Chemical Geology 190 (2002) 181 – 205
www.elsevier.com/locate/chemgeo

Effects of volcanic eruptions on the CO2 content of the
atmosphere and the oceans: the 1996 eruption and flood
within the Vatnajökull Glacier, Iceland
S.R. Gı́slason a,*, Á. Snorrason b, H.K. Kristmannsdóttir b, Á.E. Sveinbjörnsdóttir a,
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Abstract
The October 1996 eruption within the Vatnajökull Glacier, Iceland, provides a unique opportunity to study the net effect of
volcanic eruptions on atmospheric and oceanic CO2. Volatile elements dissolved in the meltwater that enclosed the eruption site
were eventually discharged into the ocean in a dramatic flood 35 days after the beginning of the eruption, enabling measurement
of 50 dissolved element fluxes. The minimum concentration of exsolved CO2 in the 1  1012 kg of erupted magma was 516 mg/
kg, S was 98 mg/kg, Cl was 14 mg/kg, and F was 2 mg/kg. The pH of the meltwater at the eruption site ranged from about 3 to
8. Volatile and dissolved element release to the meltwater in less than 35 days amounted to more than one million tonnes, equal
to 0.1% of the mass of erupted magma. The total dissolved solid concentration in the floodwater was close to 500 mg/kg, pH
ranged from 6.88 to 7.95, and suspended solid concentration ranged from 1% to 10%. According to H, O, C and S isotopes,
most of the water was meteoric whereas the C and S were of magmatic origin. Both C and S went through isotopic fractionation
due to precipitation at the eruption site, creating ‘‘short cuts’’ in their global cycles. The dissolved fluxes of C, Ca, Na, Si, S and
Mg were greatest ranging from 1.4  1010 to 1.4  109 mol. The dissolved C flux equaled 0.6 million tonnes of CO2. The heavy
metals Ni, Mn, Cu, Pb and Zn were relatively mobile during condensation and water – rock interactions at the eruption site.
About half of the measured total carbon flood flux from the 1996 Vatnajökull eruption will be added to the long-term CO2
budget of the oceans and the atmosphere. The other half will eventually precipitate with the Ca and Mg released. Thus, for
eruptions on the ocean floor, one can expect a net long-term C release to the ocean of less than half that of the exsolved gas.
This is a considerably higher net C release than suggested for the oceanic crust by Staudigel et al. [Geochim. Cosmochim. Acta,
53 (1989) 3091]. In fact, they suggested a net loss of C. Therefore, magma degassed at the ocean floor contributes more C to the
oceans and the atmosphere than magma degassed deep in the oceanic crust. The results of this study show that subglacial
eruptions affecting the surface layer of the ocean where either Mn, Fe, Si or Cu are rate-determining for the growth of oceanic
biomass have a potential for a transient net CO2 removal from the ocean and the atmosphere. For eruptions at high latitudes,
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timing is crucial for the effect of oceanic biota. Eruptions occurring in the wintertime when light is rate-determining for the
growth of biota have much less potential for bringing about a transient net negative CO2 flux from the ocean atmosphere
reservoir.
D 2002 Elsevier Science B.V. All rights reserved.
Keywords: Volcanic eruptions; Atmospheric CO2; Oceanic CO2; Magmatic CO2; Volatile elements; Fluxes of dissolved elements; Relative
mobility; Flood; Vatnajökull Glacier

1. Introduction
All water and carbon dioxide on the surface of the
Earth originate from rocks (Kasting, 1993). A dramatic manifestation of the rock origin is billowing
eruption clouds during volcanic eruptions. Questions
nevertheless remain. Do all eruptions add to the water
and carbon dioxide content of the atmosphere? Can
volcanic eruptions cause a brief decrease in atmospheric carbon dioxide?
The atmospheric CO2 concentration has continuously increased, with two exceptions, since the beginning of atmospheric CO2 monitoring in Hawaii in
1958 (Keeling and Whorf, 1998). The maximum
annual CO2 concentration was nearly constant for
three consecutive years in 1963 – 1965 and then again
in 1991– 1993, coinciding with the two biggest aerosol-producing volcanic eruptions of this century,
Agung, Java and Pinatubo, Philippines. Since volcanic CO2 emission was enormous during these
events, there must have been some side effect on the
global CO2 cycle, which caused an enhanced transient
fixation of atmospheric CO2. Sarmiento (1993) has
suggested a biological CO2 fixation caused by metal
fertilisation of the ocean surface layer as one of
several plausible causes for the augmented removal
of CO2 from the atmosphere following the Pinatubo
eruption. Volcanic glass from the volcanic eruption in
Mt. Pinatubo spread over the Pacific and dissolved in
the ocean, releasing metals that enhance biological
CO2 fixation. Planktonic growth rates are determined
not only by nutrients, CO2, light and temperature, but
also by the level of a number of metabolically
important metals such as Fe, Mn, Zn, Mo and Cu
(de Baar et al., 1995; Cooper et al., 1996). Ironseeding experiments in the equatorial Pacific and
Southern Pacific Ocean have shown that nanomolar
concentrations of iron triggered phytoplankton
blooms, resulting in a large CO 2 concentration

decrease at the ocean surface (Martin et al., 1994;
Cooper et al., 1996; Boyd et al., 2000). Furthermore,
Frogner et al. (2001) showed that there is a near
instantaneous release of nutrients and metals such as
iron from pristine volcanic ash as it passes through
ocean surface waters.
During aerial volcanic eruptions, gas, volcanic ash,
volatile nutrients and soluble metallic salts are dispersed into the atmosphere and stratosphere where
their fluxes are hard to determine. However, during
the 1996 eruption within the Vatnajökull Glacier,
Iceland, conditions were such that these fluxes could
be measured accurately. Furthermore, the primary
geochemical fluxes to the oceans are riverine, atmospheric and hydrothermal fluxes (Chester, 2000). The
hydrothermal fluxes are: (1) those involving high and
low temperatures at the centers of sea-floor spreading
and on the ridge flanks; (2) those associated with lowtemperature weathering of basalt; (3) those involved
with the extrusion of hot lava directly onto the sea bed
(Chester, 2000). There has been much research aimed
at the first two of these fluxes (i.e., Von Damm et al.,
1985; Staudigel et al., 1989; Brady and Gı́slason,
1997), but measurements of fluxes associated with
extrusions of hot lava directly on the sea bed are
nonexistent (Bonatti, 1965; Chester, 2000). The fluxes
associated with the 1996 eruption within the Vatnajökull Glacier, under 500 to 750 m of ice, are a good
analogue for these fluxes.
The objectives of this study are to define the
dissolved flood fluxes, to calculate the minimum
concentration of volatiles in the erupting magma, to
determine the relative mobility of the dissolved elements during condensation, quensing and water rock
interactions, to calculate the potential effect of dissolved flood fluxes on the biological fixation of
atmospheric and oceanic CO2, and finally to define
the net long-term CO2 flux to the ocean and the
atmosphere.
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2. The 1996 eruption
The subglacial eruption started on September 30 at
about 22:00 GMT within the Vatnajökull Glacier
(Einarsson et al., 1997). The Vatnajökull is a temperate glacier, which means that all but a 15-m thick
surface layer is at the melting point of water during
the winter. It is the largest ice cap in the world outside
the Arctic and Antarctic (Fig. 1). The eruption lasted
for 13 days, with 3 km3 of ice being melted at the
eruption site. The erupted basaltic – andesite magma
fragmented into glass, forming a hyaloclastite ridge
6 –7 km long and 200 – 300 m high under 500– 750 m
of ice (Gudmundsson et al., 1997; Einarsson et al.,
1997; Steinthórsson et al., 2000; Sigmarsson et al.,
2000). At one location, the eruption melted its way
through the ice cover. Aerial dispersed volcanic glass
amounted to 1 – 2% of the total volume erupted
(Gudmundsson et al., 1997). Meltwater, at an average
temperature of at least 15– 20 jC, flowed continuously for a period of 5 weeks along a narrow channel
in the glacier bed from the eruption site into the
Grı́msvötn subglacial lake (Fig. 1). At the beginning
of the eruption, about 0.2 km3 of meltwater were
stored in Lake Grimsvötn under a 270-m thick ice

183

cover (Snorrason et al., 1997; Stefánsdóttir, 1999;
Björnsson, 1997, 1998; Björnsson and Kristmannsdóttir, 1982; Ágústsdóttir and Brantley, 1994; Kristmannsdóttir et al., 1999). This lake was subsequently
drained in a sudden flood on November 5 and 6. The
total volume of floodwater was 3.4 km3 (Snorrason et
al., 1997).

