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Abstract: In the Gjfilp eruption in 1996, a subglacial hyaloclastite ridge was formed over a

volcanic fissure beneath the Vatnaj6kull ice cap in Iceland. The initial ice thickness along the
6 km-long fissure varied from 550 m to 750 m greatest in the northern part but least in the
central part where a subaerial crater was active during the eruption. The shape of the
subglacial ridge has been mapped, using direct observations of the top of the edifice in 1997,
radio echo soundings and gravity surveying. The subglacial edifice is remarkably varied in
shape and height. The southern part is low and narrow whereas the central part is the
highest, rising 450 m above the pre-eruption bedrock. In the northern part the ridge is only
150-200m high but up to 2kin wide, suggesting that lateral spreading of the erupted
material occurred during the latter stages of the eruption. The total volume of erupted
material in Gj~tlp was about 0.8 km 3, mainly volcanic glass. The edifice has a volume of
about 0.7 km 3 and a volume of 0.07 km 3 was transported with the meltwater from Gj~lp and
accumulated in the Grimsv6tn caldera, where the subglacial lake acted as a trap for the
sediments. This meltwater-transported material was removed from the southern part of the
edifice during the eruption. Variations in basal water pressure may explain differences in
edifice form along the fissure. Partial floating of the overlying ice in the northern part is
likely to have occurred due to high water pressures, reducing confinement by the ice and
allowing lateral spreading of the edifice. The overall shape of the Gj~lp ridge is similar to
that of many Pleistocene hyaloclastite ridges in Iceland. Future preservation of the Gj~tlp
ridge will depend on the rate of glacial erosion it will suffer. Besides being related to future
ice flow velocities, the erosion rate will depend on the rate of consolidation due to
palagonitization and shielding from glacial erosion while depressions in the ice are gradually
filled by ice flow directed towards the Gj~tlp hyaloclastite ridge.

It has been known since the middle of the
twentieth century that hyaloclastite ridges and
tuyas can be formed in eruptions within glaciers
and ice sheets (Kjartansson 1943; Mathews 1947;
van Bemmelen & Rutten 1955). Progressively
more refined models of the formation of hyaloclastite mountains have since been presented,
together with detailed analysis of the composite units of these mountains (e.g. Jones 1969;
Smellie & Skilling 1994; Werner et al. 1996).
These studies have revealed how hyaloclastite
mountains commonly consist of a succession
of basal pillow lavas, overlain by hyaloclastites
that are sometimes capped with subaerial lavas.
The models have developed on the basis of field
studies of exposed hyaloclastite mountains that
were mostly formed within Pleistocene ice sheets
in Iceland, British Columbia and Antarctica.
The extent to which glacial erosion has modified
the exposed hyaloclastite volcanoes is difficult to
ascertain, but it has been suggested that removal

of edifices occurs in regions of fast ice flow
(Behrendt et al. 1995; Bourgeois et al. 1998).
The eruption at GjS,lp in the western central
part of the temperate Vatnaj6kull ice cap,
Iceland, in October 1996 was observed in much
greater detail than any previous subglacial
eruption. The initial ice thickness was several
hundred metres and conditions may have been
similar to those that occurred under Pleistocene
ice sheets in Iceland. Therefore the Gj~lp eruption provided important data on various aspects
of subglacial volcanic activity. These include
observations of (1) melting rates in a subglacial
eruption, (2) the response of the ice cap to
rapid subglacial melting during the eruption,
(3) drainage of meltwater from the eruption site,
and (4) formation of a hyaloclastite ridge within
a glacier. A first report on the main aspects of
the eruption, touching on all the above points,
was published by Gudmundsson et al. (1997).
Alsdorf & Smith (1999), Bj6rnsson et al. (2001)
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and Gudmundsson et al. (2002) used InSAR
radar interferometry coupled with other data to
deduce the flow field of the ice depressions
around Gj~lp in the aftermath of the eruption.
Steinthorsson et al. (2000) provided petrological
analyses of the Gjfilp magma, and isotopic analyses of Sigmarsson et al. (2000) suggested that
the erupted magma belongs to the Grimsv6tn
volcanic system. This paper presents the results
of geophysical surveying in 1997-2000. The
form, volume and morphology of the subglacial
ridge created in the eruption is presented and
comparisons made with Pleistocene hyaloclastite
ridges in Iceland. Finally, the preservation of
subglacial hyaloclastite mountains is discussed
with respect to possible effects of compaction due
to palagonitization, and temporal diversions in
the ice flow field because of disruption and
melting of the glacier by the subglacial eruption.

