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ABSTRACT
The crustal structure of the subglacial Grimsvotn volcano, Vatnajokull Ice Cap,
Iceland, has been studied with shallow seismic reflection, magnetics, gravity, seismic
refraction and recent data on bedrock topography. Grimsvotn has been highly active
in recent times and has developed three calderas, the east (18 km2), north (11 km2)
and the main caldera (20 km2). The subglacial topography in the area is characterized
by hyaloclastite ridges, formed by subglacial volcanism. These ridges are made of
low density nonmagnetic hyaloclastite tuffs with abundant pillows in places.

It is

inferred that hydrothermal alteration has reduced the magnetization of the rocks in
places, especially within the calderas. The floor of the 300-600 m deep main caldera
dips gently from south to north and parts of it are covered with lava flows.

The

caldera fill is at least 100 m thick, made of volcanoclastics interbedded with lava
flows and sills. The uppermost 2.5 km of the crust are a region of rapidly increasing
P-wave velocity and density. A Bouguer anomaly high over the volcano is caused
by a basic intrusive complex below 2 km depth.

This complex has a minimum

volume of 500 km3. Semicircular Bouguer anomaly and magnetic highs may be the
expression of a cone sheet swarm, 8-9 km in diameter. On the basis of the bedrock
morphology, the east caldera is considered to be the oldest while the other two appear
to be recent formations. Within the main caldera the number of subglacial mounds
created by eruptions is roughly equal to that of recorded eruptions over the last 200
years. It is proposed that the main and northern calderas formed when magma was
drained laterally some 50 km to the southwest at the time of the eruption of the 12
km3 Laki lava in 1783.

The very high heat flow (about 5000 MW) observed in

Grimsvotn over the last 100-200 years may be a consequence of the caldera collapse.
It is thus considered to be a transient feature and the decline in heat flow observed
over the second part of this century is believed to be due to decreased volcanic
activity.
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CHAPTER 1
INTRODUCTION

In this thesis the results of geophysical surveys from the ice covered Grimsvotn area
in Iceland are presented. The surveys in this active volcanic area included seismic
reflection work, gravity and magnetic surveys covering most of the area and a limited
amount of seismic refraction work. The surveys were carried out in five expeditions
during the summers of 1987, 1988 and 1989.
Grimsvotn is an active subglacial volcanic centre within the Vatnajokull ice cap in
Southeast Iceland (Fig. 1-1). A caldera complex has developed in Grimsvotn and it
is considered to have had the highest eruption frequency of all Icelandic volcanoes
over the last few hundred years (Thorarinsson 1967). Grimsvotn has also been the
source of large jokulhlaups (water floods) on the flat outwash plains to the south of
the ice cap. The reason for these jokulhlaups has been the continuous accumulation
of meltwater in a subglacial lake within the caldera. The glacier ice is melted from
below by geothermal heat and Grimsvotn is considered to be one of the most
powerful geothermal areas known on earth (Bjomsson 1974, 1983, 1988, Tryggvason
1982).
The factors mentioned above make Grimsvotn one of the most dynamic volcanic areas
in Iceland, where magma/water/ice interaction takes place on a large scale.

One

aspect of these phenomena has been the repeated occurrence of subglacial and
subaquatic eruptions (Thorarinsson 1974). A large part of the rock formations and
landforms observed in the volcanic zones of Iceland were formed in subglacial
eruptions during the Quaternary (Kjartansson 1943, 1959, Bemmelen and Rutten
1955). Moreover, considerable parts of the active volcanic areas in Iceland are ice
covered at present, and subglacial eruptions have been common throughout the history
of settlement in Iceland (Thorarinsson, 1967).

The study of subglacial volcanic
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processes and products is therefore
particularly

relevant

to

Icelandic

geology.
The

name

Grimsvotn

can

be
Grimsvotn

translated as " the lakes of Grimur".
Thorarinsson

(1974) compiled all

VatnaJGkull

available evidence on eruptions and
jokulhlaups

from

Grimsvotn.

According to Thorarinsson (1974) the
name Grimsvotn first appears in a
letter written around the year 1600.
In the letter a reference is made to
an eruption in lakes east of the
mountain massif around the volcano
Hekla.

Thorarinsson considers that

the eruption site is in all likelihood

Fig. 1-1.

Western Vatnajokull.

the same place that now bears the
name Grimsvotn.

Furthermore, Thorarinsson (1974) cites several references to

Grimsvotn and their location within Vatnajokull from the seventeenth century onwards.
A legend exists where the origins of the name Grimsvotn are explained.

It was

documented by the manuscript collector and scholar of Icelandic, Ami Magnusson,
probably in the first decade of the eighteenth century. The legend tells the story of
VestfjarSa Grimur (Grimur from the Western Fjords) who had to hide in the highlands
after he had revenged the killing of his father. A widow, whom he had asked for
assistance, directed him to remote lakes where he could hide and feed himself from
fishing. A giant, who lived near the lakes, was not happy with his new neighbour
and eventually they had a fight which resulted in Grimur killing the giant. After that,
the giant’s daughter laid curse on the lakes and said that from then on fires would
bum in the lakes and the surrounding woods would perish.

The lakes have since

been named after Grimur.
Although the story is interesting it is probably more significant that Magnusson’s
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source, who lived in the area south of Vatnajokull, located Grimsvotn in the glaciers
north of Skei5ararjokull, a location that fits quite well with present day Grimsvotn
(Thorarinsson 1974).

It is worth taking notice of these old records, as they do

illustrate that the volcano has been highly active, at least over a period of few
hundred years.
The first known visit to the area, took place in September 1919, when two Swedish
geologists found Grimsvotn during their expedition to Vatnajokull (Wadell 1920).
Wadell (1920) considered Grimsvotn to be a huge crater. The discovery of this large
volcanic area in the interior of Vatnajokull did not attract much attention at the time.
However, an eruption and a jokulhlaup in 1934 prompted the first scientific work
(Askelsson 1936, Nielsen 1937). Since then a great deal of work has been carried
out in the area (see Section 2.4).
The motivation for the present project was twofold: Firstly, to attempt to shed some
new light on the existence and evolution of the Grimsvotn area, which would be
relevant to the *understanding of some of the processes involved in ice/magma
interaction. Secondly, as substantial parts of the active volcanic areas of Iceland are
ice covered, it is of considerable importance to establish how best to study the
geology and geophysics of these areas. In particular, it is important to work out the
merits of individual survey methods in ice covered volcanic regions as well as to
identify specific problems.
Knowledge of the subglacial topography is vital to all detailed geophysical studies of
the crustal structure of ice covered areas. The foundations for the present project
where therefore laid when the Science Institute, University of Iceland, started its
radio-echo sounding program on Vatnajokull in the late seventies. Since then large
parts of Vatnajokull have been covered by over-snow traverses where barometric
levelling is used to map the ice surface and the radio-echo sounder to map the
bedrock topography (Bjomsson 1986, 1988). These surveys included the Grimsvotn
area. However, as the radio waves used in the soundings (1-5 MHz) do not penetrate
water, no information on bedrock topography could be obtained in the area covered
by the subglacial lake.
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The first phase of the present project was a seismic reflection survey on the ice shelf
covering the subglacial lake. Its aims were to map the bottom of the lake and in that
way obtain information on the topography of the caldera floor in Grimsvotn. This
survey also had a very practical dimension, as it allowed the volume of the lake to
be estimated for the first time, which greatly enhances the assessment of the flood
potential on the outwash plains south of the glacier. Furthermore, it was hoped that
some information on the morphology and shallow structure of the caldera floor could
be obtained. The seismic reflection survey was carried out in 1987.
The next phase of the project was to obtain magnetic and gravity data from most of
the area covered by the volcanic complex. The aims of these surveys were to study
the crustal structure of the Grimsvotn area, in particular that of the caldera complex.
It was hoped that the magnetic data set could help in revealing structural trends and
in interpreting features on the bedrock map. While the gravity data set would be
useful in the same sense as the magnetics, it was considered likely that it would give
considerable information on the overall crustal structure. However, as much more
information exists on the seismic velocity structure of the Icelandic crust than the
density structure (see Chapter 2), it was considered necessary to conduct a limited
seismic refraction experiment to provide constraints on the interpretation of the gravity
data. To that end, a 12 km long refraction profile was shot in 1988. The bulk of
the potential field data was also collected in 1988, while some remaining gaps in the
magnetic survey coverage where filled in a short trip to Grimsvotn in 1989.
The thesis is divided into seven chapters including this introduction.

The second

chapter gives an outline of the geology and geophysics of Iceland and geophysical
data on active volcanoes in Iceland are briefly reviewed.

A description of the

geology of the Western Vatnajokull area is presented and earlier research in
Grimsvotn is reviewed. The third chapter describes the collection and processing of
the data sets.

In Chapters Four and Five the data are analysed with reference to

shallow stratigraphy, bedrock morphology and crustal structure. In Chapter Six the
nature of the heat flow and the origin of the calderas is discussed in view of the
findings presented in Chapters Four and Five. Chapter Seven gives a brief summary
of the conclusions reached.

The field expeditions are described in Appendix A.