3. Methods
3.1. Sampling of snow and volcanic ash (tephra)
A fraction of 1– 2% of the erupted basaltic –andesite glass (volcanic ash) was forced through the meltwater at the eruption site within the glacier and
aerially dispersed (Gudmundsson et al., 1997). The
volcanic ash, embedded in snow, was sampled close
to the eruption site in March 1997 to study how well
the glass had been ‘‘washed’’ in the meltwater at the
eruption site. The meltwater from the ash layer and
from the snow below the ash layer were then compared with: (1) the composition of the winter precipitation after the eruption at the same sampling spot;
(2) the winter precipitation on the Langjökull Glacier

Fig. 1. Map of Iceland showing the location of the Langjökull and Vatnajökull Glaciers. The map of the Vatnajökull Glacier shows the eruption
site, the subglacial lake Grı́msvötn, and the path of the flood at the base of the glacier.
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150 km west of the Vatnajökull Glacier; and (3) the
composition of the glass (Steinthórsson et al., 2000;
Sigmarsson et al., 2000).
A trench, 3 –4 m deep, was dug through the 1996 –
1997 winter precipitation. About 10 cm of the trench
wall was scraped away with an acid (HCl) and a
deionized water-washed PC (polycarbon) plate to
produce an uncontaminated vertical working surface.
A 90 cm PC corer, which had been previously washed
with acid and deionised water, was then pushed five
times into the snow pack to ‘‘clean’’ it before the
winter precipitation was sampled. The PC plate was
again plunged five times into untouched snow to
‘‘clean’’ it, and then inserted horizontally into the
scraped surface at a depth suitable for the corer. The
PC corer was then pushed/rotated vertically down into
the snow layer, about 5 cm behind the clean surface
until it hit the plate. The corer was then pulled
towards the trench, while keeping it in contact with
the plate. The snow core was emptied into a polyethylene (PE) bag. This procedure was then repeated
until all of the snow layer had been sampled. The
snow from the Vatnajökull Glacier in contact with the
ash from the October 1996 subglacial eruption was
carved out from the wall close to the bottom of the
trench by the PC plate. The concentration of ash in
the snow was 5.77g/kg.
The samples were kept frozen as they were transported to the laboratory, where they were kept deepfrozen until melted. The samples were melted in the
sampling bags, then filtered through a 0.2 Am pore
size cellulose acetate filter into (PE) bottles. The filter
holder was 142 mm in diameter (Sartorius) and the
contact area was made of teflon. The filter holder,
tubing and filter were cleaned with 1 l of sample
previous to sampling. Sampling bottles were cleaned
twice with the filtrated sample, and the 100 ml high
density (PE) sample bottle used for inductively
coupled plasma sector mass spectrometry (ICPSMS), inductively coupled plasma atomic emission
spectrometry (ICP-AES) and atomic fluorescence
spectrometry (AFS) measurements was acid-cleaned.
Conductivity and pH at a specific temperature were
then measured, samples for nutrient analyses placed in
a deep freezer at  18 jC, and samples for ICP-SMS,
ICP-AES and Atomic Fluorescense measurements
acidified by suprapure nitric acid, 1 ml to 100 ml
sample, whereas samples for anion analyses were

simply filtrated into a low density (PE) bottle.
Nutrient concentration was measured by colourimetry
with an auto-analyser, and anions other than carbon
anions by high-pressure liquid chromatography (DIONEX). All other dissolved constituents (Table 1) were
analysed by a combination of ICP-AES, ICP-SMS
and AFS, as described later under Analytical methods.
3.2. Sampling of river and flood waters
Before the flood and during the first minutes of the
flood, samples were collected from the bridge from
the main channel of the Skeidará River (Fig. 1). The
floodwater samples 96-S059 to 96-S065 were taken
from a dike on the east bank of the river about 5 km
upstream from the bridge. Samples 96-S067 and 96S069 at the end of the flood were taken from the Gı́gja
River 10 – 15 km west of the Skeidará. All the sample
spots were 5 – 15 km from where the water emerged
from under the glacier. The water velocity at the very
beginning of the flood was around 2.5 m/s (Snorrason
et al., 1997). Thus, it took the water from about 30 to
100 min to flow from the glacier edge to the sampling
spots.
The samples were collected in a plastic bucket and
poured into a 20 l plastic container. The container was
filled completely before being closed. Because there
was a lot of ice sludge in the floodwater from the
channel formation within the glacier, the water was
filtrated through a plastic sieve, mounted in a plastic
funnel, into the 20 l container. The pore size was 5
mm. The water flowed through the sieve and the
funnel without any retention. All this equipment was
rinsed several times with the water to be sampled.
Samples for volatile measurements and conductivity
were poured through the funnel into two l.5 l amber
glass bottles and one 275 ml amber glass bottle. And
finally the temperature of the water was measured by
a thermistor ( F 0.1 jC).
Filtration of the samples was started less than 15
min after sampling. The concentration of suspended
matter was enormous in the beginning of the flood,
more than 100 g/l, or more than 10%, but decreased to
10 –60 g/l for the remainder of the flood (Snorrason et
al., 1997). The water samples were filtrated through
0.2 Am Millipore membranes (cellulose acetate) with a
peristaltic pump, silicone tubing and a 140 mm polypropylene filter holder into low and high density (PE)

18.660
0.252
7.394
< 0.104
0.0583

Dissolved inorganic carbon calculated at the pH and temperature of the samples, assuming equilibrium with atmosphere of 10 3.5 bar pressure of CO2.

Assuming sulphur to be oxidized to SO24 . Negative charge balance is caused by excess negative charge.
c

The temperature at which the pH and conductivity measurements were done.
a

97-S026 14-Mar-97 64j35V746 –
20j20V685
97-S027 21-Mar-97 64j35V000 –
17j20V000
97-S025 21-Mar-97 64j35V000 –
17j20V000

b

16.838
1.74
2.6131
0.1059
1.442
< 0.5
0.01952
0.2489
 24.3

0.29852 1.7976

4.680
0.224
3.680
< 0.104
0.0050
0.998
1.56
0.0848
0.0267
0.141
< 0.4
0.00592
0.0072
4.5

0.00070 0.0324

4.436
0.433
4.259
< 0.104
0.0050
0.979
1.43
0.0848
0.0463
0.245
< 0.3
0.02705
0.00306 0.0537
0.0143
 2.3

Mn
Al
Sr
As
Ba
Cd
Co
Cr
Cu
Hg
Mo
Ni
Pb
Zn
(Amol/kg) (Amol/kg) (Amol/kg) (nmol/kg) (nmol/kg) (nmol/kg) (nmol/kg) (nmol/kg) (nmol/kg) (nmol/kg) (nmol/kg) (nmol/kg) (nmol/kg) (nmol/kg)
Fe
Charge
balance (%)c (Amol/kg)

4.58
< 1.2
1.28
0.01605
0.00370
0.00823
< 0.001
< 0.002
< 0.003
0.1466
0.0318
0.0583
0.00337
0.00250
0.01574
< 0.040
0.071
0.040
1.11
1.86
0.56
< 0.005
0.0050
< 0.005
1.09
0.54
0.39
< 1.05
< 1.05
6.58
0.0133
0.0130
0.0126
0.0110
0.0033
0.0805
0.1757
0.0344
0.0144
12.5
3.7
11.6
21.1
20.3
21.8
26
6.7
12.8
5.4
5.12
5.23
97-S026 14-Mar-97 Langjökull
97-S027 21-Mar-97 Vatnajökull
97-S025 21-Mar-97 Vatnajökull
volcanic ash

F
NH4
P
NO3
NO2
Ca
Na
Si
Mg
K
(Amol/kg) (Amol/kg) (Amol/kg) (Amol/kg) (Amol/kg) (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg) (Amol/kg)
Cl
S
DICb
(mmol/kg) (mmol/kg) (mmol)
TDS
Conductivity Ta (jC/pH,
conductivity) (mg/kg)
(AS/cm)
Location
pH
(GPS location)
Date
Sample

