zone ash sample (Galeras) and
nearly 800 times more than the lowest flux (Santiaguito,
1968). Initial volatile fluxes from the older ash samples
are consistently lower than the recent samples from Gal-
eras, Montserrat, and Hekla. This suggests a natural decay
of surface ash-leachates, which we will focus on in Section
4.

The F fluxes from Hekla and Galeras appear to correlate
well between the DI water and seawater (Table 3). For the
Montserrat and Santiaguito (1998) samples, background
concentrations in seawater obscure accurate comparisons
between water samples. The close correlation of results
from Hekla and Galeras between solvents (Table 3) implies
that F fluxes measured in the other DI water experiments
will be comparable in seawater. The initial Cl fluxes from
the Hekla, Galeras, and Montserrat samples are compara-
ble at between 44 and 86 lmol g�1 h�1, which are signifi-
cantly higher than the other ash samples (Fig. 6).
Bromine release shows a more uniform behavior between
samples, though the three youngest ash samples show the
greatest initial fluxes, up to 78 nmol g�1 h�1.

Concentrations of sulfate vary considerably between ash
samples. Galeras in particular shows a very high SO4

2� flux,
initially 200 lmol g�1 h�1 (Fig. 6). This is an order of mag-
nitude higher than fluxes from any of the other samples, a
product of the gypsum and sulfate accretions in the tephra.
Comparisons of SO4

2� release appear to vary considerably
with solvent composition. Galeras ash, with high available
SO4

2�, shows comparable fluxes between DI water and sea-
water. For Montserrat, Hekla, and Santiaguito however,
the SO4

2� flux is around a magnitude greater in seawater
(Table 3). This shows a preferential removal of SO4

2� from
ash surfaces in alkaline conditions, unless the total SO4

2�

available is considerable. The likely cause is that the zero
point charge (ZPC) for volcanic glass surfaces are com-
monly around 7, where surfaces are positively charged at
lower pH and negatively charged at higher pH (Wolff-Boe-
nisch, 2004). Thus double charged anions such as SO4

2�

have a strong tendency to desorb from negatively charged
glass surfaces once the experimental pH is buffered to back-
ground pH values (�7.8). The ZPC of Quartz is at pH 3
(Riese, 1982), so one would expect tephra abundant in silica
polymorphs like cristobalite to have different desorption
behavior than glass dominated tephra.

3.3. Nutrient and Al release

The major nutrients and Al fluxes in DI water are shown
in Fig. 7. The majority of nutrients are released in the first
hour, typically 40–90% of the total released in 8 h. The
fluxes of Al, Si, P, and Fe from Hekla ash are considerably
higher than from any other sample in both DI water (Fig.
7) and seawater. In comparison, the initial fluxes of Mn
and Zn are comparable for Galeras, Montserrat, and Hek-
la. There is no discernable difference in Al and Si release
rates between DI water and seawater when the fluxes are
high, as with Hekla. However, the smaller fluxes from the
three subduction zone volcanoes show reduced Al and Si
release rates in seawater (Table 3). Many key micronutri-
ents, including Mn, Fe, Co, Ni, Cu, and Zn, show compa-
rably high initial release rates in all solvents, suggesting that
the dominant source of these transition metals are highly
soluble surface metal salts.

Nitrogen was detected as nitrate, nitrite and ammonium
in the reacted DI water samples. The Hekla sample showed
the highest fluxes of NO3

� and NO2
�, maintaining constant

high fluxes for the first couple of hours at around 5.0 and
1.6 lmol g�1 h�1, respectively. The Montserrat ash was
the only other sample to show significant fluxes of NO3

�

and NO2
�, though the style of release is different. After early

fluctuations, the NO3
� flux plateaus at 1.6 lmol g�1 h�1.

The NO2
� flux from Montserrat shows early oscillations

in release rates, which begin to increase after 2 h from 0.2
to 1 lmol g�1 h�1 by the end of the experiment. The source
of the nitrate and nitrite is not exhausted within the 8 h of
the experiment. The fluxes of nitrate and nitrite from the
other ash samples are considerably lower and often negligi-
ble in DI water (Table 2).

The release of NO3
� and NO2

� in seawater appears to
be much lower than in DI water. NO3

� concentrations were
measured at 3.3 lmol l�1 in North Atlantic surface water
(Stefánsdóttir and Gislason, 2005) and were undetectable
in Southern Ocean surface water. While typical Southern
Ocean surface waters are NO3

� rich, the sample site is fur-
ther north than the areas that are generally high in
macronutrients. Background concentrations in the North
Atlantic sample are high enough to add significant errors
to ascertaining NO3

� release rates. Results from the South-
ern Ocean samples only show significant release of NO3

� in
the first few Hekla samples (EA-2), though much less than
the flux in DI water. NO2

� fluxes are also apparently dimin-
ished in seawater, with trace fluxes in all experiments except
the Hekla sample mixed with North Atlantic water. NO2

�

concentrations were measured at 1.47 lmol l�1 in North
Atlantic surface water (Stefánsdóttir and Gislason, 2005),
so it is unusual that it is undetectable in the water after con-
tact with any subduction zone ash sample.