15

Barometric levelling is described in Appendix B while the digital terrain models used
for gravity reduction are presented in Appendix C.

Appendix D is a list of the

gravity stations.
The results of the seismic reflection were published in the journal Jokull
(GuQmundsson 1989). These results appear here as Section 3.2., Chapter Four and
a part of Section 6.1.
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CHAPTER 2
GEOLOGICAL AND GEOPHYSICAL FRAMEWORK

Interpretation of geophysical data sets from Grimsvotn is made difficult by the fact
that the area is almost entirely subglacial. Exposures of rock are almost nonexistent
and constraints from surface geology can not be obtained. It is therefore apparent
that all interpretation is heavily dependent on analogies from other volcanic areas in
Iceland, and on conclusions that can be drawn from the recent volcanic history of the
area.

In this chapter a brief summary is given of the present knowledge of the

geology of Iceland and its crustal structure. A description is given of the Western
Vatnajokull area and the research carried out in the Grimsvotn area over the last
several decades is briefly reviewed.

2.1. Tectonics and geology of Iceland
2.1.1. General outlines
The general features of the geology and tectonics of Iceland are governed by the
combined occurrence of a divergent plate margin and an inferred mantle plume,
believed to be the cause of the so called Iceland hot spot (Saemundsson 1979,
Bjomsson 1983). The increased volcanic production rate in Iceland compared to other
parts of the Mid-Atlantic Ridge is attributed to the hot spot activity.

This

anomalously high production rate manifests itself in the elevated position of Iceland
and the thickness of its oceanic crust One aspect of the geological history of Iceland
has been repeated eastward jumps of the ridge axis (Saemundsson 1979).

It is

believed that the position of the rift axis in Iceland is affected by the mantle plume.
It has been proposed that the axis moves WNW relative to the plume which in turn
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causes the ridge axis to jump eastward periodically, stationing itself above the plume
(Vink 1984).
The details of the plate margins in Iceland are rather complicated. Volcanic activity
is confined to the 50-100 km wide neovolcanic zones which can be divided into the
axial rift zones and the flank zones (Fig. 2-1).

The axial rift zones are the

constructive plate margins where rifting and creation of new crust takes place. The
axial rift zones are the Reykjanes-Langjokull Zone (RLVZ), the Eastern Volcanic
Zone (EVZ) and the Northern Volcanic Zone (NVZ). Thus, in the southern part of
the country rifting takes place in two parallel zones. It has been suggested that the
eastern volcanic zone is propagating southwards (Einarsson 1987). The two rift zones
in South Iceland are connected by an east-west trending earthquake zone, the South
Iceland seismic zone (SIZS). The northern volcanic zone is connected through the
Tjomes fracture zone (TFZ) to the submarine Kolbeinsey ridge (KR), north of the
island.

Within these two transform zones, earthquakes of magnitude 7-7.5 occur

(Einarsson and Bjomsson 1979).
The axial rift zones are dominated by extensional features, with open fissures, graben
structures and crater rows being common. The flank zones, which are the southern
part of the Eastern Volcanic Zone and the Snaefellsnes Zone, show little evidence of
crustal extension and are believed to be dominated by shear stress (Saemundsson 1978,
1979).

The flank zones have been active for only 1-2 million years and their

products lie unconformably on top of a pile of older volcanic rocks (Saemundsson
1979).
Within the neovolcanic zones, each volcanic system usually consist of a fissure swarm
and a central volcano. Such a system may be 50-100 km long and 5-15 km wide
(Saemundsson 1978, Jakobsson 1979).

In the Northern Zone and the Reykjanes-

Langjokull Zone the systems are arranged in en echelon arrays but in the Eastern
Volcanic Zone the systems are parallel to the trend of the zone itself. The central
volcanoes form where magma production is highest, usually near the centre of the
systems. The central volcanoes are associated with the formation of crustal magma
chambers and calderas and high temperature geothermal areas occur frequendy within
their margins. Within the axial rift zones the central volcanoes have commonly built

Fig. 2-1. Plate margins, volcanic zones, volcanic systems and central volcanoes in Iceland (based on Saemundsson 1979 and Einarsson 1991).
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up shield-like volcanoes. The volcanic products of a central volcano usually cover
a wide compositional range, from basic through intermediate to acidic.

Fissure

eruptions associated with the fissure swarms produce only basalts. Jakobson (1979)
identifies 26-28 volcanic systems within the neovolcanic zones.
The recent episode of crustal rifting and volcanism in the Krafla system, NE-Iceland,
has greatly increased the understanding of rifting in Iceland and the processes
involved (Bjomsson et al. 1977, Einarsson and Brandsdottir 1980, Bjomsson 1985,
Rubin 1990, Einarsson 1991). The dynamics are summarized by Bjomsson (1985).
Rifting along the plate boundaries takes place in discrete episodes involving one
volcanic system at a time. During an episode, extension of the order of a few meters
takes place, releasing the tensional stress that has built up since the last rifting
episode.

A rifting episode is characterized by normal faulting with associated

earthquake activity, dyke injection and often surface volcanism in the form of fissure
eruptions.

Each episode seems to last for several years but the interval between

episodes is of the order of 100-200 years.

During the interval the plate boundary

appears to be locked and very little if any spreading takes place.
The Eastern Volcanic Zone has shown the highest activity in postglacial times
(Thorarinsson 1967, Jakobsson 1972). It includes the highly productive volcanoes
Hekla, Katla and Gnmsvotn. Moreover, the fissure swarms southwest of Vatnajokull
have erupted some of the most voluminous lava flows known in Iceland. Amongst
these is the 12 km3 Laki lava (Fig. 2-6), the largest lava flow observed in historical
times, erupted in 1783-1784 (Thorarinsson 1967).

2.1.2. Structure of the crust
Information on the stratigraphy and structure of the upper crust of Iceland has been
obtained from geological mapping of the eroded parts of the Tertiary lava piles.
These studies show that the Tertiary strata outside the central volcanoes consists of
a regular pile of basaltic lava flows. Walker (1959, 1960, 1963) mapped the Tertiary
rocks of eastern Iceland where erosion has exposed the uppermost 1-2 km of the
original lava pile.

Additional geological data have been obtained from drillholes
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Fig. 2-2. P-wave velocity and density structure o f the Icelandic crust according the
two seismic models. The dashed lines are according to Pdimason’s (1971) layered
model and the solid lines are according to the velocity model o f Flovenz (1980).
which reach a maximum depth of 3.5 km from the top of the original lava pile
(P£lmason et al. 1979). As a general rule, these studies show that the lava pile dips
towards the rift zone and that the lavas become increasingly altered with depth. The
degree of alteration is a function of maximum depth of burial, with well defined
zeolite zones corresponding to different depth intervals (Walker 1961, Kristmannsdottir
1982). These studies also demonstrate the increasing occurrence of dykes with depth.
One of the main sources of information on the crustal structure of Iceland has been
explosion seismology. The classical work is that of Palmason (1971), who interpreted
refraction profiles from all parts of the country. He divided the Icelandic crust into
four layers of constant velocity (Layers 0-3, see Fig. 2-2a). Layer 0 has a very low
P-wave velocity and is only found within the neovolcanic zones. Palmason (1971)
used the seismic velocities to estimate the density structure of the crust. The dashed
curve on Fig. 2-2b shows the inferred densities.
Flovenz (1980) reinterpreted some of Palmason’s profiles using ray-tracing methods
and showed that a division of the crust into two layers, the upper and the lower crust,
was in better agreement with the data (Fig. 2-2a). The upper crust corresponds to
Palmason’s Layer 0, 1 and 2 and is a region of continuously increasing velocity with
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depth.

Moreover, Flovenz (1980) concluded that the seismic velocity of a rock

formation in the upper crust is a function of its maximum depth of burial. This is
explained by the increased alteration of the rocks with depth where secondary
minerals gradually fill up the pore space.

More recent data on the upper crustal

structure comes from Christensen and Wilkens (1982) who measured the velocities
and densities of basaltic rock samples from a 1.9 km deep drillhole in Rey5arfjor5ur
in east Iceland (Fig. 2-1). Their results are veiy similar to that of Fldvenz, showing
a continuous increase in velocity and density with depth. Their density values for the
the area corresponding to Layer 1 and 2 are somewhat higher than those inferred by
Palmason (1971). Extensive density and porosity measurements of samples for a wide
range rock types collected by the National Energy Authority (Pdlsson et al. 1984) (see
Section 3.4. and Table 3.3.) show
basalts.

similar results of higher density values for solid

Flovenz and Gunnarsson (1991) used these and recent refraction and

reflection data to produce a refined crustal model in which the crustal density
increases from 2.0 Mg m'3 at the surface to 3.0 Mg m'3 at the boundary between the
upper and lower crust.
The lower crust of Fldvenz (1980) corresponds to Layer 3 and has a constant velocity
or a slightly increasing velocity with depth (Gebrande et al. 1980).

The depth to

Layer 3 within the neovolcanic zone is 5-6 km and the density is considered to be
nearly constant, close to 3.0 Mg m*3 (Fldvenz and Gunnarsson 1991).