Table 1
Composition of the 1996 – 1997 winter precipitation on Langjökull and Vatnajökull Glaciers, Iceland (Fig. 1), and the composition of snow in contact with the 1996 volcanic ash from the October 1996 eruption within the Vatnajökull glacier

S.R. Gı́slason et al. / Chemical Geology 190 (2002) 181–205

185

bottles and glass bottles. One liter of sample water
was pumped through the filtration unit before the
samples were collected and all the air in the unit
expelled through an air valve.
Samples for dissolved oxygen determination were
filtered from the 1.5 l amber glass sampling bottle and
the oxygen fixed before titration using the Winkler
method. Then, the sample for H2S measurement was
filtrated and measured immediately by titration. After
that, samples were filtered into three 275 ml amber
glass bottles, with specially designed taps to prevent
air bubbles in the bottles. These samples were later
used for pH, alkalinity and conductivity measurements. Conductivity was also measured at the same
temperature in nonfiltrated 275 ml samples. The
difference between the two was not significant.
A 1.5 l sample for the determination of carbon
isotopes was filtrated from the lower half of the 20 l
plastic container into an amber glass bottle. Five drops
of concentrated HgCl2 solution were later added to the
sample. A second sample of 60 ml for 18O and
deuterium measurements was filtrated into an amber
glass bottle. The remaining samples were filtrated
from just under the surface of the water in the 20 l
container where there was less concentration of suspended matter, first into a half-liter glass bottle for Hg
measurements. To this sample, 10 ml of concentrated
HNO3 acid and 10 ml of permanganate solution were
added. Another sample to measure trace elements and
S isotopes was acidified with 2 ml of suprapureR
concentrated HNO3 acid in a 1 l high-density (PE)
bottle. Finally, four samples were taken in 190 ml low
density (PE) bottles; one intended for major and trace
element measurements, acidified with 1 ml suprapureR concentrated nitric acid; a second untreated,
for anion measurements; a third for nutrient measurements; and the fourth 190 ml bottle was acidified with
0.4 ml concentrated H 2 SO 4 for total dissolved
nutrients. To prevent any organic growth or decay,
samples for the determination of nutrients were refrigerated (  18 jC) within hours after collection and
kept frozen until analysed. Sampling, sample filtration, treatment and titration of O2 and H2S took about
2– 3 h. Two to three filters were needed for each
sample.
Before the flood, alkalinity and pH were determined within hours of sampling. The alkalinity and
pH of the floodwaters were measured 1 – 5 days after
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Table 2
Information on water samples taken in the rivers Skeidará (S, Fig. 1) and Gı́gja (G) before and during the flood (shaded samples)

Numbers in italics are calculated as described in the text.
a
Flood discharges are integrated discharge of all the river channels.
b

T (jC), the temperature at which the pH and conductivity measurements were done.

c

TDS, total dissolved solids calculated from the chemical analyses of the elements Ca, Na, Si, Mg, K, Fe, Al, Mn, Sr, DIC, Cl, S and F. DIC
is expressed as mg CO3, Si as SiO2 and S as SO4 in the TDS calculations.
d

DIC, total dissolved inorganic carbon calculated from alkalinity, pH, the temperature of the pH measurement (T (jC)/pH) and the total
dissolved Si.

sampling with a Metrohm titrator and an Orion pH
Triodek electrode, respectively. Fluorine was determined in filtered but otherwise untreated samples by a
sensitive electrode.
3.3. Analytical methods
Most of the nonvolatile dissolved major elements
were measured in three laboratories: Science Institute,
University of Iceland (SI); The National Energy
Authority, Iceland (NEAU); and SGAB Luleå, Sweden. Elements of intermediate concentrations, Fe, Mn,
Al and Sr, were measured at the Science Institute,
University of Iceland, SGAB Luleå, Sweden, and
CNRS, University Paul Sabatier, Toulouse, France.
A few trace elements were measured at SGAB,
NEAU and CNRS, but REE, Rb, Th and U were only
measured at CNRS in Toulouse. The measurements of
SGAB, SI and NEAU were all carried out on water

from the same 190 ml acidified sample but the one
done by CNRS was from the sample that was filtrated
into a 1 l high-density polyethylene bottle.
The analytical results, based on replicated analyses
of the water samples in the various laboratories, were
with few exceptions within 10%. The floodwaters had
two sulphur species peaks in their ion chromatograph
spectra. This might have been due to the presence of
two sulphur species, SO42  and S2O22  All the samples were oxidized with peroxide and run again, with
the result that only one peak, an SO42  peak, was
observed in the resulting spectra. These total S measurements using the ion chromatograph and ICP at SI
and SGAB were within 10% of each other. The highresolution ICP-MS measurements of total dissolved P
done by SGAB were considerably higher than the one
for dissolved PO4 using colourometry at SI. The
concentration of Fe was high in the samples (Table
2) and Fe precipitated as the nonacidified samples
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froze and did not redissolve upon melting. Phosphorus
was probably adsorbed onto the surface of the iron
hydroxides. Thus, the total dissolved P ICP-MS
measurements are shown in Table 2. It is not likely
that the difference stems from organic dissolved P as it
is low in the rivers discharging the Icelandic glaciers
(Gı́slason et al., 2000). The Cu concentration measured by SGAB was about 20% higher than the one
measured by CNRS. Finally, SGAB numbers for the
Zn concentrations in the floodwaters was between
100% and 300% higher than those measured by
NEAU and CNRS.
To preserve internal consistency, all the measurements from SGAB are shown in Tables 1 –3, and the
concentrations of Cu and Zn, measured by CNRS, are
also shown in Table 4. These data include all the
concentration data in Table 1, excluding the concentrations of Cl, DIC, F, NH4, NO3 and NO2, the
concentrations of S, B and P in Table 2, and all the
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data in Table 3. The concentrations of dissolved
nutrients (NO3, NO2, NH4 and PO4) were determined
at SI colourimetrically with an Alpkem autoanalyser.
The measurements performed at the National Energy
Authority for Cl, F and SO4 were done with a
Dionex-High Pressure Liquid Chromatograph. The
analytical work done at the SGAB Laboratory in
Luleå, Sweden was performed by a combination of
inductively coupled plasma atomic emission spectrometry (ICP-AES), inductively coupled plasma sector mass spectrometry (ICP-SMS), sometimes referred to as high-resolution ICP-MS, and atomic
fluorescence spectrometry (AFS). The major elements (Ca, K, M, etc.) were determined by ICPAES together with minor and trace elements present
in relatively high concentrations, while trace elements in low concentrations were determined by
ICP-SMS. AFS was used specifically for mercury.
The choice of which ICP technique to use for which
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Table 3
Concentration of dissolved constituents in water samples taken in the River Skeidará (Fig. 1) before and during the period (shaded samples)

element in a specific sample depended on the concentration of the elements. The CNRS analyses were
realized by ICP-MS (Perking Elmer Elan 5000 and
6000). The validity of the results was checked using
In as an internal standard and the SLRS-3 international geostandard (National Research Council of
Canada) as reference sample. Data for REE were
corrected for oxide and hydroxide interferences according to Aries et al. (2000).
The stable isotope analyses for oxygen, hydrogen
and carbon were performed on a Finnegan MAT 251
mass spectrometer. The results are defined in the
conventional d-notation in x, relative to the standards VSMOW for oxygen and hydrogen and VPDB
for carbon. The accuracy of the measurements was
better than 0.05x, 0.7xand 0.1xfor oxygen,
hydrogen and carbon, respectively. Oxygen was
extracted from the water samples following the
Epstein and Mayeda (1953) method. For the hydrogen
isotope analyses, the H2 – water equilibration method
using a Pt catalyst was applied (Horita, 1988). The
sample preparation for carbon isotopes was done in
accordance with McNichol et al. (1994), i.e., the water
samples were acidified in a vacuum system and CO2
extracted directly by nitrogen flow through the water