The measured fluxes of NH4
þ are largely comparable

between samples in DI water (Fig. 7). Unfortunately, data
were only ascertained for the Galeras, Montserrat, Hekla,
and Sakura-jima samples. The style of release from the four
samples is characterized by a high initial flux that decreases
steadily through time. The Montserrat sample shows the
highest initial flux (0.3 lmol g�1 h�1, Fig. 7) and total re-
lease (0.61 lmol g�1, Table 2) of NH4

þ, while Hekla re-
leases the least of the 4 samples (0.34 lmol g�1). While
our methods did not allow measurements of NH4

þ in the
seawater samples, the measured fluxes in DI water are com-
parable to previous measurements of release in seawater
(Duggen et al., 2007).

Phosphorus shows the biggest difference in release rates
with varying water composition (Fig. 8). As with Si and Fe,
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Fig. 7. Fluxes of major nutrients and aluminum from volcanic ash in de-ionized water at 25 �C. Analytical errors are commonly <10%.
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the initial mobilization of P from Hekla ash in seawater is
comparable to the flux observed in DI water. However,
the sustained release for the first 4 h in DI water is not
matched in seawater, where P release quickly becomes neg-
ligible. P fluxes from Galeras, Montserrat, and Santiaguito
(1998) ash behave quite differently with varying solvent,



Fig. 8. Variations in phosphorus fluxes between water samples for Galeras, Montserrat, Hekla, and Santiaguito ash samples at 25 �C. The line
with points is DI water using symbols from previous figures. Fluxes are in nmol g�1 h�1.
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particularly in North Atlantic surface water. There is a
detectable net reduction in P concentrations in Atlantic sea-
water when mixed with both Galeras and Montserrat ash
(Fig. 8, Table 3). Scavenging of P only occurs from Atlantic
seawater as background concentrations are higher
(�0.7 lmol l�1) than in the Southern Ocean sample
(�0.1 lmol l�1). These experiments use a relatively high
ash:seawater ratio (5 g:1.2 l), which may encourage
re-adsorption of P. This effect may be negated in a direct
release scenario in the open ocean.

4. DISCUSSION

4.1. Variations between ash and water samples

All ash samples show significant fluxes of nutrients into
solution, although there are considerable variations in ash-
leachate speciation and concentrations between samples.
The presence of F has a large effect on the dissolution of
natural glasses, increasing rates by an order of magnitude
or more (Wolff-Boenisch et al., 2004a). Subduction zone
volcanoes can have F rich magmas, such as Lonquimay
(Chile), so the observed differences in behavior between
Hekla ash and the other samples may not reflect typical dif-
ferences in ash-leachate release from contrasting tectonic
settings. The high F concentrations and the greater ob-
served drop in pH in the Hekla experiments increase fluxes
of important bulk magmatic elements such as Al, Si, P, and
Fe. The fluxes of these elements deteriorate faster than the
change in pH in DI water, suggesting that these cations are
already leached from host particles and are available for
immediate dissolution, rather than due to increased bulk
dissolution in an F rich, acidic fluid.

The release of alkali metals and transition metals, partic-
ularly Mn, Co, Ni, Cu, and Zn, appear to show comparable
fluxes independent of solvent where data are available. The
hypothesis drawn from these results is that these cations are
dominantly combined with halogens and sulfate as metal
salts and aerosols adsorbed to particle surfaces. This is
backed up by studies of trace metals in the gaseous phase
at several volcanoes (Africano et al., 2002; Bernard and
Le Guern, 1986; Delmelle et al., 2007). The total dissolution
of these ash-leachates while in surface waters appears unaf-
fected by large variations in acidity and alkalinity, suggest-
ing a high solubility in these solvents. Fluxes of these
elements are commonly an order of magnitude higher in
the first hour than in the second, indicating that these
micronutrients will be released in the upper surface waters.