The total

thickness of the crust is not well known in some parts of the country but it is
considered to vary from 8 to 15 km.
Flovenz and Gunnarsson (1991) do not present a density profile of the crust. Studies
of the density of basaltic rocks and its relationship to seismic velocity have been
carried out by several workers and Christensen and Wilkens (1982) show that a linear
relationship exists between seismic velocity and wet bulk density, both for DSDP
basalts and the Icelandic basalts from Rey5arfj6r5ur.

It was therefore considered

acceptable to use a linear relation between density and P-wave velocity and the solid
density profile presented in Figure 2-2b is constructed in that way.

A density of

2.0 Mg m'3 corresponds to a velocity of 2.0 km s'1 and the density of 3.0 Mg m'3
corresponds to 6.5 km s'1.
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The velocity and density curves (Fig. 2-2) based on Fldvenz and Gunnarsson (1991)
and Christensen and Wilkens (1982) will hereafter be referred to as the standard
crustal model.
Seismic experiments (Gebrande et al. 1980) and magnetotelluric measurements (Beblo
and Bjomsson 1978, 1980, Eysteinsson and Hermance 1985) indicate that the upper
mantle is partially molten under most of Iceland. The P-wave velocity is anomalously
low and S-waves are attenuated while the magnetotellurics indicate a low resistivity
layer under the crust (Fig. 2-3). The estimates of the degree of partial melt vary
from 10% to 20%.
The nature of seismic Layer 3 in Iceland has been a matter of some debate over the
years. P&lmason (1971) proposed that the layer 2/3 boundary was metamorphic, with
basaltic crust converting to amphibolite.

Walker (1974) proposed the alternative

hypothesis that Layer 3 is made up of a sheeted dike complex.

According to

Christensen and Wilkens (1982), the seismic velocities of intrusive basic rocks at
confining pressures equal to those in Layer 3 are about 6.1 km s'1. As the observed
seismic velocity of Layer 3 is 6.5 km s'1, they conclude that Walker’s suggestion can
not be supported. Instead, they drew attention to the increasing occurrence with depth
of the dense alteration mineral epidote in the Rey5arfjor5ur drill hole (close to 20%
at the bottom of the hole).

Moreover, they point out that an increase in epidote

content to 25% would give the observed P-wave velocity. The increase in epidote
with depth has been observed in drill holes and geothermal wells elsewhere in Iceland
(Palmason et al. 1979). Fldvenz and Gunnarsson (1991) therefore concluded that the
lower crust is composed of basalts of low porosity and with high contents of epidote.
The relative regularity of the stratigraphy of the Tertiary volcanic pile contrasts with
the greater complexity observed in the Quaternary formations (Saemundsson 1979).
This can be attributed to the effects of successive periods of glaciation during the
Quaternary. The greatly increased rates of erosion created larger erosional relief while
the effects of the ice on eruption mechanisms created hyaloclastites which tended to
pile up over the eruptive vent creating major topographic features. The distribution
and flow directions of lava flows from interglacial periods were therefore much more
controlled by topography than during the Tertiary.

The topography observed in
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Fig. 2-3. Depth to a partially molten layer under the crust in NE-Iceland based on
magnetotelluric soundings (from Bjdrnsson 1985). Thickness o f crust is least under
the active volcanic zone (See Fig. 2-1).

Iceland at present is very much a product of glacial erosion and subglacial volcanic
acdvity.

The products of subglacial volcanism during the Quaternary are mainly pillow lavas
and hyaloclastite tuffs. The pillow lavas form where magma is erupted subaqueously
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at water pressures sufficient to prevent vesiculation of the magma (Kjartansson 1943,
Jones 1969). Where the water pressure is not sufficient to prevent the degassing of
the magma hyaloclastite breccias and tuffs are formed. In Iceland the transition from
pillow lavas to hyaloclastite tuffs appears to occur at water depths of about 100-200
m (Jones 1969, Allen 1980). Hyaloclastite ridges, made of pillow lavas and tuffs,
were formed when fissure eruptions occurred beneath the ice sheet. Table mountains
occur in many parts of the volcanic zones in Iceland. These are flat topped, steep
sided mountains which are considered to have formed in subglacial eruptions that
reached the surface of the ice (Kjartansson 1943, Bemmelen and Rutten 1955). Their
stratigraphy is the same as that of the ridges; a core of pillow lavas is covered by a
mantle of hyaloclastite tuffs. A layer of subaerially erupted lavas formsthe flat top.
Most tablemountains are considered to have formed in a single eruption (Kjartansson
1943, Bemmelen and Rutten 1955).

2.1.3. Central volcanoes
Walker (1963) described in a classic paper the structure of the BreiSdalur central
volcano, an extinct and deeply eroded Tertiary volcano in eastern Iceland. A number
of extinct central volcanoes in Iceland have since been studied by many workers
(Saemundsson 1979).

The majority of these central volcanoes have developed

calderas, 5-10 km in diameter.

The crust within the the more deeply eroded

volcanoes has a high proportion of intrusive rocks

( lo c a lly

50-100%) and many have

developed swarms of cone sheets up to 15 km in diameter and commonly 1-2 km
thick (Fri51eifsson 1979, Saemundsson 1979). The host rock within the complexes is
usually intensely altered.

Larger intrusive bodies of dolerite, gabbro and/or

granophyre, up to 10 km2 in size, are common.
Refraction profiles shot over extinct central volcanoes show that the depth to layer
3 is reduced to 1-2 km within the margins of the volcanic complexes (Palmason
1971, Fldvenz 1980). Fldvenz’s analysis also shows that the velocity gradient above
Layer 3 is much higher in the central volcanoes. Recent seismic tomographic studies
in the Hengill area, southwest Iceland, show similar results within the active Hengill
central volcano (Foulger and Toomey 1989).
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Einarsson’s (1954) gravity map of Iceland is reasonably detailed in southwest Iceland
where the remnants of some of the extinct central volcanoes are found. Most of the
Tertiary central volcanoes show up as positive gravity anomalies, typically with an
amplitude of 5-10 mGals. Palmason (1971) shows several examples of the correlation
of positive gravity anomalies and shallow Layer 3 over extinct central volcanoes.
Regional aeromagnetic surveys reveal localized magnetic anomalies over central
volcanoes with wavelengths of 5-10 km and amplitudes of the order of 500-1000 nT
(Kristjansson et al. 1989, Jonsson et al. 1991).
In summary, the geophysical signature of extinct central volcanoes in Iceland is
characterized by shallow depth to Layer 3, magnetic anomalies of 5-10 km
wavelength and gravity highs, 5-10 mGals in amplitude.

2.2. Active volcanoes
The total number of active central volcanoes in Iceland is considered to be close to
thirty (Saemundsson 1978, 1978, Einarsson and Saemundsson 1987). About one third
of these are more or less ice covered (Figs. 2-1 and 2-6). Five central volcanoes are
considered to be located on the Reykjanes peninsula but none of these have developed
a caldera. Four central volcanoes are found in the eastern volcanic zone north of
Vatnajokull; Krafla and Askja have developed calderas while Peistareykir and SySri
Namur have not. In the eastern volcanic zone south of Vatnajokull the centres of
Torfajokull, Tindfjallajokull and Katla have developed calderas and a small summit
caldera may be present in Eyjafjallajbkull. The two latter centres are ice covered.
The centres of Krafla, Peistareykir and Hengill have been subjected to geothermal
exploration including geophysical surveys such as gravity and magnetic mapping.
Moreover, extensive drilling of production wells for geothermal power stations have
taken place at Krafla and Hengill.

No ice cover exists on any of these centres.

Below, a brief outline is given of the geology and geophysics of Krafla, Peistareykir
and Hengill.
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The products of the Krafla volcanic centre (Fig. 2-4a) have mostly been basalts. The
volcano is mainly built of a pile of lavas considered to have erupted during the last
interglacial, 70-100 thousand years ago (Bjomsson et al. 1977). The diameter of the
volcano is about 20 km and it has the form of a shield volcano with gentle slopes.
The Krafla caldera is about 10 km long (E-W) and 7-8 km wide (N-S).

It was

formed during the last interglacial following the eruption of "a sheet of dacitic welded
tuff which is exposed around the caldera" (Bjomsson et al. 1977, p. 319). Rifting on
the fissure swarm cutting the caldera may have widened it by as much as 2 km since
its formation. The caldera is now filled almost to the rim by volcanics and Calderone
et al. (1990) estimate that about 13.5 km3 have accumulated within the caldera since
its formation.

Near the caldera rims, dykes and fissures trending parallel to the

caldera fault are conspicuous. The rifting episode in 1975-1984 took place on the
fissure swarm and eruptions occurred both within the caldera and to the north of it
(Bjomsson et al. 1977, Bjomsson 1985).

In postglacial time about 20 eruptions have

occurred within the caldera and about 15 in the Ndmafjall area 5 km to the south of
the caldera.