sample. The collected CO2 was then partly used for
d13C measurements and partly converted to graphite
for AMS 14C measurements (Sveinbjörnsdóttir et al.,
1998). 14C results were normalised to a d13C value
of  25xPDB and expressed in conventional radiocarbon years BP.
Dissolved sulphate from the filtrated and NH3
acidified 1 l bottle was converted to BaSO4 for
sulphur isotopic analyses (e.g. Mörth and Torssander,
1993). The BaSO4 was mixed with an equal amount
of V2O5 and reacted in an online EA converting the
BaSO4 to SO2(g), which was then analysed in a CFSIRMS (Finnigan Delta+). The sulphur isotope composition was defined as a deviation in per mil of the
ratio 34S/32S between a sample and a standard,
expressed in the conventional d34S notation relative
to Cañon Diablo Troilite (CDT). The accuracy of the
measurements based on standard measurements was
better than F 0.2x for all samples.
3.4. Discharge measurements and dissolved flux
calculations
The river discharge before the flood was assessed
by measuring water velocities and cross sections of
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the river channels. The flood discharge (Table 2, Fig.
2) is a summation of the hydrographs estimated for
each of the three main flood channels (Fig. 1). They,
in turn, were based on expert estimates of the flow
rate at several instances during the flood, which were
then interpolated with a simple model that assumes
exponential growth and decay of the hydrograph. The
volume compared quite well with the estimated volume of the Grı́msvötn reservoir at the time of the
flood (Figs. 1 and 2; Snorrason et al., 1997; Björnsson, 1997).
The fluxes of dissolved elements in the flood
were calculated by combining discharge and concentration measurements to calculate the flux at the
time of sampling. The total fluxes of individual
elements were then calculated by numerical integration over the duration of the flood using the trapezoidal
rule.
3.5. Saturation state calculations
Speciation and saturation state calculations were
done by the WATCH (Arnórsson et al., 1982, version
2.1A Bjarnason, 1994) and PHREEQC programmes
(Parkhurst and Appelo, 1999). The calculations were
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performed at the actual temperature of the floodwaters
and also from 0 to 100 jC assuming conservation of
mass.

4. Results
The results for the snow samples from the Langjökull and Vatnajökull glaciers are shown in Table 1.
The results of selected measurements before the flood
and from all flood samples are shown in Tables 2 –5.
Results of discharge and chemical monitoring of
selected constituents before during and after the flood
are shown in Figs. 2– 7. The field measurements and
the concentrations of volatile species, anions and
macronutrients in the river and floodwaters are shown
in Table 2.
The charge balance for the 1996 – 1997 winter
precipitation on the Langjökull Glacier (Fig. 1) was
 2%, whereas it was + 5% for the same winter
precipitation at the eruption site in the Vatnajökull
Glacier and it was  24% for the snow in contact with
the volcanic ash, assuming all the sulphur to be in the
form of SO42 . The calculated charge balance was
negative because of excess negative charges. The
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Table 4
Sample information and concentration of dissolved constituents in water samples taken in the River Skeidará (Fig. 1) before and during the
flood (shaded samples)

charge balance for the snow in contact with the
volcanic ash converged to zero when just 16% of
the total measured sulphur was in the form of a minus
two species such as SO42  and the rest a sulphur
species with one minus charge.
The average charge balance of river and floodwater
samples where alkalinity was measured was  3.6%
and  2.1% for floodwaters only. Excluding sample
96-S004 (  19%), all samples were well within 10%.
Alkalinity, Ca and Na were most important in the
charge balance calculations, with Mg and S also being
significant (Tables 2 and 3). Changing total S to a
singly negatively charged anion sulphur species
changes the charge balance on average to + 3.9 and
for the flood fluxes + 7.6. The charge balance of the
floodwaters converged to zero when 77% of the total
dissolved sulphur was defined as the SO42  species,
and 23% as a single minus charge species per S such
as the S2O22  species. The negative S charge needs to
be slightly higher in the first half of the flood than in
the second half for the charge balance to converge to
zero. Thus, the fraction of sulphur species with a
charge lower than minus 2 must have been greater at
the end of the flood. Furthermore, the oxidation of the
sulphur increased from 16% SO42  in the snow
sample to 77% as SO42  in the floodwaters.
Because of limited sample volume, no alkalinity
titration was carried out for samples 96-S057b and 96S058 (Table 2), that is, the last sample before the flood
and the first sample of the flood itself. The alkalinity
was calculated using the charge balance, assuming all
sulphur to have been in the form of SO42  before the

flood but 77% as SO42  at the very beginning of the
flood (Table 2).
4.1. The volcanic ash and snow on the Vatnajökull
Glacier
A fraction of 1 –2% of the erupted basaltic – andesite glass was forced through the meltwater at the
eruption site within the glacier and aerially dispersed
(Gudmundsson et al., 1997; Sigmarsson et al., 2000;
Steinthórsson et al., 2000). The surface of this glass
and other volcanic aerosols enclosed in the snow on
the glacier did not contain a significant amount of
acid-producing material since the snow in contact
with the ash, rapidly melted in the laboratory, had a
pH of 5.55 to 5.01. Similarly, the snow below the ash
on the glacier in the vicinity of the eruption site had a
pH of 5.63. However, the snow in contact with the
glass was enriched in some metals compared to the
composition of the 1996 –1997 winter precipitation on
the Vatnajökull Glacier close to the eruption site and
the Langjökull Glacier 150 km west of the eruption
site (Table 1, Fig. 5). The average enrichment ratios
relative to the winter precipitation on the Vatnajökull
and Langjökull glaciers were in decreasing sequence:
Mn (262), Al (44), Co (>31), Fe (26), Cu (17), S (16),
Hg (>12) Ba (8), Ca (5), Zn (4), Ni (2) and Mg, Na,
Cr, Pb (1). The concentrations of K, Si, As and Mo in
the snow were below the detection limits of the
respective analytical methods. There was no measured
enrichment of the nutrients NH4, NO3, NO2 and P in
the snow that was in contact with the ash. The
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sequence of volatile elements stemming from the
magmatic gases, S, HF and HCl (Fig. 5) ranged
according to their relative solubility in water. HCl,
the most soluble one, was quantitatively washed of the
ash before aerial dispersion. Despite the significant
enrichments, the actual concentrations in 1 kg of the
snow melted in the laboratory containing 5.8 g of
volcanic glass were low (Table 1): Mn (0.29 Amol/
kg), Al (1.7 Amol/kg), Co (2.6 nmol/kg), Fe (0.25
Amol/kg), Cu (16 nmol/kg), S (80 Amol/kg) and Hg
(0.058 nmol/kg). These metal concentrations and the
proton concentrations were close to three orders of
magnitude less than the ones in snow in contact with
volcanic ash from the 1970, 1991 and 2000 areal
eruptions of Mt. Hekla, Iceland (Óskarsson, 1980;
Gı́slason et al., 1992; Frogner et al., 2001). Thus, most
of the volatile metals must have condensed and
dissolved in the meltwater at the eruption site within
the Vatnajökull Glacier before aerial dispersion.
4.2. Conditions at the eruption site
The ice that melted at the eruption site and in the
flow path within the Vatnajökull Glacier was purified
snow. Water-soluble salts in the original snow, such as
the 1996– 1997 winter precipitation on the Vatnajökull
glacier (Table 1), mostly originating from marine
aerosols and global pollution, had been washed out
of the snow and ice during several periods of partial
melting during preceding decades and even centuries
(Gı́slason, 1991). The concentration of major dissolved solids in old ice sampled in 1991 at the edge
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of the glacier from where the flood emerged (Fig. 1)
was below the detection limit of the ICP-AES method
(Gı́slason, 1992). This ice at the glacier edge originated from within the glacier. The total dissolved
solids of these meltwaters were close to 1 mg/kg,
mostly dissolved inorganic carbon originating from
the atmosphere during melting. The CO2 concentration
of glacier ice is more than one order of magnitude less
than in rainwater in equilibrium with the atmosphere
(Stauffer and Berner, 1978). Refrozen surficial meltwater in glaciers falls between ordinary ice and rainwater CO 2 concentrations. Thus, the dissolved
constituents in the floodwater were primarily of magmatic and rock origin. Volatile gases and metals condensed and dissolved in this ‘‘purified meltwater,’’
resulting in corrosive water that interacted with the
erupted volcanic glass for less than 35 days before
discharging into the ocean. The water – rock interaction
resulted in consumption of protons from the magmatic
gases and simultaneous release of elements from the
glass (Gı́slason and Eugster, 1987; Oelkers, 2001;
Oelkers and Gı́slason, 2001; Gı́slason and Oelkers,
submitted for publication). According to the concentration of S, Cl and F in the floodwater, the average pH
of the water before interaction with the volcanic glass
could have been as low as 2.80. It was assumed that S,
Cl and F originated from gases forming acids upon
dissolution in water and also that there was complete
oxidation of 77% of the SO2 to SO42 . Heat and mass
balance calculations gave a minimum average temperature of 15– 20 jC for the water leaving the eruption
site (Gudmundsson et al., 1997).
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4.3. The flood
Monitoring of discharge, conductivity, temperature
and chemistry of the rivers downstream from the
Grı́msvötn subglacial lake (Figs. 1 – 3) days and
weeks after the beginning of the eruption showed no
clear long-term precursor of the flood. On October 25,
there was heavy rain on the glacier that was reflected
in the discharge (Fig. 2A) and the d18O of the river
water (Fig. 3D). The water became heavier since
much of it originated from the low altitude part of
the catchment (Figs. 1 and 3D). The discharge
increased, and the conductivity and concentration of
F and SO42  dropped simultaneously, reflecting the
dilution of the river water by the rain (Figs. 2 and 3).
On November 4, the sulphur concentration of the
Skeidará River increased (Fig. 3B) and later that day
at 21:30 GMT, the sudden appearance of a continuous
high-frequency seismic tremor indicated that the ice
barrier of the Grı́msvötn subglacial lake was being
lifted (Einarsson et al., 1997). The water rushed along
the 50 km flow path beneath the glacier towards the
glacier edge (Fig. 1). At 3:00 on November 5, the
conductivity and chemistry of the rivers at the glacier
edge changed significantly without any other sign of
the flood (Figs. 2 and 3; Tables 2 and 3). The floodwater finally emerged before 8:00 GMT, more than 10
h after leaving Grı́msvötn, and reached the ocean at
11:00 GMT (Fig. 1). The drop in elevation along the
flow path was 1300 m. The flood reached a peak
discharge of more than 50,000 m3/s on November 5 at
24:00 GMT, making it the second biggest river in the
world for a few hours (Fig. 2B). The flood lasted for 2
days, from 8:00 GMT November 5 until about 8 GMT
November 7 (Fig. 2B). The total volume of water
released from the glacier during these 2 days was 3.4
km3. About 3 km3 of the water were due to melting at
the eruption site, but 0.5 km3 resulted from melting
along the water’s entire flow path (Snorrason et al.,
1997; Gudmundsson et al., 1997). The mass balance
for the flux of dissolved constituents in the river water
Fig. 2. Measured discharge before and during the November 1996
flood. (A) Overview of the discharge before and during the flood.
The discharge of the Skeidará River (Fig. 1) was trivial compared to
the flood discharge. (B) Discharge of the Skeidará before the flood.
Note the change in scale on the vertical axes. (C) The flood
discharge as a sum of the three outlets (Fig. 1) and total volume of
floodwater.
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Table 5
Isotopes of O, H, C and S in the River Skeidará (Fig. 1) before and during the flood (shaded samples)