The 1996

eruption

The site of the eruption was located between
the central volcanoes Grimsv6tn and Bfirdarbunga (Fig. 1), in an area where the pre-eruption
ice thickness was 550-750m (Bj6rnsson 1988;
Bj6rnsson et al. 1992). The pre-eruption bedrock
topography was made of mounds and short
ridges, with relief of 100-200m rising from a
plateau of elevation 950-1100 m above sea level.
The eruption had been preceded by an increase
in regional seismicity for several months (Einarsson et al. 1997). On 29 September, 1996, a 5.4
magnitude earthquake occurred in Bfirarbunga,
followed by an intense earthquake swarm. The
onset of continuous tremors at about 22 hours
GMT on 30 September is considered to mark the
start of the eruption. The following morning,
two depressions (cauldrons) in the ice surface
were observed from the air (Fig. 2). These cauldrons grew bigger during the first day, while the
meltwater drained along the glacier bed into the
subglacial lake within the Grimsv6tn caldera
(Gudmundsson et al. 1997). After 31 hours, the
subglacial eruption broke through the ice cover

and a subaerial hydromagmatic eruption commenced. Also on the second day of the eruption,
a new cauldron started to form in the ice surface
to the north of the other two. At that time the
subglacial eruption fissure had reached its
maximum length, about 6km; the location of
the volcanic fissure has been defined as the line
drawn along the bottom of the elongated ice
depressions (Fig. 2). The eruption lasted 13 days,
ending on October 13. By that time, about 3 km 3
of ice had melted and accumulated in Grimsv6tn
(Gudmundsson et al. 1997); the meltwater subsequently drained from Grimsv6tn on 5 November three weeks after the end of the eruption.
The volume of tephra dispersed over Vatnaj6kull in the subaerial eruption was about 10
million m 3, two orders of magnitude less than
the total volume of erupted materials (Gudmundsson et al. 1997). A minor subglacial eruption may have taken place on the SE corner
of B~,r6arbunga at the same time as the Gj~tlp
eruption, since two shallow depressions also
formed in the ice surface there (Fig. lc).
An important observation in the Gjfilp eruption was the very high heat transfer rate that can
occur between an erupting volcano and the overlying ice; the observed heat flux was 3 x 105
W m -2 (Gudmundsson et al. 1997). This heat flux
is too high to be explained by pillow lava formation, calling for fragmentation of the magma to
glass as the dominant mode of cooling and solidification (Gudmundsson et al. 1997). This has
implications for the edifice since it suggests that it
all should be predominantly made of fragmented
material and that crystalline rocks can only make
up a minor part of the volume. The heat released
during the eruption and the first six weeks following it was equivalent to that released by
fragmentation to pyroclastic glass and cooling
of 0.4 km 3 of basic/intermediate magma (Gudmundsson et al. 1997). These findings were based
on observations made during and immediately
following the eruption. However, the distribution of volcanic material under the glacier and
the shape of the new ridge was unknown, and
also how much material was transported with
the meltwater into Grimsv6tn. In order to gather

Fig. 1. (a) Map of Vatnaj6kull and its surroundings, including the ice cap (white), and Pleistocene hyaloclastite
formations (black). The area in Figure 1 (c) is indicated by the indexed box. (b) Map of Iceland with the
volcanic zones (shaded) and Pleistocene basaltic hyaloclastite formations (black) (after J6hannesson &
Saemundsson 1998). (c) Ice surface map of the Gjfilp area (summer 1998). The Gjfilp volcanic fissure is shown
(heavy black line),and the arrows indicate the subglacial path of the meltwater from Gj~.Ip. The boundaries
of the calderas of Bfir6arbunga and Grimsv6tn are indicated. The two black dots in the SE corner of
Bfir6arbunga are small depressions in the ice surface, considered to have been formed in a minor subglacial
eruption at the same time as the Gjfilp eruption (Gudmundsson et al. 1997). The boundary of the post-eruption
Grimsv6tn-Gjfilp ice drainage basin is indicated (dashed line). The boundaries of the water drainage basin are
approximately the same.
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Fig. 2. Maps showing the development of ice cauldrons during and shortly after the Gjfilp eruption. The deep
trough extending for 3.5 km along the central-southern part of the depression on 12 October is the canyon formed
in the ice surface. Water flowed southwards along the canyon during the latter part of the eruption and in the
following months. The ice in the central part of the northern cauldron (hatched) on 12 October may have been
floating due to high basal water pressure (see section on morphology of volcano).
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information on the above questions, a programme of geophysical surveying was carried
out in 1997-2000. The programme included:
(1)