The dissolution of elements that are affected by changes
in pH and/or saturation states show differing styles and vol-
umes of release with varying solvent. Al, P, and Ti are par-
ticularly affected. Elevated dissolution in acidic conditions
is restricted by the high buffering capacity of seawater,
resulting in greater fluxes of these elements in DI water.
Al and Ti have dissolution rates that increase exponentially
with lowering pH (Oelkers and Gislason, 2001), suggesting
that the higher fluxes in DI water may be due to increased
dissolution of glass and crystals. However, elements that
have dissolution rates shown to be equally pH dependent
as Al and Ti, such as Si and Fe, do not show such a differ-
ence between DI water and seawater fluxes. This suggests
that the saturation states of components with respect to sec-
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ondary minerals are the dominant factor in nutrient release,
affecting both ash-leachate and glass dissolution.

P fluxes are the most affected by solvent composition
and pH change. Andesitic ash particles scavenge P from
surface waters with initially high concentrations (a negative
flux); in this case North Atlantic surface water (Fig. 8).
Concentrations of P in the seawater experiments are prob-
ably controlled by the saturation state of amorphous
FeO(OH) in the fluid, leading to precipitation of iron-oxy-
hydroxide and scavenging of P to the Fe surface (Williams
et al., 1976). Elevated P fluxes only occur when amorphous
FeO(OH) is undersaturated in low pH conditions in the
experiments, as shown in Fig. 9. pH values buffered to
P6.5 cause the solution to become supersaturated with re-
spect to amorphous FeO(OH). Under such conditions, dis-
solution of P becomes negligible and is scavenged onto Fe
oxide particle surfaces. Previous studies have shown that
waters that have reacted with Icelandic volcanic ash can be-
come supersaturated with respect to various Fe and Mn
oxides and oxyhydroxides at low temperatures (Flaathen
and Gislason, 2007; Gislason et al., 2002). This implies that
the dissolution and concentration of P and potentially other
elements are likely to be extremely variable in solvents of
differing pH buffering capacities, and that scavenging of P
from nutrient rich surface waters is possible.

4.2. Ash-leachate decay

Comparisons of the results of this study with those
obtained by Frogner et al. (2001) shows decreases in all
nutrient release rates since the pioneer study on Hekla
ash. Initial Fe release, for example, has decreased from
37 lmol g�1 h�1 in the initial study to 10 lmol g�1 h�1

in this study using the same Hekla ash and Atlantic sur-
face water samples. These flux differences are well outside
Fig. 9. Graph showing the relationship between phosphorus concentratio
using the PHREEQC program. The long dashed line is the measured back
line represents background levels in the Southern Ocean. Black and white
Southern Ocean water samples.
the range of experimental reproducibility, as measurement
errors were typically <±10%. Considerable efforts have
been made to maintain the pristine nature of the sample
since collection (Frogner et al., 2001). The difference
could stem from the variation in particle size between
the two studies, which were 44–74 lm in the initial study
and 45–125 lm in this analysis. Smaller particles are bet-
ter scavengers of volatiles due to their higher surface area
to mass ratio (Oskarsson, 1980; Rose, 1977). Volcanic
glass typically has a higher fraction in smaller fragments,
so it is plausible that the comparatively high surface
areas of glasses compared to crystals below 74 lm could
result in the differences in fluxes measured. However,
SEM images do not show this to be the case for the Hek-
la sample (Fig. 3).

While nutrient release is highly variable between ash
samples, the elemental fluxes measured in this study are
broadly inversely proportional to the age of the sample.
Assuming the Hekla and Galeras samples are representative
of recently collected ashes, unhydrated samples greater than
10 years old tend to show diminished nutrient fluxes in
comparison. Therefore, even though considerable attempts
were made to maintain the pristine nature of the samples
used, it appears that a natural degradation of the solubility
of surface accumulations has occurred. Negligible nutrient
fluxes were observed with unhydrated ash from the 1970
eruption of Hekla using the same plug flow-through reactor
experiments as Frogner et al. (2001). The cause of this
apparent deterioration is unclear, but has important conse-
quences for experiments of this nature. Given the difficult
nature of pristine ash collection and the age of some sam-
ples used in these and previous investigations, these findings
suggest that laboratory experiments measuring ash-leachate
release may underestimate the flux from tephra deposited
directly into surface waters.
ns in water samples with amorphous FeO(OH) saturation, analyzed
ground concentrations in the North Atlantic, while the short dashed
points show North Atlantic sample water, grayscale points denote



Fig. 10. The Al(aqueous):Al(glass) ratio (top) and Si(aqueous):Si(glass)

ratio (bottom) through time when Hekla ash is mixed with de-
ionized water and seawater.
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4.3. Ash-leachate fluxes vs. bulk dissolution rates