before the flood, masking use of the concentration of
dissolved constituents in the floodwaters, indicate
‘‘leakage’’ of tens to hundreds of liter per second
from the Grı́msvötn reservoir to the Skeidará River in
the days preceding the flood (Fig. 4). Six hours before
the ice barrier of the Grı́msvötn subglacial lake was
lifted, the calculated leakage was about 5 m3/s, a
trivial amount compared to the flood discharge (Figs.
1, 2 and 4).
4.4. The chemistry of the floodwaters
The average temperature of the water as it flooded
out of the Grı́msvötn subglacial lake (Fig. 1) was 8 jC,
according to heat and mass balance calculations
(Björnsson, 1997; Gudmundsson et al., 1997). The
temperature of the floodwater 10 km downstream from

the glacier edge (Fig. 1) was 0 jC during the first few
hours of the flood, while there was still ice sludge from
the channel formation in the water. Further along, the
temperature rose slightly to about 0.05 jC. The measured maximum dissolved oxygen in the water was less
than 50% of air saturation at just over 0 jC.
There was a trace of H2S in the water but no
distinct smell (Table 2). As described previously, most
of the sulphur was in the form of SO42  with perhaps
about 20% as S2O32 . The partial pressure of CO2 in
the water at 0 jC, calculated by the WATCH programme (Arnórsson et al., 1982) from pH measured at
room temperature and total chemical analyses (Tables
2 and 3), was higher than in the atmosphere. Thus,
once the water emerged from the base of the glacier,
there was a flux of CO2 and some H2S from the water
to the atmosphere, but a reverse flux of oxygen into
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4.5 mmol/kg), followed by S (1 mmol/kg), Cl (0.1
mmol/kg), F (40 Amol/kg) and B (4 Amol/kg) (Fig. 6;
Table 2). Dissolved carbon had the highest concentration in the beginning of the flood, but decreased
continuously towards the end. Conversely, the elements that form strong acids, S, Cl and F, increased in
concentration towards the end of the flood. This was
reflected in the pH of the waters, as it was highest at
the beginning of the flood, 7.95, but decreased to 6.88
(measured at 20 jC) towards the end, and rose to 7 at
the very end of the flood.
The concentrations of Ca, Mg, Sr, Ba, As and Hg
reached a peak concentration very early in the flood,
Mg at 9:25 GMT on November 5 and the others
between 13:15 and 16:40 GMT, after which the
concentrations declined towards the end of the flood
(Fig. 6D – F). The concentrations of Na and K, were
high at 13:15 GMT and remained high, or even
increased, throughout the flood (Fig. 6D). There was
a continuous rise in the concentrations of Si, Fe, Mn
and Co to the end of the flood, but at the very end the
concentrations decreased (Fig. 6D – F).
The fact that concentration varied for the various
elements during the flood shows that the Grı́msvötn
reservoir was not evenly mixed before the flood and
may in fact have been stratified.
There was not much increase in the concentrations
of REE, Mo, Th and Al in the floodwaters compared
to the river water before the flood, with perhaps the

Fig. 3. The conductivity, concentration of S and F, and d18Ox
before and during the flood.

the water. The oxygen concentration in Table 2 is
therefore a maximum concentration and conversely,
dissolved inorganic carbon (DIC) and H2S minimum
concentrations.
Of the anion-forming elements, the highest concentration was of dissolved inorganic carbon (DIC;

Fig. 4. Leakage from Lake Grı́msvötn days and hours before the
flood, calculated from the mass balance for S and Na in the Skeidará
River before the flood and concentrations of the same elements in
the floodwaters.
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Fig. 5. Enrichment ratio for selected elements in snow in contact with ash normalised to the 1996 – 1997 winter precipitation at the eruption site
on the Vatnajökull glacier (A) and the Langjökull Glacier (B; Fig. 1). The columns of the volatile elements, S, F and Cl are not filled.

exception of Yb (Tables 3 and 4). Conversely, the
concentrations of U, Rb, Fe, Mn, Co, Ni, Cu, Zn, Sr
(Cu and Zn as measured by CNRS, Table 4) increased
systematically in the floodwaters compared to samples
taken from the Skeidará River before the flood (Tables
3 and 4). There was a correlation between the concentration of Fe in the floodwaters and Ni, and
between Mn and Co. Similarly, there was a clear
correlation in the flood and river waters between Ca
and Mg, Ca and Sr but not Ca and Ba.
There was considerable scatter in the concentration
of other trace elements before and during the flood. It
is interesting that Al did not increase in concentration
in the floodwaters compared to the river waters before

the flood, since the average enrichment factor for Al
in the snow in contact with the ash at the eruption site
was 44 (Fig. 5) and the concentration of Al was high
in surface waters and experimental waters associated
with the eruptions of Mt. Hekla 1970, 1991 and 2000
(Óskarsson, 1981; Gı́slason et al., 1992; Frogner et al.,
2001). The water – rock interaction time, up to 35
days, was probably long enough for the precipitation
of Al-bearing phases.
According to speciation and saturation state calculations (PHREEQC and WATCH), all but one of the
floodwaters were undersaturated with respect to amorphous Al(OH)3. Sample 96-S067 at the end of the
flood was supersaturated. All the waters were super-
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Fig. 6. Concentration vs. time for selected dissolved constituents in the floodwater.