Radio echo soundings, to map the new
subglacial volcano.
(2) Gravity surveying, to determine the density
of the volcano.
(3) Repeated traverses of the ice surface to
determine the shape and volume of the
depressions in the ice surface at the eruption
site. Initially this was done with airborne
altimetry, but later by oversnow traverses
with Differential Global Position System
(DGPS) surveying of sub-metre accuracy.
(4) Evaluation of ice flow into the depressions,
by measuring surface velocities in a network of stakes, with sub-metre DGPS.
(5) Seismic reflection, gravity profiling, radio
echo soundings and DGPS surface profiling in Grimsv6tn to determine the distribution and thickness of new sediments
derived from Gjfilp, by comparing the
results with those of earlier surveys.
(6) Field observations of the exposed part of
the volcano in 1997, before it was covered
by the glacier.
As a result of subglacial melting and meltwater
drainage during the eruption, a heavily crevassed
depression formed in the glacier surface, enclosing the eruption site. The ice surface was also
covered with a layer of tephra. The crevasses
and the tephra cover have made traverses of the
area difficult, resulting in irregular location of
geophysical survey lines. Therefore, the results
presented cannot be regarded as final, since in
future when conditions become easier, more
optimal surveys with denser line spacing will be
possible. The present data nevertheless provide a
clearer picture of the subglacial volcano than
before, as well as new indications of its thermal
state in the period following the eruption.

Direct observations
At the end of the eruption, the volcano itself was
completely hidden by water and ice at the
bottom of the ice canyon overlying the southern
part of the fissure (Fig. 2). A flat tephra cone
had been built on ice, encircling the opening
in the glacier. This tephra cone disappeared as
the ice forming its foundations was melted.
Continued melting above the volcanic edifice
removed the ice cover at the site of the subaerial
crater, and by January 1997, the top of the edifice had become visible. On 5 April 1997 the
exposed part was a sharp ridge, 250-300 m long,

323

that rose about 40 m above the bottom of the ice
canyon (Fig. 3). The ridge was inspected in June
1997. It was predominantly made of unconsolidated pyroclastic glass fragments of ash to lapilli
size. Temperature in the pile rose fast with
depth, and was about 70°C at 0.5 m below the
surface. Further exploration of the edifice was
not possible; later in the summer and autumn
of 1997 the top of the edifice was under water,
since the water level rose due to surface ablation. By spring 1998 the edifice was covered by
inflow of ice.

Radio echo soundings
A radio echo sounder operating at 1-5MHz
frequency (Sverrisson et al. 1980) was used for
imaging of the subglacial bedrock. Extensive
surveys carried out in the 1980s mapped the
surrounding area in considerable detail (Bj6rnsson 1988; Bj6rnsson et al. 1992). The main
source of information on the pre-eruption bedrock on the eruption site were survey lines from
1991 (Bj6rnsson et al. 1992) and 1993 (Fig. 4).
The pre-eruption bedrock map (Fig. 5a) shows
ridges and mounds rising 100-200m above a
gently northwards sloping bedrock. The elevation of the pre-eruption bed near the southern
end of the Gjfilp 1996 fissure was l100-1150m
but about 1000 m at the northern end. The 1996
fissure was located 0 . 5 - 1 k m to the west of a
4 km-long, about 1 km-wide and 100-150m-high
ridge (hatched on Fig. 5a) considered to have
formed in a subglacial eruption in 1938 (Bj6rnsson 1988; Gudmundsson & Bj6rnsson 1991).
Radio echo surveys were conducted at the
eruption site in 1997, 1998 and 2000 (Fig. 4). In
1997, only a limited area in the northernmost
part of Gjfilp could be mapped with the sounder
due to heavy crevassing in other parts. In 1998
reasonable coverage was obtained for the northern part and further gaps were filled in 2000. In
parts where the slopes of the edifice were very
steep (>30°), its width was poorly constrained
by the radio echo soundings; reflections are
received from the top of the edifice but downward-travelling energy from the transmitter, as
it encounters a steep slope, is reflected downwards and thus not detected by the radio echo
receiver. These problems were partly resolved by
using the results of gravity profiling to constrain
the results (see following section).
Figure 6 shows some of the radio echo
sections used in the mapping of the volcano.
Heavy crevassing in the southern and central
parts not only made traverses difficult but also
degraded signal quality. Only the top part of the

324

M. T. G U D M U N D S S O N

E T AL.