Element fluxes are combinations of ash-leachate release
and the bulk dissolution of ash particles. To assess the rela-
tive contributions of each, we focus on the release of Si and
Al from the Hekla ash. Ageo of Hekla ash is 274.64 cm2 g�1,
where q = 2.79 g cm�3. Dissolution rates of natural glasses,
including the 2000 eruption of Hekla, were analyzed by
Wolff-Boenisch et al. (2004b). Dissolution of Si, normalized
to Ageo, is 3.3 � 10�14 mol cm�2 s�1 at pH 4.1. Al dissolution
is 2.5 � 10�14 mol cm�2 s�1 at pH 4.1 (Wolff-Boenisch et al.,
2004b). These values do not incorporate the effect of F on the
bulk dissolution rate, which is considerable in these solutions
(Wolff-Boenisch et al., 2004a). Activities of Si and Al reach a
minimum around neutral pH. In this study, dissolution rates
will be higher initially due to the transient pH drop. In seawa-
ter, the recovery to background pH levels (pH � 8) will dic-
tate that dissolution rates will start high, reach a minimum
and then increase again.

The initial fluxes from Hekla ash, in the present study, are
far greater in all solvents than the F free bulk dissolution rates
in acidic conditions. Initial release rates of Si vary from
9.3 � 10�12 to 1.3 � 10�11 mol cm�2 s�1, while rates of Al re-
lease vary from 1.45 to 2.64 � 10�11 mol cm�2 s�1. The bulk
dissolution rate of Hekla ash in the experimental solutions
using DI water, incorporating the effects of F (Wolff-Boe-
nisch et al., 2004a), predicts elevated rates of 4.5–
6.1 � 10�13 mol cm�3 s�1 throughout the 8 h of the experi-
ment. This is 20 times less than the initial release rate of Si
and nearly 60 times less than Al release, suggesting that
ash-leachates are the dominant contributor to initial element
fluxes. However, after 8 h the release rates of Si and Al drop
below 9.5 � 10�14 mol cm�3 s�1, suggesting that later ele-
ment fluxes are dominated by bulk dissolution of ash
particles.

In seawater the transient pH drop and the high buffering
capacity means the initial bulk dissolution rates will be very
different to later rates. Using PHREEQC, the activities of
H+ in reacted seawater are initially an order of magnitude
higher than in DI water, while approximately 3 orders of
magnitude lower after 8 h. This is integral to the bulk disso-
lution rate (Wolff-Boenisch et al., 2004a), and initially the
predicted bulk dissolution rates are between 60 and 90% of
the measured fluxes of Si and Al into seawater (1–
1.8 � 10�11 mol cm�2 s�1). Bulk dissolution rates quickly
drop to 10�15 mol cm�2 s�1 in seawater, making the contri-
bution of tephra dissolution negligible after buffering. The
chemical fractionation of Si and Al between fluid and glass
in the measured samples is shown in Fig. 10. The majority
of the total liberated Si and Al is released within 50 min of
contact with water. Al(aqueous):Al(glass) ratios show slightly
elevated fluxes into solution for up to 4 h in the DI water
experiment, allowing an additional 47–58% of Al to be re-
leased (Table 3). Si release is similar between solvents, though
there is less Si released in seawater initially. The similarity be-
tween fluxes in DI water and seawater do not reflect the pre-
dicted differences in initial bulk dissolution rates between
solvents. A possibility for this discrepancy, assuming that
the initial release of ash-leachates is relatively uniform be-
tween solvents, is that the reacting seawater may buffer the
activity of H+ in under an hour, thereby curtailing the period
of enhanced bulk dissolution. However, the most likely
explanation is that the F adsorbed to particle surfaces has lea-
ched Si and Al prior to contact with water, reducing the avail-
ability of reactive surfaces and reducing the impact of solvent
variance once the particles are affected by aqueous
dissolution.

Comparisons of element release in Fig. 10 and Table 3 im-
ply that low pH conditions encourage elevated dissolution of
some elements. In DI water, the differences between mea-
sured element fluxes and bulk dissolution rates strongly sug-
gest that the dominant source of the dissolved elements is
surface ash-leachates. In seawater, the contributions of bulk
dissolution rates are heavily dependent of the timescale of the
transient pH change. If surface waters have high concentra-
tions of dissolved volatiles such as F, then it is possible to in-
crease nutrient fluxes by elevating bulk dissolution rates.
However, 5 g of ash only allowed an initial 40% increase in
Si in 50 ml of seawater compared to DI water (Fig. 10), sug-
gesting that the effects of mixing and diffusion in ocean sur-
face waters will negate the impact of elevated bulk
dissolution in seawater.