saturated with the less soluble Al-bearing phases
gibbsite, boehmite, kaolinite, halloysite, illite, laumantite, wairakite and smectites of variable composition at the 0 jC temperature of the floodwaters.
The first flood sample was saturated with respect to
CaCO3 at the temperature of the floodwater (0 jC).
The rest of the samples were undersaturated. The
temperature at which the samples were saturated with
respect to calcite was calculated assuming mass conservation. There was a continuous increase in the
saturation temperature during the first hours of the
flood. At 9.25, the sample was saturated at 12 jC, at
16.40 at 25 jC; the maximum calculated calcite

saturation temperature, 80 – 85 jC, was during the
latter half of the flood, and decreased down to about
70 jC at the very end.
The floodwaters were barely undersaturated with
respect to amorphous silica at the flood temperature (0
jC), and very close to saturation during the latter half
of the flood and one sample, 96-S067, at the end of
the flood was saturated. All the floodwaters were
undersaturated with respect to amorphous silica at
elevated temperatures. The floodwaters were saturated
with respect to other silica polymorphs such as
moganite and quartz as well as chalcedony at the 0
jC temperature of the floodwaters.
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Fig. 7. Isotopes of H, O and C before and during the flood. (A) The
dDx versus d18Ox of the river waters before the flood (Fig. 1)
and during the flood. The line represents the meteoric line for
Iceland (Sveinbjörnsdóttir et al., 1995). (B) The 14C apparent age of
the waters vs. the d13C concentration.

All of the floodwaters were supersaturated with
respect to amorphous Fe(OH)3 at the temperature and
measured dissolved oxygen of the waters. Simple
heating of the samples, assuming conservation of
mass, made the floodwaters undersaturated with
respect to amorphous Fe(OH)3 at 60– 75 jC, with
the exception of the first and last floodwater samples,
which reached saturation at 40 jC. All the water
samples were saturated with other less soluble iron
hydroxides at 0 jC. Siderite (FeCO3) was always
undersaturated at the measured O2 concentration, even
after heating to 100 jC.
The floodwaters were always supersaturated with
respect to nsutite (MnO2), manganite (MnOOH),

197

hausmannite (Mn 3 O 4 ), but undersaturated with
respect to rhodochrosite (MnCO3) at the 0 jC temperature of the waters. The waters become undersaturated with respect to nsutite (MnO 2 ) and
manganite (MnOOH) when heated to 55 – 75 jC.
Similar to calcite (CaCO3), rhodochrosite (MnCO3)
became saturated at relatively low temperature early
in the flood. The first flood sample, collected at 9.25
became saturated when heated up to about 25 jC, the
next at 45 jC, the one after that at 65 jC, and sample
96-S61, collected at 21.45 became saturated when
heated up to 75 jC, the temperature at which nsuite
and manganite became undersaturated. Rhodochrosite
(MnCO3) did not reach saturation upon heating of the
floodwaters up to 100 jC for the remainder of the
flood.
Fluorite (CaF2) was always undersaturated in the
floodwaters at the temperature of the waters and up
to 100 jC. The first half of the flood was supersaturated with respect to fluorapatite (Ca5(PO4)3F but
the second half was undersaturated. Hydroxyapatite
(Ca5(PO4)3OH) was undersaturated in all the samples
at 0 jC.
The various phases (hydroxides, carbonates, sulphates, etc.) of the trace elements As, Ba, Cd, Cu, Ni,
Pb and Zn, included in the PHREEQC database were
all undersaturated at 0 jC. However, considerable
amounts of dissolved species could be adsorbed to
the enormous surface area of the suspended matter in
the floodwaters. The suspended matter consisted
mainly of basaltic glass, its mass concentration in
the floodwaters was 1– 10% and the BET specific
surface area was up to 20 m2/g (Stefánsdóttir, 1999;
Stefánsdóttir et al., 1999; Stefánsdóttir and Gı́slason,
submitted for publication).
Of the primary minerals, the waters were supersaturated with respect to albite, magnetite and hematite, whereas most of the samples were undersaturated
with respect to anortite. Olivine and pyroxene were
always undersaturated in the floodwaters at 0 jC. The
saturation state with respect to glass was not evaluated, but it was probably undersaturated.
4.5. The isotopes of O, H, C and S before and during
the flood
The d18O and dD values of the rivers at the glacier
edge before the flood plot just below (about 1x) the
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meteoric water line defined for Iceland (Fig. 7A,
Sveinbjörnsdóttir et al., 1995). With the exception of
one sample, no distinction could be made between the
water before and during the flood, reflecting the fact
that most of the water originated from the melting of
the ice rather than being juvenile magmatic water.
The carbon and sulphur isotopes of the floodwaters
(Table 5 and Fig. 7) provided valuable information on
the source of these elements and the isotopes aided in
constraining the amount of degassing and precipitation of minerals and metals consuming sulphur and
carbon. The average d13C value of the floodwaters
was  1.80xcompared to the average of  4.27x
before the flood (Table 5 and Fig. 7B). The values
before the flood were similar to direct runoff rivers
and glacier fed rivers in Northwest Iceland (Sveinbjörnsdóttir et al., 1998, 2000). Both the 14C concentration and the d13C values changed at the beginning
of the flood in the rivers at the glacier edge. The high
14
C apparent age and high d13C values of the floodwaters reflected the volcanic carbon source. The
magma did not include the 14C isotope and therefore
diluted the 14C concentration of the water and in this
way yielded a high apparent 14C age and also a
relatively high d13C value.
During degassing of CO2 from magma, the gas
phase (CO2) is enriched compared to CO2 in the melt
by 4– 4.6xat 1200 jC (Javoy et al., 1978). MidOcean Ridge Basalts (MORB) and Ocean Island
Basalts (OIB) have been analysed (e.g., Sakai et al.,
1984) and generally suggest d13C values for CO2 in
the depleted mantle at around  5x
. Thus, a magmatic CO2 gas phase should be around  1xto
 0.4x
. Consequently, the mean d13C values for

HCO3 in the floodwaters,  1.8x, is in good agreement with the addition of a magmatic gas phase to the
pure ‘‘glacial water.’’
Precipitation of carbonates after the pH of the
water had evolved to 7, with an isotope fractionation
of slightly more than 2x
, could shift the d13C values
of the dissolved bicarbonate to more negative values.
However, precipitation of 1/3 of the total DIC would
have changed the remaining C in solution only by
 0.7x. According to speciation calculations, as
discussed earlier, all but the first of the floodwater
samples were undersaturated with respect to calcite at
the temperature of the floodwaters. These water samples reached saturation, at 12 –85 jC. The lower the

pH and the DIC concentration, the higher the saturation temperature. According to heat and mass calculations, the minimum average temperature of the
water as it flowed from the eruption site to Lake
Grı́msvötn was 15 – 20 jC (Gudmundsson et al.,
1997). Thus, it is possible that a significant amount
of calcite precipitated out of solution before the water
left the eruption site.
Degassing of CO2 on the flood plain, before the
water samples were taken (Fig. 1), would push the
d13C values of DIC up to heavier values since the C
isotope fractionation between HCO3 and CO2 is
around 10x(Mook et al., 1974; Hoefs, 1997).
Significant degassing in this case was not likely
because of the short and limited exposure to the
atmosphere at 0 jC and the fact that the d13C of the
floodwaters was not heavy.
The d34S values of the floodwaters ranged from
+ 7.9xto + 9.0x with an average d34S value of
+ 8.45x(Table 5). The chemical composition of the
magma ranged from basaltic – andesite to icelandite
(Steinthórsson et al., 2000; Sigmarsson et al., 2000).
The principal gas in equilibrium with basaltic magma at
low pressure and high temperature is SO2 (Gerlach and
Nordlie, 1975). Rapid degassing of SO2 from a finite
magma reservoir decreases the sulphur concentration
and d34S isotope composition of the magma if the
SO42 /S2  ratio of the magma is low, in other words,
the magma is reduced rather than oxidized. Conversely,
the d34S value of the magma increases during degassing if the SO42 /S2  ratio is high (Sakai et al., 1982).
Previous determinations of d34S values in Icelandic
rocks generally ranged from  2xto 0x
, apart
from felsic rocks, which sometimes have heavy d34S
values ( + 4xto + 6x
; Torssander, 1989; Hildebrand and Torssander, 1998). The slightly low negative d34S values arise from degassing at reduced
conditions, in other words a low SO42 /S2  ratio,
and therefore the degassing SO2 gas is enriched in
heavier S relative to the melt.
Based on the previous S isotope determinations in
Iceland and MORB (Sakai et al., 1984), it can be
assumed that the initial d34S value in the magma prior
to degassing was close to 0x and that conditions
were reduced. The degassing SO2 was enriched in
heavy sulphur, resulting in a d34S value between
1xand 3xthat ‘‘dissolved’’ and disproportionated
in the meltwater at the eruption site. A disproportion of
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SO2 in water produces HSO4, elemental sulphur and
H2S (Kusakabe et al., 2000):
þ
3SO2 þ 3H2 O Z 2HSO
4 þ S0 þ 2H