Fig. 3. (a) View (looking east) of the Gjfllp ridge as seen from an aeroplane on 5 April 1997. Meltwater is present,
flowing in the supraglacial ice canyon formed after the third day of the eruption (Fig. 2). The ridge is partly snow
covered and ice flowing in from the eastern side is banked against the ridge flank. The canyon wall is about 100m
high. (b) View along the Gjfilp ridge in June 1997. The photo is taken at the point marked as A on Figure 3a,
looking towards point B. The ice cliff seen in the left foreground is 25-30 m high.

SUBGLACIAL HYALOCLASTITE RIDGE, ICELAND

Radio echo surveys ~

' "---~--~o-,~

1991, 1993 ~ '
1997 1998, ~ - ~ - ~

-'~
::: :~: :

ooo

S~

1982
1985
1987

,

.

~

~

Fig. 4. Map showing the location of radio
echo sounding lines used to define the pre- and
post-eruption bedrock surface. The results of the
surveys of 1982, 1985 and 1987 are summarized in
Bj6rnsson (1988).
edifice is detected in the soundings, but the data
are consistent with a steep narrow ridge. In
contrast, the wide northern part is well resolved
by the radio echo soundings.

Gravity profiling
Gravity data were collected using a LaCosteRomberg G-meter in 1997 and 1998, and a
Scintrex CG-3M in 2000 (Fig. 7). Differential
GPS was used for elevation control and positioning, yielding elevation accuracy of 1-2 m. For the
two profiles surveyed in 2000, elevations were
measured using higher precision GPS equipment
providing elevation accuracy of about 0.1 m.
In order to remove effects of pre-eruption bedrock and ice surface topography from the data,
the gravitational effects of ice and pre-eruption
bedrock were calculated from digital elevation
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models (DEMs) (the method is outlined in Gudmundsson & Milsom 1997). A reduction density
of 900 kg m -3 was used for the ice. For the preeruption bedrock a density of 2300 k g m -3 was
used, the average value for the uppermost 0.51.0 km of the crust within the volcanic zones in
Iceland (Pfilmason 1971). Regional trends were
removed and the residual anomaly was used for
forward modelling along three profiles (Fig. 7).
All profiles show positive anomalies, narrow and
sharp in the south and central parts but wider in
the northern part, in qualitative agreement with
the radio echo data. The gravity models were
constructed using the Gravmag software (Pedley
et al. 1991) where polygons of finite length,
striking at right angles to the survey line (21-D),
are created and their form and density adjusted
until the calculated effects of the model fit with
the observed data. The volume occupied by the
Gj~ilp edifice has in the gravity data reductions
been assigned an ice density of 900 kg m -3. This
implies that the anomalies in Figure 7 arise
because of the density contrast between the ridge
and the ice; it is this contrast that is used in the
model calculations. Thus, if the density of the
edifice is assumed to be twice the ice density, a
10% change in assumed density results in 20%
change in density contrast and a corresponding
20% change in calculated anomaly amplitude.
In the following discussion the density referred
to is the assumed edifice density.
The model for the northern part is based on
the radio echo soundings. A reasonable fit is
obtained using an edifice density of 1900kgm 3
(density contrast of 1000kgm -3) which would
be consistent with a mass of water-saturated
pyroclastic glass, but too low for any significant
volume of pillow lavas or other crystalline rocks.
However, separation of residual anomaly from
the regional field is not as straightforward as for
the central and southern parts. It is possible that
the anomaly should have larger amplitude, thus
a density of 2200-2300kgm -3 (contrast 13001400kgm -3) cannot be ruled out. This implies
that a significant fraction of the northern part
may be pillow lavas, the present data are not
conclusive. The model for the southern part is
consistent with a 200-250m-high narrow ridge
of density 1900kgm -3, the same as in the preferred model for the northern part.
To account for the heavy crevassing in the
central part, a 100m-thick and I km-wide area
of the surface ice is assigned a reduced density
of 860 kgm -3, assuming that the crevasses are
partly filled by low density snow and firn. The
model results shown on Figure 7 for the central part yield the very low density of 15001600kgm -3. This implies that any volume of
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Fig. 5. (a) Map of pre-eruption bedrock topography in the Gjitlp area, after Bj6rnsson et