5. IMPLICATIONS

5.1. Fertilization potential

The high solubility of surface salts allows the immediate
release of nutrients, which are initially concentrated in the
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upper part of the water column. Previous studies have
shown that this release occurs within minutes (Duggen et
al., 2007). The fertilization potential of this nutrient flux
is dependent on many factors. Eruption type and magni-
tude, deposition rates, ash particle size, and environmental
buffering capacities will all influence nutrient flux rates from
tephra. Ash-leachate dissolution can either instigate biolog-
ical activity or lead to ecosystem stress if toxicity levels are
breached (Smith and White, 1985; Frogner-Kockum et al.,
2006). The utilization of volcanogenic nutrients depends on
the biologically limiting factors of the ecosystem and
whether the ash-leachate fluxes can be utilized by phyto-
plankton while the nutrients remain available in the surface
waters. For example, timing of eruptions at high latitude is
important where light can limit primary production and the
oxidation of SO2 (Gislason et al., 2002; Flaathen and Gis-
lason, 2007).

Areas of oceans that are biologically limited by
macronutrients (N and P) can be stimulated by ash deposi-
tion. Dissolved N as NO2

�, NO3
�, and NH4

þ are released
by a variety of ashes, as shown in this study and previous
experiments (Duggen et al., 2007). Field observations have
shown increases in marine primary productivity with con-
current increases in volcanically derived NH3 (Uematsu et
al., 2004). The Fe flux may affect N-limited surface waters
because Fe is an important nutrient as a fixation pathway
for N2 and as a key element for several biogeochemical
functions (Martin, 1990; Wu et al., 2000). If pulses of vol-
canogenic Fe are capable of increasing N2 fixation, as seen
in areas with elevated continuous Fe fluxes (Falkowski,
1997; Falkowski et al., 1998), then it is possible that sub-
stantial deposition of tephra could alter the bio-limiting
nutrient(s) of an N-limited ecosystem.

Table 4 estimates the effect of three variables that can af-
fect surface water enrichment; the variations in water com-
position, ash chemistry, and magnitude of ash deposition.
Calculations assume ash-leachate volumes from values in
Tables 2 and 3, that the ash reacts with the upper 10 m of
surface waters, and that nutrient fluxes are largely unaf-
fected by ash deposition rate and volume. Three magni-
tudes of ash deposition are considered, 0.1, 1, and
10 kg m�2. These approximately correspond to ash layer
thicknesses of 0.04, 0.4, and 4 mm, respectively.

The estimated P concentrations are relatively unaffected
by deposition of subduction zone volcanic ash, as fluxes
(positive and negative) are minor compared to background
concentrations in ocean surface waters. Re-adsorption of P
by Galeras and Montserrat ash when modeling a 4 mm ash
blanket mixing with North Atlantic seawater generates a
reduction in P concentrations of less than 2%. These esti-
mations should be treated with some caution, given the
dependence of P release on buffering capacities and satura-
tion states of Fe oxides. In comparison, P release from Hek-
la is significant, increasing concentrations in all water types
at high deposition volumes. This is likely to be due to the
high F concentrations leaching tephra prior to deposition,
and post-deposition in low pH conditions caused by the re-
lease of F.

Fe release from Galeras, Montserrat, and Santiaguito is
relatively minor, with significant changes to background
concentrations only occurring in high deposition volume
scenarios. Hekla deposition at 0.1 kg m�2 (0.04 mm) in-
creases background Fe concentrations by more than all
but one of the subduction zone samples at deposition vol-
umes of 10 kg m�2 (4 mm). Fe concentrations increase up
to 9.1 lmol l�1 at 10 kg m�2 (4 mm), though such concen-
trations are unsustainable and will precipitate as Fe oxides
within minutes in open ocean settings. This will limit the
availability of Fe and reduce the fertilization potential.

Concentrations of micronutrients are affected more than
macronutrients due to higher fluxes from ash samples rela-
tive to background concentrations. The predicted increases
in micronutrient concentrations, even at low volumes of ash
deposition, are substantially more than the Redfield-type
element ratios of plankton organic tissue (Bruland et al.,
1991):

16 N:1 P: 0.005 Fe: 0.002 Zn: 0.0004 Cu, Mn, Ni, Cd

Mn concentrations are particularly affected, increasing
by two orders of magnitude in typical fresh water, coastal
water and open ocean water for high deposition rates of
Galeras, Montserrat, and Hekla ash (Table 4). The results
suggest that surface waters that are micronutrient limited
prior to ash deposition will see an increase in fertilization
potential.