ð1Þ

or
þ
4SO2 þ 3H2 O Z 3HSO
4 þ H2 S þ 3H

ð2Þ
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was lost during precipitation of elemental sulphur and
calcite.
The relative mobility of the elements during the
eruption and flood was calculated by the water/rock
(ash) concentration ratio, normalised to sodium.
Rmobility Ca ¼ ðCawater =Nawater Þ=ðCarock =Narock Þ
ð3Þ

Elemental sulphur formation is favoured by a low
sulphur concentration, low temperature and oxidizing
conditions while H2S is stable at reducing conditions, a
high sulphur concentration and high temperature
(Kusakabe et al., 2000). At the low temperatures and
oxidizing conditions in the glacial meltwater at the
eruption site, it is likely that mainly Sj and HSO4 were
formed, with perhaps some thiosulphate (S2O22 ), but
not H2S. The kinetic isotope effect for the disproportion
reaction (Eq. (1)) is around 20x(Kusakabe et al.,
2000). Simple isotope balance calculations with d34S
values for HSO4= + 8.5x and 20xfractionation
between HSO4 and S0 imply a d34S for the magmatic
SO2 gas of + 1.8x. This d34S value is in very good
agreement with the addition of magmatic SO2 gas into
the water. Apparently, the d34S value of the sulphate in
the floodwater indicated that around 1/3 of the sulphur
was lost through elemental sulphur formation and
precipitation.
4.6. Fluxes of dissolved elements and relative mobility
of the dissolved elements
The results of the flux calculations are shown in
Table 6. As discussed in the last chapter, the fluxes for
carbon and sulphur were minimum fluxes since some

The results are shown in Fig. 8A,B. The rock or ash
concentration was taken from Steinthórsson et al.
(2000). The results for the melted snow are based
on the measured concentrations but the results for the
floodwater on the total dissolved flux of each element.
The metals Ni, Cu, Pb, Mn, Zn, Ba and Al were
relatively mobile in the snow (Fig. 8A). Nickel is very
mobile, and in fact could be more mobile than shown
in Fig. 8, since the average rock Ni concentration
reported by Sigmarsson et al. (2000), was 3.4 times
lower than the one of Steinthórsson et al. (2000) used
in the calculations. The relative mobility of the metals
decreased somewhat in the floodwater, but the relative
mobility of the major elements in the ash (rocks), Si,
Ca, Mg and P increased in the floodwaters, thus
indicating considerable water – rock interaction at the
eruption site.
The mobility of Mn, Fe, Ca, Mg and Sr was
considerably higher in the floodwater than during
chemical weathering of basalt in SW Iceland (Gı́slason et al., 1996). The high mobility of Fe, despite the
fact that the floodwaters were supersaturated with
respect to iron-hydroxide, resulted from the combined
effects of elevated temperature at the eruption site,
more reduced conditions under the glacier, and lower

Table 6
Dissolved flood fluxes
Moles
TDS
DIC as CO2
Ca
Na
Si
S
Mg
O2
Cl
K

10

1.39  10
5.16  109
4.51  109
3.56  109
3.10  109
1.44  109
7.94  108
4.19  108
1.31  108

Tonnes

Moles

1.08  106
6.12  105

F
Mn
Fe
B
Al
NH4
H2 S
P
Sr
NO3

Numbers in italics are uncertain, as explained in the text.

Moles
1.20  108
1.55  107
1.46  107
1.22  107
1.15  107
8.19  106
6.82  106
5.48  106
2.15  106
1.76  106

Zn
NO2
Cu
Ni
Co
Mo
Ba
Cr
As
Pb

Moles
1.77  105
1.71  105
1.60  105
1.53  105
6.63  104
1.70  104
1.31  104
1.17  104
4.72  103
3.32  103

Rb
Ti
U
Cd
Hg
Ce
Nd
La
Yb
Th

Moles
2.49  103
7.95  102
6.63  102
4.50  102
2.50  102
1.88  102
1.72  102
9.18  101
5.70  101
4.81  101

Tb
Pr
Ho
Eu
Dy
Er
Tm
Sm
Gd
Lu

2.88  101
2.58  101
1.99  101
1.85  101
1.66  101
1.50  101
1.13  101
1.07  101
5.80
4.39

200

S.R. Gı́slason et al. / Chemical Geology 190 (2002) 181–205

Fig. 8. Relative mobility of selected elements normalised to Na. (A) Relative mobility of soluble elements in ash vs. bulk ash composition. (B)
Relative mobility of dissolved elements in the floodwater compared to the ash composition (Steinthórsson et al., 2000; Sigmarsson et al., 2000).

initial pH of the meltwater at the eruption site. Conversely, the mobility of K, P and Al was lower in the
floodwaters than during chemical weathering in SW
Iceland. The low mobility of P in the floodwater was
probably due to iron-hydroxide precipitation and
adsorption of the P to the iron-hydroxide surfaces.
4.7. Concentration of volatile elements in the magma,
fluxes of dissolved elements and long- and short-term
CO2 fixation
The fluxes of the volatile elements during the flood
and the mass of the 0.4 km3 erupted material (Gudmundsson et al., 1997) were used to calculate the
minimum volatile concentration of the magma before
quenching in the glacial meltwater. Highly turbulent
convection of a mixture of meltwater and quenched
ash fragments is necessary to account for the observed
high rate of heat transfer (Gudmundsson et al., 1997).
The formation of ash fragments resulted also in more
efficient degassing than if the magma had piled up

under the glacier in the form of pillow lavas. The
calculations yielded the minimum amount of gas
exsolved during quenching of the glass. The calculated CO2 concentration in the 1012 kg of magma was
516 mg/kg, for S it was 98 mg/kg, for Cl it was 14
mg/kg, and for F it was 2 mg/kg. This CO2 concentration equals the mid-ocean ridge basalt CO2 solubility at a rock depth greater than 4 km, and at a much
greater depth if the magma is water rich (Dixon and
Stolper, 1995). S-wave attenuation in the uppermost
10 km of the crust in the western Vatnajökull indicated that magma was stored there at less than a 10
km depth (Brandsdóttir and Einarsson, 1997).
Using the Redfield-type elemental composition of
diatoms C:Si from Martin and Knauer (1973), and for
C:Fe, Zn, Cu, Mn, Ni, in planktonic organic tissue
(Bruland et al., 1991; Michaels and Knap, 1996), the
corresponding potential C fixation was calculated,
assuming each element to be a potential rate-determining element for planktonic growth. The calculations do not imply that any of the elements were rate
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Fig. 9. Measured total flood C flux (positive) and calculated potential C fixation in biomass (negative) predicted from various Redfield ratios
and measured dissolved flood flux of rate-determining nutrients and trace elements (Table 6).

determining, but simply, if an element was rate
determining, then its potential effect on the carbon
cycle was calculated. The results of the calculations
are shown in Fig. 9. If any of the Mn, Fe, Si and Cu
were rate determining for planktonic growth, then
subglacial eruptions and ensuing floods, like that of
the 1996 Vatnajökull eruption, could lead to a shortlived net CO2 removal from the atmosphere. If part of
the organic matter is buried in sediments, some of the
enhanced growth will contribute to the long-term
storage of carbon.
The effect of the subglacial eruption for the longterm budget of CO2 in the oceans and the atmosphere
is reflected in the relative flux of carbon and the
alkaline earth metals, derived from silicates, which
form relatively insoluble carbonates in the oceans
(Berner and Berner, 1996). Eventually, if all the
alkaline earths precipitate as carbonates, about half
of the total magmatic carbon flux from the 1996
Vatnajökull eruption will add to the long-term CO2
budget of the oceans and the atmosphere (Fig. 10).
Note that about 35% of the cation charges released
from the glass or the magma was balanced by S, Cl of
F. The rest of the cations were balanced by carbon
alkalinity.
In short, the following can be said for the carbon
budget of the subglacial eruption and flood. The
carbon measured in the floodwaters was of magmatic
origin. Up to 1/3 of the mass of the carbon released
from the magma could have precipitated as Ca, Mg,