al. (1992) and 1991 and
1993 data (survey line locations shown in Fig. 4). The bold gray line marks the volcanic fissure in the bedrock,
and the hatched area marks the ridge that formed in the eruption in 1938 (Bj6rnsson, 1988; Gudmundsson &
Bj6rnsson 1991). Bedrock contour interval is 50m. (b) Map of bedrock in the Gjfilp area after the 1996 eruption
based on direct observations, radio echo data and gravity surveying. The 1996 ridge is shown with a dashed line.
The cross sections shown on Figure 8 (north, centre, south) and Figure 11 (N-S) are also indicated. Contour
interval is the same as in (a).

pillow lava present is insignificant since pillow
lavas commonly have a density of 2300-2400
k g m -3 (P~dsson et al. 1984).
Several alternative models are possible for the
central part but all have a very low mean density. Some of the possibilities are: (1) A steeper,
narrower ridge of higher density would have the
same mass as the one shown in the model.
However, such a ridge would create a narrower
anomaly with a higher peak value and provide a
worse fit to the observed anomaly. (2) A layered
model, with a somewhat higher density in the
lower part while the upper part would have even
lower density. This would be consistent with
the lower part being water-saturated and the
upper part dry, with a groundwater table at
perhaps 1200-1250m elevation. A low ground-

water level is highly unlikely though, since it is
to be expected that the level of the Grimsv6tn
lake imposes a lower bound on the basal water
pressure within the Grimsv6tn drainage basin
(Fig. 1). Thus, groundwater level within the
ridge should be equivalent or higher than 13501400m asl, the level of the Grimsv6tn lake in
1997-2000 (Science Institute, unpublished data).
(3) A third possible interpretation would be that
the central part is hot, with steam making up a
large fraction of the pore space.

Morphology of volcano
By combining the information from direct
observations in 1997, the radio echo soundings
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and indications from the gravity data on the
basal width of the edifice, a map of the edifice
has been constructed (Fig. 5b). Given the uncertainties in the data, the map should be regarded
as a smoothed image of the true form of the
volcano. However, the overall picture is clear
and there are considerable contrasts in the form
of different parts of the volcano created in the
eruption (Figs 8 & 9). In the southern and
central parts the ridge is narrow, with a relief of
200-250 m in the southern part, rising steeply to
4 0 0 - 4 5 0 m in the central part, where the top
reaches 1500-1550 m above sea level. The combined information from the radio echo soundings and the gravity show that in the southern

and central parts the slopes are steep, 30°-35 °
(Fig. 8). The width of the southern part is about
500m but that of the central part is close to
1 km. The shape of the northern part is different.
The elevation drops northwards from the central part, to about 1150-1200 m. The total width
of the northern part is about 2 km (Fig. 8). It is
distinctively asymmetric with respect to the volcanic fissure, extending about 1.5 km to the
west from the fissure. The eastern part of the
edifice, centred over the volcanic fissure, is a
broad ridge rising 150-200m above the preeruption bedrock. The part extending to the west
is about 100m-thick, gently sloping towards
west. This shoulder is located under the area
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where a westwards widening of the ice depressions was observed late in the eruption (Fig. 2c).
A possible explanation for the widening of the
ridge is migration of the volcanic material westwards along the glacier bed. Another possibility
is that an eruption occurred on a short fissure to
the west of the main fissure late in the eruption.