Volcanic activity has occurred in two main periods, early postglacial

times and the period after 3000 B.P. (Bjomsson et al. 1977).
A large geothermal area exists within the Krafla caldera as well as in Namafjall.
Extensive drilling down to a depth of about 2000 m has taken place within the
caldera during the construction of a geothermal power station. These wells provide
a cross section of the uppermost 2 km of the crust within the caldera (Palmason et
al. 1979). In the uppermost 1100 m 200-300 m thick layers of hyaloclastites and
lavas alternate.

Below 1100 m intrusions dominate.

These intrusions are mostly

basaltic but acidic rocks do also occur.
A detailed interpretation of the Krafla gravity field has not been published but a
gravity map (Fig. 2-5a) was compiled by G. Johnsen (Karlsddttir et al. 1978). The
Krafla volcano is a Bouguer anomaly high with a relative low superimposed in the
region of the caldera. The flanks surrounding the caldera are highs. The reduction
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Fig. 2-4. Topographic maps o f Krafla,
Peistareykir and Hengill. The location
of these centres is shown on the small
map o f Iceland.
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Krafla.
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b) Peistareykir. The margins o f the
fissure swarm are indicated with broken
lines.

c)
Hengill (farthest to the west),
Olkelduhdls (farthest to the north) and
the extinct Grensdalur (farthest to the
SE).
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density used for the Krafla map is 2.3 Mg m'3 (Karlsddttir et al. 1978). The gravity
high is probably caused by dense basic intrusives while the low over the caldera is
considered to be due to accumulation of hyaloclastites (Stefansson 1980).
The magnetic map of the Krafla area (Fig. 2-5b) shows the active geothermal areas
of Namaskar5 and Krafla caldera as lows. Drilling within the Ndmaskar5 area has
revealed intensely hydrothermally altered rocks with zero susceptibility (P£lmason et
al. 1979). A WNW-ESE trending low crosses the caldera, coinciding with surface
expressions of geothermal activity.

2.2.2. Peistareykir
The Peistareykir area is located about 20 km to the northwest of Krafla (Figs. 2-1
and 2-4b).

It is a central volcano with a high temperature geothermal area and

crossed by a fissure swarm trending north (Gfslason et al. 1984).

The volcanic

products are mostly basalts but acid rocks do occur. The topographic expression of
the Peistareykir central volcano is small and the productivity of the Peistareykir
fissure swarm during the Holocene has been relatively small compared to Krafla. The
last eruption occurred about 2500 years ago and about 14 eruptions have occurred
during the Holocene (Gfslason et al. 1984). A caldera has not formed at Peistareykir.
Gravity and magnetic maps of the Peistareykir area (Gfslason et al. 1984) are shown
on Figs. 2-5c and 2-5d. The magnetic map shows about a 1000 nT low over the
geothermal area. A NW-SE trend can be detected in the map and similar trend is
apparent in the gravity map (Gfslason et al. 1984). This trend is associated with the
Husavfk fault system which cuts across Peistareykir. This fault system forms a part
of the Tjomes fracture zone where the ridge axis is shifted westwards from the
northern volcanic zone to the Kolbeinsey ridge to the north of Iceland (Einarsson and
Bjomsson 1979). In contrast with Krafla and Grfmsvotn (Chapter 5), regional trends
seem to dominate and local features are small and inconspicuous.
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Hengill, magnetic field.
Contour
e) Hengill, Bouguer anomaly. Contour f)
interval 1 mGal. Based on Hersir et al. interval 500 nT. Based on Hersir et al.
(1990).
(1990).

2.2.3. Hengill
Three volcanic systems and central volcanoes are considered to be located in the
Hengill area in SW-Iceland (Fig. 2-4c). The westernmost one is the Hengill central
volcano and it is presendy the locus of crustal spreading and crustal accretion in the
area (Foulger and Toomey 1989, Hersir et al. 1990). The Hengill central volcano is
traversed by a fissure swarm trending SW-NE.

The exposed rocks are mostly

hyaloclastites and pillow lavas from the last glaciation (Foulger 1988, Hersir et al.
1990).

Rocks of intermediate and acid composition are found in the volcano, but

the majority of the exposed rocks are basaltic. Four small fissure eruptions have
occurred in the Hengill system during the Holocene. The Hengill volcano does not
have a caldera.
Geothermal activity occurs in Hengill and is currently being exploited by the
Reykjavik Municipal District Heating Service. A number of geothermal wells have
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therefore been drilled in the area.

These wells show a progressive increase in

intrusives with depth and below 2 km the percentage of intrusives approaches 100%
within the centre (Hersir et al. 1990, BoSvarsson et al. 1990).
The gravity map of Hengill (Fig. 2-5e) shows that a NE-SW trending low extends
along the Hengill fissure swarm.

This low is considered to be caused by great

thickness of low density hyaloclastites piled up in subglacial eruptions during the
last glaciation (Hersir et al. 1990).

A Bouguer anomaly high, about 5 mGal in

amplitude and with a 10 km diameter occurs over the extinct Grensdalur central
volcano about 10 km east of Hengill. No clear gravity anomaly can be detected over
the active centre.
The magnetic map of the Hengill area (Fig. 2-5f) shows a broad high above the
active volcanic zone.

A NW-SE trending low cuts across the high.

coincides with surface manifestations of geothermal activity.

This low

Isolated highs occur

over some of the hyaloclastite mountains and these highs are attributed to pillow lavas
(Hersir et al. 1990). One of the largest magnetic highs observed in Iceland occurs
over the hyaloclastite mountain of Skalarfell.
2.2.4. Summary
In Hengill and Peistareykir the gravity signature of the volcanic centre is small and
regional structures have a much stronger influence on the gravity. In contrast, the
gravity signature of Krafla is obviously dominated by local structure, apparently
associated with the caldera. A recent survey of the gravity field in Askja shows that
clear anomalies are associated with the volcano (Brown et al. 1991).

A Bouguer

anomaly low is associated with the volcano but local highs occur over the caldera
margins while the ridges forming the rims coincide with lows. A Bouguer anomaly
high is associated with the large Torfajokull caldera in South Iceland (Porbergsson et
al. 1990) but due to limited coverage the details of the gravity field cannot be
resolved in the same way as in Krafla and Askja. It appears, therefore, that within
the larger centres which have developed calderas local gravity anomalies are to be
expected. Considerable information on crustal structure may be therefore be obtained
by the study of the gravity fields associated with these centres.
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The geothermally active areas in all three centres show up on the magnetic maps as
lows.

This association is considered to be due to destruction of magnetite by the

hydrothermal fluids (see Chapter 5). Indirect information on hydrothermal alteration
may therefore be obtained from magnetic maps.
Strong magnetic anomalies occur over many Quaternary volcanic complexes such as
Askja to the north of Vatnajokull and the subglacial Katla volcano in southern
Iceland. At both centres the central area is a low enclosed within a circular high.
According to Jonsson et al. (1991) the magnetic rocks in the central volcanoes may
be gabbro stocks, cone sheets, lavas and possibly intermediate rocks.

2.3. Geology of Western Vatnajokull
2.3.1. Topography and tectonics
Vatnajokull covers a sizable proportion of the Eastern Volcanic Zone and large parts
of some volcanic systems are hidden underneath the ice (Fig. 2-1). Mountain masses
border Western Vatnajokull in places, and large outlet glaciers flow out between these
onto the highlands to the north, west and southwest (Fig. 2-6). The elevation of the
ice surface increases towards the north and east and reaches its maximum height in
the large dome of Bdr5arbunga (2010 m) in the northwest comer of the ice cap.
Only a few nunataks break the ice surface, these being Geirvortur (1441 m), P&lsfjall
(1332 m), P6r5arhyma (1659 m) and Gnmsfjall (1722 m), the latter being the ridge
forming the southern caldera wall in Grfmsvotn. Palsfjall and Porbarhyma are made
of rhyolite but the other outcrops are basaltic hyaloclastites (Johannesson et al. 1990).
Geothermal activity is observed in some parts of the ice cap. Large geothermal areas
are found in Grfmsvotn and in Kverkfjoll. The Skaftd cauldrons are depressions in
the ice surface between Grfmsvotn and Hamarinn. The cauldrons are created by the
subglacial melting of a geothermal area and drain every one or two years when a
jokulhlaup occurs in the river Skaftd (Bjomsson 1977, 1988).
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Fig. 2-6. Vatnajokull, central volcanoes and the volcanic systems. The Laki fissure
is located in the easternmost fissure swarm to the south o f the ice cap. From
Bjornsson and Einarsson (1991).
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The eastern margin of the Eastern Volcanic Zone is considered to be defined by a
line drawn east of I>6r5arhyma to Kverkfjoll on the northern margin of the ice cap.
No volcanic activity has been observed east of this line.
Knowledge of the subglacial topography was until recently very limited.