5.2. Potential of poisoning

Elements present in ash-leachates, including F, Al, Mn,
Co, Ni, Cu, Zn, Cd, Ba, and Pb, can potentially inhibit bio-
logical growth (Brand et al.,1983, 1986; Sunda, 1988–1989;
Bruland et al., 1991). Halogens, particularly F when found
as F� and HF, are particularly toxic to organisms with skel-
etal tissue (WHO, 1993; Witham et al., 2005). The toxicity
of Al–F species in surface waters affected by the Hekla ash
has been described by Frogner-Kockum et al. (2006) and
Flaathen and Gislason (2007). To outline the poisoning po-
tential of ash-leachates we focus on Cu, which is toxic to
microorganisms when found as hydrated Cu2+ ions in sur-
face waters and is released in significant quantities in this
study and previous experiments (Duggen et al., 2007).
The toxicity threshold for Cu2+ varies among phytoplank-
ton phyla. Cyanobacteria appear most sensitive, while dia-
toms are most resistant (Brand et al., 1986). Concentrations
of free Cu2+ above 10�11 mol l�1 can completely inhibit
cyanobacteria growth rates (Brand et al., 1986; Buck and
Bruland, 2005). Larvae of several zooplankton are affected
at this concentration (Sunda et al., 1987; Sunda et al.,
1990). The speciation of dissolved Cu varies with ecological
system, with total hydrated Cu2+ bioavailability limited by
the presence of strong binding organic ligands (Van den
Berg et al., 1987; Donat et al., 1994; Moffett et al., 1997;
Kozelka and Bruland, 1998; Buck and Bruland, 2005). Cya-
nobacteria and other organisms can produce Cu chelating
ligands when under Cu stress (Moffett and Brand, 1996;
Croot et al., 2000), suggesting that some of the volcanogen-
ic Cu can be complexed by these organic ligands (Duggen et
al., 2007).

The initial Cu fluxes from the ash samples vary from 1 to
49 nmol g�1 h�1 and are largely unaffected by varying



Table 4
Predicted changes to surface water nutrient levels due to ash deposition using mechanical mixing

Initial conc.
(nmol/kg)

Galeras Montserrat Hekla Santiaguito

0.1 kg m�2 1 kg m�2 10 kg m�2 0.1 kg m�2 1 kg m�2 10 kg m�2 0.1 kg m�2 1 kg m�2 10 kg m�2 0.1 kg m�2 1 kg m�2 10 kg m�2

nmol/kg nmol/kg nmol/kg nmol/kg nmol/kg nmol/kg nmol/kg nmol/kg nmol/kg nmol/kg nmol/kg nmol/kg

Icelandic river
waterk

P 134 134 136 152 134 136 149 156 352 2310 135 143 220
Fe 109 110 121 226 109 113 150 218 1194 10963 109 110 123
Zn 8 9 16 88 9 14 62 9 18 111 8 8 11
Cu 5.3 5.6 8.4 36.7 5.7 9.5 47.8 5.4 6.4 16.7 5.3 5.4 6.8
Mn 6 13 77 717 13 78 731 13 73 675 6 8 21
Ni 3.7 3.9 6.3 29.7 3.8 4.6 12.8 3.7 4.5 12.2 3.7 4.1 8.4
Cd 0.03 0.04 0.08 0.55 0.03 0.04 0.10 0.06 0.37 3.40 0.03 0.03 0.06

North Atlantic
Ocean Water

P 718 718 717 703 718 717 711 722 755 1090 718 720 737
Fe 239 239 244 286 240 249 341 310 948 7326 239 241 256
Zn 131 132 137 188 131 134 159 132 139 208 131 131 129
Cu 6.0 6.1 7.4 19.9 6.1 7.1 17.5 6.1 7.1 17.5 6.0 6.2 8.4
Mn 4 10 62 584 9 58 544 11 76 723 11 76 723
Ni 8.0 8.2 10.0 27.5 8.0 8.3 11.1 8.1 9.3 20.6 8.0 8.2 9.5
Cd 0.9 0.9 0.9 1.4 0.9 0.9 1.0 0.9 1.2 4.3 0.9 09 0.9

Southern Ocean
Water

P 102 102 102 103 102 105 130 106 138 461 102 104 118
Fe 0.3* 0.4 1 7 0.5 2 21 90 893 8923 0.7 5 42
Zn 0.03* 0.4 4.0 39.9 0.3 2.2 22.0 0.9 9.2 91.6 0.1 0.4 3.3
Cu 0.6* 0.7 1.9 13.5 0.7 1.3 7.1 0.7 1.5 9.8 0.6 0.9 3.9
Mn 4 11 75 709 9 57 537 13 96 920 5 9 56
Ni 2.0 2.2 4.1 23.5 2.0 2.3 4.9 2.0 2.2 4.4 2.0 2.2 3.9
Cd 0.02* 0.03 0.07 0.54 0.02 0.03 0.09 0.05 0.36 3.42 0.02 0.02 0.05