The latter option is less likely for several
reasons. Firstly, formation of such fissures to the
side of a main fissure is uncommon. Secondly,
observations of seismicity and course of events
late in the eruption do not suggest any large
changes, other than a decline in activity (Einarsson e t al. 1997; Gudmundsson e t al. 1997).
In contrast the ice surface and bedrock data
suggest that conditions for spreading may have
been favourable, since confinement of the edifice
by the surrounding ice was minimal or nonexistent because of floating of the ice in the
central part of the northern cauldron. The fact
that water drained southwards shows that basal
water pressure was highest at the northern end
of the volcanic fissure, that is under the northern
cauldron. Water level in the ice canyon late in
the eruption was about 1560 m asl. This provides
a lower limit on the basal water pressure under
the northern cauldron as it must have been at
least equivalent to the weight of a water column
reaching from the bed up to 1560 m elevation.
The static ice overburden pressure at the base
of the glacier is Pi = p i g ( z i - Zb) where Pi equals
900 kg m -3, the average density of the overlying
glacier; g is gravitational acceleration; and zi
and Zb are the elevations of the ice surface and
the bedrock respectively. Similarly, the water
pressure at the base of the glacier is Pw_>
p w g ( Z w - Zb), where Pw equals 1000 k g m -3 and
denotes water density and Zw is the water level in
the ice canyon. The ice floats where Pw > Pi.
For Zw (1560m asl) and Zb (1000m asl; the
average bedrock height under the northern
cauldron around the edifice), the basal water
pressure exceeds the ice overburden pressure
(Pw > Pi) where the ice surface in the northern
cauldron is below 1620 m asl (zi _< 1620 m). This
area is shaded in Figure 2c. It is about 2kmlong (N-S) and 1.3 km-wide (E-W). The above
results suggest that the edifice under the northern cauldron was not confined by the surrounding ice, leading to the formation of the shoulder
by westwards flow or slumping and sliding of the
volcanic material. The slight dip of the bedrock (Fig. 8) may explain why sliding occurred
towards west but not towards east.
The overall shape of the ridge formed in Gjfilp
conforms to length/width statistics of a large
number of Pleistocene hyaloclastite ridges in the
volcanic zones in Iceland presented by Chapman
e t al. (2000). In Figure 10, Gjfilp is compared
with Skridutindar, a late Pleistocene hyaloclastite
ridge of similar length and volume in SW Iceland.
Several other ridges of similar length, height and
volume exist in the volcanic zones and hyaloclastite mountains with low height/width ratios are
present, analogous to the northern part of Gjfilp.
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Fig. 8. Cross-sections of Gj~lp based on direct observations, radio echo and gravity data. The northern end of the
ridge formed in 1938 is situated about 1 km to the east of the 1996 ridge in the central section shown. The dashed
lines show the pre-eruption ice surface.

Volume of erupted material
The edifice is about 6 km long and has a volume
of about 0.70km 3. The uncertainty in the volume is about 20% or 0.15km 3. A density of
1900 kg m -3 calls for a highly porous body. If the
pore spaces are filled with water of density
1000kgm -3, and the grain density of volcanic
glass is taken as 2750 kg m -3 (Oddsson 1982), the