Isolated

seismic reflection soundings were made in several places on Vatnajokull in 1951 and
a very broad overall picture of the thickness of the ice cap could be constructed
(EyJjorsson 1952, Joset and Holtzscherer 1954). Furthermore, only the broad details
of the ice surface topography were known as the maps of Vatnajokull made by the
Danish Geodetic Institute were not based on actual measurements on the ice cap itself.
Oblique air photos taken in 1937-38 were used to draw the maps and the contours
should be considered to be formlines rather than real elevation contours (Nprlund
1944).
A significant advance in the knowledge of some of the geological structures in the
Vatnajokull area was achieved with the analysis of an ERTS-1 image of Vatnajokull
(Fig. 2-7) taken at a low sun angle on January 31 1973 (Thorarinsson et al. 1973).
Many features that had remained undetected could be seen on the image. Amongst
these were caldera structures in Kverkfjoll and B£r5arbunga and a N35°W trending
tectonic line from Graenafjall through I>6r5arhyma, extending to Hamarinn on the
western margin of the ice cap.

The authors also pointed out that south of this line

the topography is dominated by hyaloclastite ridges and crater rows while north of
it is a regime of central volcano complexes.
After the development of a radio-echo sounder for temperate glaciers at the Science
Institute, University of Iceland in the late seventies (Sverrisson et al. 1980), systematic
mapping of the bedrock and ice surface was started. Over the last 10 years extensive
radio-echo soundings have delineated the bedrock topography of large parts of
Western Vatnajokull in considerable detail (Bjomsson 1986, 1988).
Bjomsson (1988) described the subglacial topography of the parts of Western
Vatnajokull that had been mapped prior to that date.

Further, Bjomsson and

Einarsson (1991) presented a new bedrock map including the whole northern part of
Vatnajokull (Fig. 2-8). North of the Graenafjall-Hamarinn tectonic divide, no clear
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trends can be detected in the topography. The bedrock is dominated by the large
volcanic complexes of Hamarinn, Bdr5arbunga and Grfmsvotn. A huge caldera exists
in the Bar5arbunga massif, a caldera complex in the Grfmsvotn massif and, possibly,
a caldera structure in Hamarinn. Furthermore, Hamarinn and Grfmsvotn are connected
by an east-west trending subglacial ridge which has recently been given the name
Loki ridge (Bjomsson and Einarsson 1991).
South of the divide the bedrock is dominated by subglacial ridges trending NE-SW.
This area has the same characteristics as the Eastern Volcanic Zone southwest of the
ice cap, i.e. a typical rift zone with crater rows and grabens. The subglacial ridges
are continuations of the hyaloclastite ridges which stretch towards the southwest for
tens of kilometres from the edge of the glacier.

These ridges are the products of

voluminous subglacial fissure eruptions that have occurred in the last 0.7 m. y.
(Jdhannesson et al. 1982).
The Dyngjujokull oudet, an area bordered by B£r5arbunga, Kverkfjoll and the eastern
margins of the Grfmsvotn massif has recently been surveyed by radio-echo sounder.
The area is characterized by low subglacial relief but a row of isolated peaks trends
NE-SW (Bjomsson and Einarsson 1991).
The volcanic zone north of Vatnajokull is an area of well defined fissure swarms and
central volcanoes. The large central volcano complex of Askja is situated about 20
km to the north of the edge of Vatnajokull. Crater rows associated with the Askja
system extend southwards to the glacier margin. Further east, rows of hyaloclastite
ridges extend towards the NNE from the Kverkfjoll massif.

2.3.2. Evidence from regional geophysical data
Apart from radio-echo soundings, little geophysical data has been gathered on
Vatnajokull. The area was included in the regional aeromagnetic survey of Iceland
and profile maps were published on sheets 5, 6, 8 and 9 (Sigurgeirsson 1970-1985).
A coloured profile map was published by Kristjansson et al. (1989) and a gridded
colour map by Jonsson et al. (1991).

positive anomalies

negative anomalies

A:
B:
K:
H:
G:
f>:

Askja
Bar5arbunga
Kverkfjoll
Hamarinn
Grfmsvotn
PorSarhyma

Fig. 2-9. Magnetic anomaly pattern around Vatnajokull (based on Kristjansson et
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A number of gravity stations were occupied on Vatnajokull in 1985, covering most
of the ice cap’ in a grid with 8 km spacing. The data have not been processed yet
due to lack of information on subglacial topography in many areas (G. Porbergsson
1989, pers. communication).
Fig. 2-9 is based on the map of Kristj£nsson et al. (1989) and shows the magnetic
anomaly pattern in the area of Western Vatnajokull. The inferred eastern margin of
the Volcanic Zone shows up as a NE-SW trending line with high and rather irregular
field to the northwest.

East of the margin the field is relatively low and quiet.

However, a high extends SSE from Kverkfjoll to the extinct Esjufjoll complex. The
two different tectonic regimes within Western Vatnajokull discussed earlier are
apparent on the magnetic map.

A broad, positive, NE-SW elongated anomaly is

observed south of the divide. Further north, the field becomes more irregular but
east-west trends can be seen as well as anomalies of fairly long wavelengths.
Positive anomalies are associated with the PorSarhyma area, the northern margins of
the B6r5arbunga caldera and the central volcano complex of Kverkijoll.

A broad,

east-west trending low extends from Hamarinn to Grfmsvotn.
The regional seismometer network in southeast Iceland has been expanded
considerably in recent years (Einarsson and Bjomsson 1987). This has enhanced the
accuracy of earthquake epicentre determinations within Vatnajokull, enabling recent
earthquake swarms in Western Vatnajokull to be located.

According to Einarsson

(1991), earthquake activity within Vatnajokull over the period 1975-1985 was
clustered in three areas (Fig. 2-10). A cluster located near the southeastern part of
Gnmsvotn was associated with the 1983 eruption in Grfmsvotn. A second cluster is
located in BfrSarbunga.

The third cluster has an east-west trend, extending from

Hamarinn to Grfmsvotn.
The east-west trend between Hamarinn and Grfmsvotn is interesting as it is manifested
not only in the topography but also in the magnetic field and the earthquake
epicentres. Furthermore, the two Skaftd cauldrons are located on the same east-west
line.
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Earthquake epicentres in central Iceland 1975-1985 (from Einarsson

2.3.3. Volcanic systems within Vatnajokull
It is perhaps in order to conclude this introductory discussion on the geology and
tectonics of Western Vatnajokull by reviewing the opinions put forward on the
number and location of volcanic systems within its margins.

Larsen (1982) compared chemical analyses of lava samples from different fissure
swarms on both sides of Vatnajokull and included samples from Gnmsvotn tephra.
She suggests, on the basis of similarities of composition, that Gnmsvotn, Kverkfjoll
and the Laki fissure all belong to the same volcanic system.

To the west of this
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system, Larsen (1982) considers that the Dyngjuhals fissure swarm and the VeiSivotn
fissure swarm merge in the central volcano of Bar5arbunga, creating the second
volcanic system in the area.
Johannesson (1984) considers that five central volcanoes and/or fissure swarms exist
in the area: 1. BdrSarbunga and its associated fissure swarms (Dyngjuhals-VeiSivotn);
2. Askja, whose fissure swarm extends southwards under Dyngjujokull; 3. Gnmsvotn,
with a fissure swarm extending towards southwest and northeast from the volcano,
trending west of Kverkfjoll; 4. Kverkfjoll, which Johannesson (1984) suggests has a
fissure swarm trending southwest, east of Grfmsvotn; 5. P6r5arhyma and an associated
fissure swarm south of the ice cap.
Bjomsson and Einarsson (1991) used the data on the subglacial topography and
earthquake epicentres in the area to define the volcanic systems. Fig. 2-6 is from
their paper and it shows the volcanic systems as they emerge from underneath the
glacier.

Bjomsson and Einarsson (1991) define five volcanic systems under

Vatnajokull:
1. The B£r5arbunga system, consisting of the central volcano B£r5arbunga and the
Dyngjuhals fissure swarm to the north and the VeiSivotn fissure swarm (including
Vatnaoldur and Heljargjd on Fig. 2-6) to the south.
2. The Hamarinn-Loki system, consisting of the central volcano Hamarinn and the
Fogrufjoll fissure swarm that extends to the south towards Torfajokull.

The east

trending Loki ridge with the Skafti cauldrons is considered to be a part of this
system.
3. The Grfmsvotn system, consisting of Grfmsvotn and the Laki fissure swarm.
PorSarhyma is believed to be a separate central volcano belonging to this system.
4. The Askja system extends under Dyngjujokull, possibly all the way to Grfmsvotn.
5. The Kverkfjoll system, consisting of the

Kverkfjoll

central volcano and a fissure

swarm that extends to the SW but is apparently not linked to Grfmsvotn.
At present, the analysis of Bjomsson and Einarson (1991) is by far the most detailed
and is based on a much better set of data than that available to the previous workers.
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2.4. Gnmsvotn
2.4.1. Geography and geology
The Gnmsvotn area is centred on a roughly circular depression in the ice surface, 1012 km in diameter (Fig. 2-6, Map 1).

The bottom of the depression is the flat

surface of a 200-250 m thick ice shelf, covering a subglacial lake. The area of the
subglacial lake varies from 10 to 20 km2, depending on the water level. From the
margins of the ice shelf, the ice surface rises gendy to the northwest, north and east
(Figs. 2-11 and 2-12).