Estimates assume that ash deposition interacts with the top 10 m of surface waters, using the measured background concentrations in water samples. �Southern Ocean measurements taken in
October 2000 by Michael Ellwood (NIWA). kBackground fresh water concentrations are the average composition (40 samples) of Fellsá, a river in eastern Iceland that drains an area with no
hydrothermal input (Gislason et al., 2004). Element fluxes into river water are assumed to be measured the fluxes into de-ionized water.
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solvent, suggesting a surface salt source. Mixing ratio esti-
mates suggest that Cu concentrations can be trebled by
large volumes of ash deposition (Table 4). Predicted speci-
ation of volcanogenic Cu using PHREEQC suggests that
initial concentrations of free Cu2+ can exceed 10�7 mol l�1

in fresh water, much higher than the toxicity threshold and
damaging to organisms in the immediate vicinity (Brand et
al., 1986). In ocean surface waters, toxicity thresholds de-
pend on the ligands present prior to deposition, the amount
of ligands released due to increases Cu stress, and the rate
of diffusion and mixing through the water column. Heavy
loading of volcanic ash in environments with low concen-
trations of organic ligands, such as open ocean surface
waters and fresh water, could exceed the toxicity threshold
of free Cu2+ and reduce biological activity (Brand et al.,
1986; Duggen et al., 2007).

An important consideration for the toxicity potential of
ash-leachates is changes to pH levels, increasing ecosystem
stress. Sustained acidity increases the availability of toxic
ions such as Cu2+ and Al3+. Complexation of Al by organic
acids is reduced in waters with low pH, allowing the bio-
available species AlFx

þ3�x to dominate. These dramatically
increase the toxicity of Al to fish and other organisms. Con-
centrations over around 5 � 10�6 mol l�1 appear to be toxic
to fish (Gensemer and Playle, 1999). PHREEQC predicts
that free Al3+ in the reacted seawater samples reaches a
maximum of 3.5 and 7 � 10�6 mol l�1 in the Galeras and
Montserrat experiments, respectively, while mixing with
Hekla ash only predicts initial speciation to reach
1.6 � 10�8 mol l�1 due to excess F allowing AlF3 to domi-
nate. Systems likely to be adversely affected by pH change
are those with a low turnover rate and low buffering capac-
ity. Terrestrial environments such as ponds, lakes, and soils
would be affected by Al toxicity (Frogner-Kockum et al.,
2006). The high buffering capacity of seawater will make
the poisoning of ocean surface waters much more transient
and less severe than in terrestrial environments, though
mixing calculations suggest that moderate (5 kg m�2,
�2 mm thick) ashfall from an eruption like Hekla could
easily create transient pH < 6 conditions in upper ocean
surface waters.

Decreases in marine pH have been shown to have a large
impact on organisms dependent on calcium carbonate for
shell or skeleton formation (Feely et al., 2004; Orr et al.,
2005; Ridgwell et al., 2007; Riebesell et al., 2000; Royal
Society, 2005). The majority of biogenic carbonate precipi-
tation is carried out by microorganisms (Milliman, 1993),
suggesting that a decline of calcifying organisms could have
large implications for the carbon cycle, as well as food web
structure and health. Significant decreases to ocean pH low-
ers carbonate ion concentrations, thereby altering CaCO3

saturation (Orr et al., 2005). The CaCO3 polymorphs ara-
gonite and calcite are the dominant forms used for shell
building. Both polymorphs are currently stable in today’s
surface waters as conditions are supersaturated. However,
decreasing pH reduces availability of CO3

2�, leading to pos-
sible undersaturation. Aragonite is the least stable, reaching
saturation at pH 7.8 (Orr et al., 2005). In undersaturated
conditions, calcifying organisms show reduced calcification
rates, malformation, and enhanced dissolution of shells in
both temperate and tropical waters (Gattuso et al., 1998;
Langdon et al., 2000; Riebesell et al., 2000).

The large pH decreases observed in seawater experi-
ments (Fig. 5) suggest that surface water conditions
post-eruption could approach undersaturation for both
aragonite and calcite, depending on the extent of diffusion
and mixing. Analysis of saturation states, using the PHRE-
EQC program, predicts that aragonite and calcite become
undersaturated for Hekla, Montserrat, and Galeras ash
samples at the 60 ml l�1 flow rate. Total free CO3

2� is clo-
sely linked to pH and is initially reduced to nanomolar con-
centrations after initial contact with Hekla ash, causing
undersaturation of both CaCO3 polymorphs. This effect
will be temporary as diffusion and mixing will initiate the
change of HCO3

� to CO3
2� to compensate for CO3

2� re-
moval. While the ratio of ash to water in these experiments
exaggerates the scale of change, rapid deposition of volatile
bearing tephra could cause temporary undersaturation of
CaCO3. This would increase ecosystem stress for calcifying
organisms. Deposition of ash-leachates into colder waters
increases the likelihood of undersaturation as average
CO3

2� concentrations are generally lower due to tempera-
ture and upwelling differences (Orr et al., 2005).