average porosity is almost 50%. If the volcanic
pile is saturated with water at the pressure boiling point down to several hundred metres depth,
the mean water density may be 850-900 k g m -3
(e.g. Ingebritsen & Sanford 1998), yielding a
porosity of 45%.
The low mean density of the central part of
the edifice is enigmatic. If it is caused by a high
steam fraction in the edifice, a mean density of
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Fig. 9. A perspective plot of Gjfilp, viewed from the NW. The vertical axis is in metres above sea level. The upper
surface is that of the ice in 1997. The 1996 ridge is coloured orange brown whereas the surrounding bedrock is
shown green. The image draws out the contrasting shape of the northern part (close to the observer) with that of
the central and southern parts.
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Fig. 10. Maps comparing the morphologies of the Gjfilp ridge and the Pleistocene hyaloclastite ridge of
Skridutindar in the Western Volcanic Zone in Iceland. The two ridges are morphologically similar and have
approximately the same volume and length.
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1600kgm -3 could be explained by a 45% porosity with about three quarters of the pore space
taken up by steam and one fourth by water.
These would be the conditions found in vapour
dominated geothermal systems that exist on
some active volcanoes (Steffinsson & Bj6rnsson
1982). Whether this may be the case for this ice
covered volcano is a subject of further research.
A part of the volcanic material was transported
subglacially by the meltwater into the Grimsv6tn
subglacial lake (Fig. 11). Surveys carried out in
Grimsv6tn show that this material makes up two
piles or deltas were the meltwater issued into
the subglacial lake, and that the total volume of
these sediments is about 0.07 km -3 (Gudmundsson et al. 2000). It is likely that this material was
mainly derived from the southern part of the
ridge, the section closest to Grimsv6tn. The
southernmost section of the edifice is small compared to the volume of ice melted over that part
of the fissure, which supports the suggestion of
removal of material by the meltwater. Analyses
of the sediments carried by the jokulhlaup from
Grimsv6tn in November 1996 revealed that no
material formed in the Gjfilp eruption escaped,
showing that Grimsv6tn was an effective trap for
the sediments (Maria et al. 2000). In addition to
the edifice itself and material transported into
Grimsv6tn, a minor part of the volcanic material
was airborne tephra, its volume was about
0.01 km 3 (Gudmundsson et al. 1997). Thus, the
best estimate of the total volume of erupted
material at Gjfilp in 1996, is 0.8 km 3.
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Possible o c c u r r e n c e o f pillow lava
An important question is whether pillow lavas
make up a significant fraction of the total volume
of the edifice. The low density of the southern
and central parts argues against the existence
of pillows. However, it does not rule out that
pillows at the base of the edifice could account
for up to 10% of the total volume.
For the northern part the result is more uncertain. A mean density of 2200-2300kmm -3
is possible, which would be consistent with the
northern part being predominantly made of
pillow lava. A magnetic survey of the area might
help resolving this question, since pillow lavas
often have high remanent magnetization while
hyaloclastite tufts have virtually none (e.g.
Kristjfinsson 1970). An aeromagnetic survey of
Gjfilp was carried out in May 1997; no magnetic anomalies that could be associated with
the Gjfilp ridge were observed (Science Insitute,
University of Iceland, unpublished data). The
significance of this result is limited however. The
titanomagnetite that is often the main source
of magnetization in unaltered pillow lavas has
a low Curie point, commonly 100-200°C (Kristjfinsson 1970) and it is likely that substantial
parts of the edifice were above this temperature in June 1997, as the heat transfer rate was
still very high (Gudmundsson et al. 1999, 2002).
Future magnetic surveys will reveal whether
changes in magnetization have occurred since
May 1997, and may clarify whether pillows
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Fig. 11. Section through Grimsv6tn and Gjfilp (see Fig. 5b for location). The path of meltwater from Gjfilp to
Grimsv6tn is shown (arrows) and the location of sediments derived from Gjfilp and deposited within Grimsv6tn
(Gudmundsson et al. 2000).
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make up a significant fraction of the volume in
the northern part of Gj~lp.
In summary, the present data provide the
following constraints on pillow lava existence:
The minimum is that no pillows exist, consistent
with the gravity models in Figure 7. The
maximum possible pillow lava content would
occur if 10% of the central and southern parts
and the whole northern part is made of pillows;
this would mean that one third of the volume of
the edifice was pillow lavas. The high heat flow
observed during the eruption (Gudmundsson et
al. 1997) does not contradict the possibility of
one third of the volume being pillow lava, since
the major part of the erupted magma would still
fragment into glass, enough to account for the
high heat flow.

Volume of magma erupted
With the total volume of erupted material as
0.8 km 3, an estimate of the volume of magma
erupted can be obtained. The appropriate magma
density for the basaltic andesite erupted in Gjfilp
(Maria et al. 2000; Steinthorsson et al. 2000) is
close to 2600 kg m -3 (Murase & McBirney 1973).
If it is assumed that the volume of pillow lava is
insignificant and by using the same assumptions
as above on porosity and grain density, the
resulting volume is 0.45 km -3. If the maximum
possible volume of 0.25 km -3 for pillows (porosity c. 0.25) and the minimum possible volume of
0.55km -3 for glass/tephra are used, a magma
volume of 0.50 km -3 is calculated. These values
are slightly higher but not significantly different
from the initial estimate of 0.4 km 3 which was
based on melted ice volumes and calorimetry
(Gudmundsson et al. 1997).