In contrast, the southern and southwestern slopes of the

depression are steep. Bordering the ice shelf to the south is the northern slope of the
ridge Grfmsfjall, the southern caldera wall. The wall rises 250-350 m above the ice
shelf. It is vertical in places, with alternating rock faces and steep hanging glaciers
and ice cliffs.
The rocks exposed are mostiy palagonite breccias, cut through by basaltic dykes and
interbedded sills or lava flows (Thorarinsson 1953b). The highest points of Grimsfjall
are the two rock outcrops of Sviahnukur Vestri (1703 m) and Sviahnukur Eystri (1722
m) which are also made of hyaloclastites.
Samples of tephra from eruptions in Grfmsvotn show the composition to be that of
typical tholeiitic basalt (Gronvold and Johannesson 1984). Additional evidence comes
from the suspended sediments in the jokulhlaup water from Grfmsvdtn. Tomasson
(1974), Tomasson et al. (1980) and Palsson and Vilmundardottir (1983) show that
during the later stages of the jokulhlaups a large fraction of the sediment load
becomes basaltic glass, identical to that erupted in Grfmsvotn. More specifically, the
ratio of basaltic and acid glass rises from about 10 to about 100 during the
jokulhlaups.

The sediment load is caused by erosion of the subglacial jokulhlaup

channel and the rise in the fraction of basaltic glass is believed to be caused by
erosion in the uppermost part of the channel, i.e. within the Grfmsvotn complex
(Tomasson 1974, Tdmasson et al. 1980). This suggests that the bedrock formations
are composed mainly of basic hyaloclastites and rocks of acid composition, if present
at all, constitute only a minor part of the bedrock.
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Fig. 2-11.
jokulhlaup.
and 250 m
geothermal

Grfmsvotn from the north on February 27 1986, 5 months prior to- a
Flight altitude 5 km a.s.l. The southern caldera wall is about 7 km long
high. The small depressions in the foreground are cauldrons created by
activity. Photo Oddur Sigurdsson.

Fig. 2-12. View from the northwest towards the southern caldera wall on June 30
1989. The distance to the wall is about 8 kilometres.
Photo Magnus T.
Gudmundsson.
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Surveys aimed at mapping the subglacial topography in the Gnmsvotn area date back
to 1951, with the seismic work of the French-Icelandic expedition (Ey{)6rsson 1951,
1952, Joset and Holtzscherer 1954). More seismic reflection work was done in 1955
by the Icelandic-French expedition (Thorarinsson 1965).

However, these surveys

failed to provide satisfactory estimates of the elevation of the bottom of the subglacial
lake. Gravity surveys were carried out in 1960 and 1961 to obtain more information
on the subglacial topography of the area (Palmason 1964, SigurSsson 1970), but
interpretation of the gravity data was difficult due to lack of control points where ice
thickness was known and a sufficiently accurate value of Bouguer anomaly corrected
for ice thickness could not be determined.
Fig. 2-8 shows that the subglacial Grfmsvotn massif covers an area that is 20 km long
(east-west), and 12-15 km wide (north-south). The massif rises from a 900-1100 m
high plateau to an elevation of 1200-1700 m. To the southwest, the Grfmsvotn massif
merges with the elevated Hdabunga area. No data are available on the subglacial
topography south of Grimsfjall and Hdabunga. Two subglacial ridges extend towards
NNW from the massif while the third ridge is the east-west trending ridge linking
Grfmsvotn and Hamarinn.
The central part of the Grfmsvotn massif is dominated by depressions considered to
be a caldera complex. As knowledge on the subglacial topography has been very
poor until recently, discussion on details of caldera structures has been rather
speculative. It was Askelsson (1934) who first suggested that Gnmsvotn is a caldera.
Thorarinsson (1974) estimated the size of the Grfmsvotn caldera as 35 km2, from the
glacier surface topography. He also suggested that it was composed of two calderas,
the main caldera, and a second smaller caldera in the northwest part of the area.
(Hereafter this smaller caldera will be called the north caldera). Sasmundsson (1982)
suggested, also from the surface topography, that a third caldera is situated in the
northeast comer of the depression.
Bjomsson (1988) gave a description of the subglacial topography of the area based
on radio echo-soundings. The seismic reflection part of the present project was not
incorporated into Bjomsson’s map as processing of the seismic data had not been
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completed.

The only information from the seismic reflection at the time were

approximate results on the maximum depth to bedrock. Moreover, additional radio
echo data have been collected since the publication Bjomsson’s map (in 1988 and
1989, see below). Bjomsson (1988) used the term Gnmsvotn caldera for an area 6
to 10 km in diameter, bordered by the mountain ridge Grimsfjall to the south and
subglacial mountain ridges to the north and east. Furthermore, he concluded that the
caldera is divided into two main parts. The eastern part is 4 to 6 km in diameter and
has its long axis striking NE. It corresponds to Saemundsson’s (1982) caldera in the
northeast comer of the depression. The western part can be divided into two elliptical
areas. The southern elliptical area corresponds to Thorarinsson’s main caldera and
the northern area to the north caldera.
Finally, it is convenient to present here the latest maps of the ice surface and bedrock
topography (Maps 1 and 2). These maps are partly based on results from the present
project, but they are mainly based on Bjomsson (1988) and later radio-echo data.
These maps have been compiled at the University of Iceland Science Institute by
Helgi Bjomsson and the present author. For the greater part of the area the maps are
based on radio-echo soundings. Within the main caldera the bedrock is based on the
seismic reflection data from the present project (Gu5mundsson 1989, Section 3.2).
Moreover, due to lack of ice thickness control in the area west of the main caldera,
two gravity survey points from the present project were used for ice thickness
determination (Section 3.4.2.3). Barometric levelling carried out by the present author
in 1987 and 1988 (Section 3.4 and Appendix B) was used to refine some details of
the surface map. Finally, photogrammetric mapping from air photos was used to map
the southern caldera wall in great detail (Bjomsson, unpublished data).
Map 1 shows the ice surface with 20 m contours. The flat area to the north of the
Grimsfjall ridge is the ice shelf covering the subglacial lake. Small depressions in
the ice surface, are scattered over the area surrounding the ice shelf.

These

depressions are believed to be the expression of subglacial geothermal activity.
Map 2 shows the subglacial volcanic complex of Gnmsvotn. The three calderas are
shown and the inferred caldera rims have been identified with a dashed line. All the
calderas are crudely elliptic in shape. The main caldera is the largest of the three
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with the major axis 5.5 km long and a minor axis of 3.5-3.75 km. Its size is about
20 km2 (Further discussion given in Chapter 4). The north caldera has a major axis
striking approximately N100°E. Its length is about 4.5 km and the minor axis is 3
km long. Its size is 10-11 km2. Both calderas have similar depth, with a minimum
elevation of about 1060 m a.s.l. The major axis of the east caldera is 5-5.5 km long
and the length of the minor axis is close to 3.5 km. The strike of the major axis is
close to N30°E and the size is 16-18 km2. The floor of the east caldera is more
uneven than that of the other two calderas.

2.4.2. Jokulhlaups
Over the period 1934-1953 the area was visited by expeditions at least every few
years and inspection from the air was started in 1938 (Thorarinsson and SigurSsson
1947, Thorarinsson 1953a).

In 1953, the first annual expedition of the Icelandic

Glaciological Society visited Gnmsvotn. Since 1955, these expeditions have measured
the water level in Grfmsvotn and accumulation of winter snow in the area
(Thorarinsson 1965, Bjomsson 1985, 1988). Fig. 2-13 (from Bjomsson 1988) shows
variations in the water level for the period 1954-1987. As the graph shows, eight
jokulhlaups occurred over this period, accompanied by a drop in water level of the
order of 70-100 m.
Since 1934, the interval between jokulhlaups has usually been 4-6 years.

Time

intervals have been shorter between 1938 and 1948 and after 1982. Before 1934, the
jokulhlaups were less frequent (approx. one every 10 years) and more voluminous
(Thorarinsson 1974, Bjomsson 1983, 1988). The total volume of water drained in
each jokulhlaup before 1938 is estimated to have been 5-7 km3 (Thorarinsson 1974,
Bjomsson 1988). Between 1940 and 1976, the volume of the jokulhlaups is estimated
to have ranged from 2.0 to 3.5 km3 (Rist 1955, 1984, Bjomsson 1988). Since 1976
a decrease in the volume of the jokulhlaups has been observed.

The volume

discharged in the three jokulhlaups observed over this period ranges from 0.55-1.3
km3 (Kristinsson et al. 1986).
The mechanism of the drainage of the lake is discussed by Bjomsson (1974, 1988).
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Ice melting causes the water level in the lake to rise, and when a critical level is
reached, the pressure at the bottom of the lake is sufficient to open a subglacial
waterway to the edge of the glacier some 50 km to the south and the lake is drained
in a jokulhlaup which lasts between one and three weeks. The lake is not drained
completely, as the subglacial waterway is sealed after a drop in water level of the
order of 100 m (Bjomsson 1974, Nye 1976). Occasionally jokulhlaups have occurred
at a lower water level. Bjomsson and Kristmannsddttir (1984) suggested that these
jokulhlaups were caused by the opening of subglacial waterways due to increased
geothermal activity along the northeastern slopes of Grimsfjall.