Sr carbonate at the eruption site or in the Lake
Grimsvötn reservoir under the glacier before the flood
emerged from under the glacier. About half of the
magmatic carbon that was carried by the flood to the
ocean will eventually precipitate in the ocean with the
Ca, Mg and Sr carried by the flood, and contribute to
the long-tem storage of carbon. About 35% of the
cation charges released from the glass or the magma,
including Ca, Mg and Sr, was balanced by S, Cl or F.
About 65% of the cation charges was balanced by
carbon alkalinity. Sodium and K carried by the flood
could exchange with Ca and Mg in coastal sediments,
or ‘‘inverse weathering’’ (Mackenzie and Garrels,
1966; Galy and France-Lanord, 1999), which would

Fig. 10. Measured total C flux (positive) and calculated potential C
fixation in Ca, Mg and Sr carbonates (negative). The positive net
long-term C flux to the ocean and atmosphere is also shown
(measured C flux minus the Ca, Mg and Sr carbonate fixation).
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result in even more long-term Ca, Mg-carbonate
fixation of the magmatic carbon carried by the flood.

5. Concluding remarks
The October 1996 eruption within the Vatnajökull
Glacier lasted for 13 days, with 3 km3 of ice being
melted at the eruption site. The 0.4 km3 of erupted
basaltic – andesite magma fragmented into glass, forming a hyaloclastite ridge 6 –7 km long and 200– 300 m
high under 500 –750 m of ice. The minimum concentration of exsolved CO2 in the 1  1012 kg of erupted
magma was 516 mg/kg, for S it was 98 mg/kg, for Cl it
was 14 mg/kg, and for F it was 2 mg/kg. The pH of the
melt water at the eruption site ranged from about 3 to
8. The volatile and dissolved element release to the
meltwater in less than 35 days amounted to more than
1 million tonnes. The meltwater flowed from the
eruption site into the Grı́msvötn subglacial lake under
a 270-m-thick ice cover. This lake was subsequently
drained in a sudden flood November 5 and 6 releasing
3.4 km3 of meltwater. There was a ‘‘leakage’’ of tens to
hundreds of liter per second out of the Grı́msvötn
reservoir in the days preceding the flood. Six hours
before the ice barrier of the subglacial lake was lifted,
the calculated leakage was 5 m3/s, a trivial amount
compared to the flood discharge. The total dissolved
solid concentration in the floodwater was close to 500
mg/kg and pH ranged from 6.88 to 7.95, with a
suspended solid concentration of 1 –10%. According
to H, O, C and S isotopes, most of the water was
meteoric water, whereas C and S were of magmatic
origin, but both elements went through isotopic fractionation due to precipitation at the eruption site. Up to
30% of the mass of these elements could have precipitated at the eruption site, creating ‘‘short cuts’’ in
the global C and S cycles. Of the individual elements,
the dissolved fluxes of C, Ca, Na, Si, S and Mg were
greatest ranging from 1.4  1010 to 1.4  109 mol. The
heavy metals Ni, Mn, Cu, Pb, Zn, and especially Ni,
were relatively mobile during condensation and water
rock interactions at the eruption site.
The total dissolved flux was 1 million tonnes and
the minimum C flux was equal to 0.6 million tonnes
of CO2. The annual magmatic flux of CO2 to the
atmosphere and surface waters in Iceland, mostly
long-term degassing through volcanoes and geother-

mal systems, has been estimated to be of the order of
1 –2 million tonnes (Arnórsson and Gı́slason, 1994).
Volcanic eruptions are frequent in Iceland, about one
every fifth year (Thorarinsson, 1981). Thus, a small
eruption like in 1996 contributes 5 – 10% to the total
annual CO2 magmatic flux from Iceland. The dissolved aqueous CO2(aq) fraction of the total dissolved
inorganic carbon (DIC) in the floodwaters varies
throughout the flood. In the beginning of the flood,
when the pH was highest (Table 2), it was about 2%
but the aqueous CO2 (aq) fraction was greater when the
pH was lowest during the second half of the flood, or
23%. On average, the fraction was 15%, translating to
about 92,000 tonnes of the aqueous CO2(aq) species
carried by the flood. The estimated annual transient
fixation of atmospheric CO2 by chemical weathering
of rocks in Iceland is 3 million tonnes of CO2
(Gı́slason et al., 1996; Gı́slason, submitted for publication). Thus, the magmatic CO2 fixation of 0.52
million tonnes into bicarbonate and carbonate during
the 35 days of the 1996 eruption within the Vatnajökull Glacier was close to 17% of the annual transient
CO2 rock weathering fixation in Iceland. The total
dissolved solid flood flux (TDS, Table 6), 1 million
tonnes, was greater than the total dissolved solid
annual flux of the biggest river in Iceland, the Ölfusa,
which carries 0.75 million tonnes of dissolved solids
per year (Gı́slason et al., 2001).
If all the alkaline earth carried by the flood eventually precipitates as carbonates in the ocean, about
half of the total carbon flux from the 1996 Vatnajökull
eruption will be added to the long-term CO2 budget of
the oceans. Thus, for eruptions on the ocean floor, one
can expect a net C release of less than half the
exsolved gas, with the rest precipitated as carbonate.
This is a considerably greater net C release than
suggested for the oceanic crust by Staudigel et al.
(1989). In fact, they suggest a net loss of C. Ocean
crustal carbon uptake during seafloor alteration at
DSDP Sites 417 and 418A exceeded the estimated
loss of carbon during magmatic ridge outgassing.
Thus, a very simple fact emerges: magma degassed
at the ocean floor contributes more C to the oceans
and the atmosphere than magma degassed deep in the
oceanic crust.
The results of this study show that subglacial
eruptions affecting surface areas of the oceans where
either Mn, Fe, Si or Cu are rate-determining for the

S.R. Gı́slason et al. / Chemical Geology 190 (2002) 181–205

growth of oceanic biomass have a potential for a
transient net CO2 removal from the ocean and the
atmosphere. More carbon is then fixed in oceanic
biomass than is released by the volcanic eruption. For
eruptions at high latitudes, timing is crucial for the
enhanced growth of oceanic biota. Eruptions occurring in the wintertime when light is rate-determining
for the growth of biota have much less potential for
bringing about a net negative CO2 flux from the ocean
atmosphere reservoir. At the end of the last glaciation,
there was enhanced volcanic activity and subglacial
eruptions were common at high latitudes (Sigvaldason
et al., 1992; Zielinski et al., 1996). These eruptions,
and their timing, winter vs. summer, could have
played a role in the observed fluctuations of atmospheric CO2 during the waning stage of the last
glaciation (Raynaud et al., 1992; Beerling et al.,
1995).
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Arnórsson, S., Sigurdsson, S., Svavarsson, H., 1982. The chemistry
of geothermal waters in Iceland: I. Calculation of aqueous speciations from 0 to 370 jC. Geochim. Cosmochim. Acta 46,
1513 – 1532.
Beerling, D.J., Briks, H.H., Woodward, F.I., 1995. Rapid late-gla-

203

cial atmospheric CO2 changes reconstructed from the stomatal
density record of fossil leaves. J. Quat. Sci. 10, 379 – 384.
Berner, E.K., Berner, A.R., 1996. Global Environment: Water, Air,
and Geochemical Cycles. Prentice Hall, New Jersey, 376 pp.
Bjarnason, J.O., 1994. The speciation program WATCH version
2.1. National Energy Authority, Iceland, Report, 14 pp.
Björnsson, H., 1997. Present and past floods from Lake Grı́msvötn.
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from the Grı́msvötn subglacial caldera, Iceland: composition
of the suspended flood solids and the flux of readily dissolved
nutrients and metals from the suspended matter to the sea. J.
Volcanol. Geotherm. Res. (submitted for publication).
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matter. In: Ármannsson, H. (Ed.), Geochemistry of the Earth’s
Surface. Balkema, Rotterdam, pp. 539 – 542.
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