Evidence of poisoning in oceanic surface waters has re-
cently been observed within marine sediment cores from
the Caribbean Sea around Montserrat (Palmer, 2007). With-
in the cores collected a layer, up to 5 mm thick and comprised
solely of pteropod shells, was found by M.B. Hart and J.K.
Fisher at the base of a recent ashfall deposit. This ash fall, lo-
cated to the west–northwest of the island, and sampled in
cores situated 10–20 km from the coast of Montserrat,
formed from recent fall out of ash from the volcano. The
close inter-correlation between the pteropod layer and the
overlying ash deposit suggest the fate of these gastropods
was related to the ash deposition. Similar pteropod layers
were not found associated with the more common submarine
flow deposits around the island (Trofimovs et al., 2007),
though this may be due to the destruction of shells during
emplacement. It is not clear how the pteropods died en masse,
though it is possible that ash-leachate release in upper surface
waters lead to toxic and/or acidic conditions that immedi-
ately killed the pteropods. Alternatively, when disturbed
many pteropods withdraw into their shells and sink through
the water column. Continued ash fall would result in them
sinking into deeper water than they normally occupy in life,
with fatal results (Lalli and Gilmer, 1989). Pteropod shells
are made of aragonite, so transient acidification would have
etched the shells. However, using this as a test for proof of
surface water acidification may be complicated by subse-
quent etching caused as the tests settle through the water col-
umn and by subsequent diagenesis on the sea floor, beneath
the ash layer.

Uncertainties associated with the biological response to
ash-leachate release and the interaction with the N and C
cycles mean that predictions of an enhanced carbon rain
ratio through volcanic nutrient addition are speculative.
Diminished CO3

2� availability hampers calcification rates,
which is the main ballast for organic carbon (Klaas and
Archer, 2002). A reduction of CO3

2� would hinder, or
possibly even inhibit, sedimentation of deceased organisms



3678 M.T. Jones, S.R. Gislason / Geochimica et Cosmochimica Acta 72 (2008) 3661–3680
out of surface waters. Alternative ballast in the form of
ash particles could allow CO2 transport to depth, but
these processes have not been investigated. Further work
needs to consider these processes when assessing the im-
pact of volcanic ash deposition on oceanic and atmo-
spheric CO2 levels.

6. CONCLUSIONS

Volcanic ash from a variety of volcanoes release high
concentrations of volatiles, nutrients, and metals in both
de-ionized and ocean surface waters. Certain element
fluxes, especially P and Al, are elevated in DI water.
However, most elements show comparable release with
varying solvent. Unhydrated tephra with high F concen-
trations, such as Hekla ash, cause 1–2 order of magni-
tude increases in fluxes of important nutrients including
Si, P, and Fe. The likely source for these elevated fluxes
is leaching of host particles by F, though this process oc-
curs before contact with water. In the absence of high F
concentrations and for most other nutrients, the govern-
ing contributor to element release is adsorbed surface me-
tal salts and aerosols.

Deposition and subsequent dissolution of ash-leachates
in surface waters have the potential to cause biogeochemi-
cal changes. Findings from this study compliment previous
deductions concerning the fertilization potential of volcanic
ash in surface waters (Duggen et al., 2007; Frogner et al.,
2001). We evaluate the variation in ash-leachate toxicity
with water chemistry, showing that transient drops in pH
can occur in all solvents given sufficient magnitudes of
ash deposition. Surface water acidification and/or the re-
lease of toxic elements may hinder any increases in primary
productivity and the rain of organic carbon to depth, offset-
ting the predicted impact of volcanogenic fertilization on
atmospheric CO2 levels. The relative impacts on biodiver-
sity from ash-leachate release depend on the season of erup-
tion, latitude, eruption volume and intensity, ash-leachate
speciation, and surface water chemistry. If certain organ-
isms are prone to rapid fluxes of metal salts from tephra,
such as the pteropods found west of Montserrat, then a
shift within the ecosystem to more robust organisms is ex-
pected. In the absence of a toxicity threshold being brea-
ched, ash-leachate deposition should instigate an increase
in primary productivity, limited by the least available mac-
ronutrient. These processes are still too poorly understood
to make definite predictions about the fate of calcifying
organisms and the potential sequestration of atmospheric
CO2.
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