2.4.3. Volcanic activity
The history of volcanic eruptions and jokulhlaups from Gnmsvotn was compiled by
Thorarinsson (1974).

His sources were mainly old catalogues, contemporaneous

newspaper accounts and letters from farmers living near the glacier. He considers
that nine eruptions can be classified as certain in the period 1629-1934 while the
number of recorded eruptions within the ice cap is much higher. In all likelihood,
some of these eruptions occurred in Grfmsvotn. Thorarinsson (1967) stated that the
likely number of eruptions in Grfmsvotn since the settlement of Iceland (850-900
A.D.), was 40-50.

Additional data on the volcanic history have come from

tephrachronological studies, firstly the study of an ice core recovered from
BarSarbunga in 1972 (SteinJxSrsson 1977) and secondly, the study of soil profiles in
Jokuldalur, 100-120 km to the NE of Grfmsvotn (Larsen, 1982). Chemical analyses
were used to determine the source of the tephras.

The agreement between

Thorarinsson’s record and the tephrachronological studies is quite good. The record
is, however, probably not complete as eruptions may have gone undetected, especially
in the early centuries. The agreement between the three sources suggests, however,
that the broad picture of volcanic activity, at least for the period after 1600, is sound.
The record of eruptions and jokulhlaups shown on Fig. 2-14 is based on Thorarinsson
(1974) and Table I in Bjomsson and Einarsson (1991) which summarized the available
data. At least 29 eruptions are considered to belong to the Grfmsvotn volcanic system
and 10 and possibly 18 eruptions appear to have been confined to the caldera region
(Bjomsson and Einarsson 1991).
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Fig. 2-14. The crosses mark eruptions (E) and jokulhlaups (J) from Gnmsvotn since
1598. Squares denote uncertain eruptions. Based on Thorarinsson (1974) and
Bjdrnsson and Einarsson (1991).

Eruptions recorded within Gnmsvotn this century occurred in 1902-1905, 1922, 1934
and 1983 (Thorarinsson 1974, Johannesson 1983, 1984, Gronvold and Johannesson
1984, Bjomsson and Einarsson 1991).

An eruption occurred to the north of

Gnmsvotn in 1933 (Jdhannesson 1984) and a subglacial eruption occurred onaM-S
trending fissure, a few kilometres long, 5-10 km north of Gnmsvotn in 1938
(Thorarinsson 1974, Bjomsson 1988).

Moreover, Bjomsson and Einarsson (1991)

suggest that a small subglacial eruption lasting for about one hour took place in
August 1984. This is inferred from the occurrence of a continuous volcanic tremor
originating in Vatnajokull.
In addition, Johannesson (1983, 1984) suggests that eruptions probably occurred in
1939, 1941, 1945, 1948 and 1954. These inferred eruptions were not observed on the
ice surface and in three cases out of five the only evidence was provided by
irregularities in jokuhlaup frequency. In 1945 and 1954, sink craters or cauldrons
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formed in the ice surface shortly after the termination of the jokulhlaups (Askelsson
1959, Thorarinsson 1974).

These sink craters had vertical sides and water was

observed on the bottom. Askelsson (1959) was of the opinion that a minor eruption
had occurred in 1945. Thorarinsson (1974) suggested the alternative that these sink
craters were formed in steam explosions caused by pressure release in the geothermal
area due to the sudden lowering of water level by the jokulhlaup.
The eruption in 1983 was the first observed volcanic event within Grimsvotn since
1934. It was much smaller than the 1934 eruption. The crater was located under the
southern caldera wall, directly north of Sviahnukur Vestri. The eruption melted an
opening in the ice surface, about 500 m in diameter (Gronvold and Johannesson
1984). Weather conditions prohibited continuous monitoring of the eruption but from
the duration of volcanic tremors it is believed to have lasted for six days (Einarsson
and Brandsddttir 1984). An intense earthquake swarm accompanied the eruption with
earthquakes having a maximum magnitude of 4.0.

Furthermore, Einarsson and

Brandsddttir (1984) conclude that the earthquake activity preceding the eruption was
very similar to the earthquake swarms observed before volcanic or intrusive events
in the Krafla caldera during the rifting episode, 1975-1984.
The epicentres of the earthquake swarm accompanying the 1983 eruption clustered
under the SE flank of the Grimsvotn Volcano (Fig. 2-10), with a centre about 5 km
to the southeast of the eruption site. Einarsson and Brandsddttir (1984) remark that
this location is somewhat surprising as the eruption occurred within the main caldera.
However, as none of the available data on velocity anomalies suggest a large
systematic error they concluded that the magma chamber feeding the eruption is
located under the SE flank of the volcano.
Brandsdottir (1984) analysed available seismograms for the periods 1909-1914 and
from 1925 onwards, with special emphasis on the periods when jokulhlaups and
eruptions occurred. Prior to 1951, location accuracy was low and earthquakes with
magnitudes less than 3.5 originating in Vatnajokull could not be detected. During the
jokulhlaup in 1934, five earthquakes were recorded over a period of one hour with
magnitudes ranging from 3.5 to 4.5. These earthquakes coincided with the start of
the 1934 eruption (Tryggvason 1960). No earthquakes were detected in 1933 and
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1938, or at the time of possible eruptions in 1939, 1941, 1945 and 1948. After the
lowering of the detection threshold, earthquakes of magnitude around 3.0 with
epicentres within Western Vatnajokull were detected near the culmination of the
jokulhlaups in 1954 and 1960. Between 1965 and 1983 no earthquakes accompanied
jokulhlaups from Grimsvotn.
A most striking feature associated with Grimsvotn has been the simultaneous
occurrence of volcanic eruptions and jokulhlaups.

Eruptions accompanied many

jokulhlaups prior to 1938. The first workers studying Grimsvotn believed that the
jokulhlaups were caused by the eruptions (Nielsen 1937).

Nielsen (1937) also

suggested that Grimsvotn was filled with ice during the interval between eruptions and
the water drained out in the course of the jokulhlaup was melted by the eruption.
Askelsson’s (1936) suggestions were more accurate, as he assumed that the caldera
(Askelsson uses the term "fault valley" for Grimsvotn) was filled by an accumulation
of meltwater.

He also suggested that a permanent subterranean heat source

continuously melted the snow and ice.
Thorarinsson (1953a) proposed a different causal link between eruptions and
jokulhlaups. He put forward the idea that the pressure release caused by the draining
of the lake sparked the eruption. This hypothesis is supported by the fact that the
eruptions have in the past occurred near the culmination of the jokulhlaups.

2.4.4. Geothermal activity
More recent research has shown that Grimsvotn is one of the most powerful
geothermal areas in Iceland with a heat release of 4000-5000 MW (Bjomsson 1974,
Bjomsson and Kristmannsddttir 1984, Bjomsson 1988). The geothermal heat melts
the ice within the caldera, forming the subglacial lake. The ice north of the caldera
flows into the lake, where it is melted. The meltwater accumulates in the lake. Out
of the total volume of ice that is melted it is estimated that about 80% is melted by
geothermal heat and 20% by surface ablation (Bjomsson 1988).

52

<:
X

D
Li-

2
I

15000

10000

5000

1000

n

E

LU

D
_i

o>

6
4

2

0
1860

1900

1950

YEAR

Fig. 2-15. Estimated volume o f jokulhlaups from Grimsvotn and the heat flux
required to melt the water volumes. It is assumed that water level is the same at the
end o f each jokulhlaup. The volume discharged would, it that were the case, be
directly related to the volume melted since the last jokulhlaup and this in turn gives
the heat flux.

(From Bjornsson 1988).

The source of geothermal heat is considered to be intrusions and cooling magma
bodies in the crust (Bjomsson et al. 1982, Tryggvason 1982, Bjomsson 1983, 1988).
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Bjomsson et al. (1982) proposed that the high level of heat transfer was sustained by
penetration of water into the boundaries of hot or partially molten rocks, with the top
of the magmatic body solidifying in the process.

Tryggvason (1982) proposed an

alternative mechanism, where the heat is extracted from a convecting magma body.
According to this model, partial crystallisation of the magma takes place near the top
of the body and the heat is transferred to the surface by convection in a hydrothermal
system above the magma body.

This model suffers from the drawback that the

volume of magma needed is an order of magnitude greater than in the model of
Bjomsson et al. (1982).
As to the effect of volcanic eruptions on the heat transfer rate, Thorarinsson (1974)
believed that most of the eruptions were small, producing only tephra and negligible
amounts of material were left in the subglacial lake. He therefore considered that
the thermal effects were relatively small.

Bjomsson (1983, 1988) estimated

variations in subglacial melting at Gnmsvotn over the period 1860-1986.

These

variations reflect variations in the thermal power of the area (Fig. 2-15). His results
show a base heat transfer rate of 4500-5500 MW. Peaks in the heat flux when the
total power reaches 10000-15000 MW, are superimposed on the base heat flow.
Bjomsson suggests that these peaks are caused by volcanic eruptions at the glacier
base, but that the base heat flux is drawn from a deeper magma body by
hydrothermal convection. If all the peaks are caused by subglacial eruptions, these
eruptions account for about 20% of the total heat flux.
A decline in the base rate from 5000 MW to 4500 MW has been detected over the
period up to 1976. Since 1976, a sudden drop in the thermal power to 2500-3000
MW has been observed. Also, maps compiled at various times over the last 50 years
show that the area of the lake has decreased over this period (Bjomsson 1988).