Future preservation of the edifice
When the Gj•lp ridge is compared with ridges
formed within the Pleistocene ice sheet, the question arises of how well have these ridges been
preserved and what may be the preservation
potential of the newly formed Gjfilp ridge. The
data provide information on the initial shape of
the Gjfilp ridge, and the evidence suggests that at
the end of the eruption it was composed mainly
of an unconsolidated pile of volcanic glass/
tephra. If such a pile was subjected to fast flow
of ice overriding the edifice, it might suffer heavy
subglacial erosion. In such a scenario a large
part or the whole edifice might disappear in a
short period of time, as may have been the case
in West Antarctica (Behrendt et al. 1995) and

has been suggested for certain areas of Iceland
(Bourgeois et al. 1998). Bourgeois et al. (1998)
pointed out that ridges formed at or close to
ice divides should not be removed by glacial
erosion. Two further factors that must greatly
reduce the removal potential are, firstly, consolidation of the edifice by palagonitization and,
secondly, the effect the eruption has on the ice
flow field as ice flow is diverted into the depressions, towards the newly formed edifice.
Palagonitization

The pile of glass formed in the eruption may
alter to palagonite, as has a large part of the
hyaloclastite tufts making up the Pleistocene
ridges and tuyas (Jones 1969; Jakobsson 1979;
Chapman et al. 2000). The rate of alteration in
the subglacial environment is unknown; under
subaerial conditions in Surtsey, basaltic tephra
was palagonitized to dense tuff in only 1-2 years
when subjected to mild hydrothermal activity
at temperatures of 80-100°C (Jakobsson 1978).
The observed temperatures in the top of the
Gjfilp edifice in June 1997 and a powerful geothermal heat flux revealed by continued subglacial melting (Gudmundsson et al. 1999) from
the end of the eruption through 1999, indicates
high temperatures in at least some parts of the
edifice. This suggests that considerable palagonitization of the edifice may already have taken
place. However, in the absence of samples from
the edifice, no proof exists of palagonitization
actually occurring at Gjfilp. This is a subject of
further research.
Diversion o f ice f l o w

The Gjfilp eruption occurred near the ice divide
between the drainage basins of Grimsv6tn,
Dyngjuj6kull and the Eastern Skaft{t Cauldron
(Figs 1 & 12) (Bj6rnsson 1988; Gudmundsson
et al. 1997). This location suggests favourable
conditions for preservation compared to other
areas. No direct measurements exist of ice flow
velocities in the Gjfilp area prior to the eruption.
However, the location of ice divides and the
direction of ice flow (Fig. 12) is known (Bj6rnsson 1988; Bj6rnsson et al. 1992). An estimate of
ice flow velocities can be made on the basis of
mass balance of this part ofVatnaj6kull (Bj6rnsson et al. 1998) and the size of the ice drainage
basin upstream of the Gjfilp ridge. By assuming
that the glacier was in steady state before the
eruption, the balance velocity (Paterson 1994)
can be calculated. The result for the pre-eruption
balance velocity at the centre of the Gj{tlp fissure
is about 10 m a -1 (c. 3 cm per day) towards south.
This can be compared to the post-eruption flow
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Fig. 12. Maps showing changes in the ice flow field in the Gjfilp area in the first four years after the eruption.
All maps have contour intervals of 25 m and show the Gjfilp fissure (bold grey line). (a) The pre-eruption ice flow
field with ice divides (dashed) and ice flow lines (solid with arrows). The ice flow lines are drawn perpendicular to
surface contours. (b)-(e) Post-eruption horizontal ice flow velocities in 1997-2000, calculated from displacements
of stakes measured with sub-metre DGPS during the period June-September each year. Ice flow velocities have
declined with time but inside the depressions they are directed inwards, towards the Gjfilp subglacial ridge.

field. During and after the eruption, ice flow
inside the depressions was directed towards the
centre (Fig. 12) with the observed velocities
considerably higher than the pre-eruption balance velocities. Although the velocities have
gradually been reduced, this flow field has
persisted since the eruption. It will probably do
so for several years, while the depression still
exists. While flow of ice from all directions converging on the GjS,lp ridge persists, no removal
of volcanic material by glacial erosion should
occur. If palagonitization occurs at Gjfilp at a

rate similar to that observed in Surtsey (i.e. a few
years), the ridge should have consolidated to a
large degree before ice starts flowing over it.
This indicates that shielding from the regional
ice flow for several years during infilling of
depressions formed in subglacial eruptions may
be an important factor in preserving mountains
formed in these eruptions.
Volunteers of the Iceland Gtaciological Society took
part in the fieldwork and the Society together with
the National Power Company of Iceland provided
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