2.4.5. Possible relations between Grimsvdtn and the 1783 Laki eruption
The Laki fissure eruption 1783 produced one of the largest lava flows observed in
recent times. Estimates of the volume of the Laki lava have varied from 11 km3 to
14.7 km3 (Thorarinsson 1983, Einarsson and Sveinsddttir 1984, Thoroddsen 1925,
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Thordarson 1991). Stein{)6rsson (1977) and Sigur5sson and Sparks (1978) suggested
that the magma erupted in the Laki eruption originated in a magma chamber under
Grimsvotn.

Sigur5sson and Sparks (1978) propose that lateral flow of magma

occurred in a major rifting event, causing caldera collapse in Grimsvotn (see Fig. 26 for location). Sigur5sson and Sparks (1978) base their hypothesis on the similarities
in mineral composition of the Laki lava and tephra from Grimsvotn.

Moreover,

Sigur5sson and Sparks (1978) bring forward evidence for two other occurrences of
lateral magma flow resulting in caldera collapse and large fissure eruptions. Their
chemical analyses demonstrate striking similarities between the fissure lavas and those
of the central volcanoes, while clear differences exist between the three volcanic
systems (Grimsvotn, Askja and Katla).
Studies by Thordarson et al. (1987) and Thordarson (1991) have shown that
Grimsvotn was active over the period 1783-1785. This finding supports the idea that
a link existed between the Laki eruption and Grimsvotn. However, the apparently
periodic occurrence of jokulhlaups prior to 1783 and the name Grimsvotn (see Chapter
1) which is at least 400 years old, have been used as an argument against large
changes in 1783 (Steinf)6rsson 1977, Saemundsson 1982).

However, as shown in

Chapter 6, this argument need not exclude the occurrence of a caldera collapse in
Grimsvotn at the time of the Laki eruption.
The mechanical relationship between magma chambers within central volcanoes and
fissure eruptions was analysed by A. Gudmundsson (1987). He finds the SigurSsson
and Sparks hypothesis difficult to accept due to the lack of a viable mechanism for
the draining of the magma chamber.

Instead, A. Gu5mundsson proposes a model

where the large fissure eruptions are caused by the release of magma directly from
the mantle. The central volcano may also receive a supply of magma at the time but
a high level magma chamber within it does not cause or affect the fissure eruption.
In Section 6.4. the question on the relationship between Grimsvotn and Laki is further
considered in the light of the new data presented in this thesis.
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CHAPTER 3
GEOPHYSICAL SURVEYS

In this chapter the collection of the data sets and their processing is described. Full
analysis and interpretation is presented in Chapters 4 and 5. The first Section (3.1.)
states the aims of the research program and briefly reviews the use of the methods
in volcanic terrain and glaciated areas. Section 3.2. deals with the seismic reflection
work while the collection of magnetic data and compilation of the magnetic map is
described in Section 3.3.

Section 3.4. deals with the gravity data collection and

reduction. The seismic refraction work is described and analyzed in the final Section
(3.5).

3.1. Aims and methods
The survey program can be divided into three categories: I. Mapping of subglacial
topography.

n.

Study of bedrock morphology and shallow structure.

HI.

Determination of the overall crustal structure associated with the volcano.
More specifically, the aims and methods of the geophysical surveys can be listed as
follows:
I. Mapping of subglacial topography.
1.

Determine the elevation and topography of the floor of the main caldera in
Grimsvotn in as much detail as possible.

2.

Measure the area and the volume of the subglacial lake and in that way obtain
data for the assessment of the flood potential of the area.
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II. Bedrock morphology and shallow structure.
3.

Study the bulk physical properties of subglacial ridges with special reference
to what constraints can be placed on their structure and formation.

4.

Obtain information on the morphology and stratigraphy of the rocks forming the
floor of the calderas. Assess the implications for eruptions and sedimentation
within the calderas.

III. Crustal structure of volcano.
5.

Define the overall crustal structure associated with the volcano, i.e. the extent
and form of intrusions and other anomalous rock masses.

6.

Place special emphasis on the structure of the caldera complex.

In 1986 when the present project was initiated there were still large gaps in the
knowledge on the subglacial topography in the Grimsvotn Area and no accurate map
of the ice surface had been compiled.

The Science Institute of the University of

Iceland had plans to carry out radio-echo soundings in the area in the following year.
However, the bedrock in the area of the caldera lake and the volume of the lake
could not be determined by radio-echo soundings (Chapter 1). In complementing the
radio-echo soundings, the seismic reflection work on the ice shelf was therefore a
logical first phase in the research program.

3.1.1. Exploration methods
Geophysical surveys in volcanic areas have been widely reported in the literature and
a wide range of geophysical methods have been applied. Among the methods used
are earthquake monitoring, seismic refraction, seismic tomography, seismic reflection,
gravity, magnetics, magnetotellurics, self potential, resistivity and precise levelling.
Volcanoes that are to some extent covered with ice exist in many parts of the world
(Macdonald 1972). However, most ice covered volcanoes are found in high latitudes
and are located in remote unpopulated areas. As a consequence, these volcanoes have
not received much attention.
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The design of a research program aimed at revealing the crustal structure of an ice
covered area will obviously be strongly affected by the ice environment.

For

example, precise levelling is hardly practicable, as small changes in surface elevation
due to pressure changes in the crust could hardly be distinguished from changes in
snow cover caused by precipitation, melting and compaction.

Moreover, DC

resistivity methods may be difficult in practice due to the very high electrical
resistivity in the ice (Hobbs 1974).

However, provided good control on bedrock

topography exists, valuable information can be expected from seismic methods, gravity
and magnetics.
Seismic reflection has not been used to a great extent in crustal studies of volcanic
areas. The main reasons for this are probably the great costs of reflection surveys
on land combined with the often relative inaccessibility of these areas and their
structural complexity. However, multi-channel seismic reflection has provided very
important data from mid-ocean ridges, revealing the existence of a magma chamber
under the crest of the ridge of the East Pacific Rise (Dietrick et al. 1987).
Seismic refraction, and in the last few years seismic tomography, are widely used in
the study of crustal structure in volcanic areas. The crustal structure of Iceland with
reference to central volcanoes has already been discussed in 2.1.
Earthquake studies are one of the main geophysical tools used in volcanology.
Distributions of earthquake epicentres in time and space are used to study the
movements of magma in the crust and identify areas of potential disturbance. Delay
of arrival times of seismic waves, S-wave shadows and wave attenuation have been
used to infer the existence and extent of magma bodies in the crust (Sanford and
Einarsson 1982).
Gravity methods have been applied in the study of volcanic areas in many parts of
the world.

Gravity has often proved to be effective in mapping the extent and

geometry of intrusive bodies and other anomalous rock masses associated with
volcanoes. A recent review is given by Rymer and Brown (1986). The interpretation
of gravity surveys in volcanic areas usually involves either forward modelling of
gravity profiles across the structures or inversion of the gravity fields. Recent work
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involving forward modelling includes that of Gettings and Griscom (1988) at
Newberry Volcano, Oregon, and Rapolla et al. (1989) on the Ischia-Plegrean
geothermal fields, Italy. Examples of gravity field inversion in volcanic areas include
those of Williams et al. (1987) from Mount St. Helens and Rousset et al. (1989) from
Piton de La Foumaise on Reunion Island.
The great variability of the magnetic properties of rocks and the fact that
magnetization is a vector property, introduce much greater ambiguity into the
interpretation of magnetic anomalies than is the case with gravity anomalies. As a
consequence, data from magnetic surveys are often interpreted only in a qualitative
way. However, magnetic maps have proved very useful in crustal studies, especially
by revealing structural trends in an area. Moreover, magnetic surveys have played
a very important role in the study of the sea floor (Macdonald 1982). In volcanic
areas magnetic data have been used to study structural trends and to infer the depth
to the Curie point isotherm on a regional scale (Dobrin and Savit 1988).

The

structure of individual volcanoes has been studied by some workers applying
modelling techniques to magnetic profiles. Examples include Nishida and Miyajima
(1984) who studied the subsurface structure of Usu volcano, Japan, and Finn and
Williams (1987) who applied modelling to Mount St. Helens.

3.1.2. Exploration in ice covered areas
Geophysical surveys in ice covered areas have been carried out in Antarctica and
Greenland for several decades. Bedrock mapping has always played a prominent role
and is now mainly done with radio-echo soundings (Paterson 1981).

The earliest

work was mainly concerned with the ice thickness, applying seismic reflection
(Holtzscherer and Robin 1954).

Significantly, during the 1949-1952 Norwegian-

British-Swedish expedition to the Antarctic, Robin carried out reflection work on ice
shelves where he obtained signals from both the ice/water interface and the sea
bottom (Holtzscherer and Robin 1954). The crustal studies that have been carried out
have often been on a regional scale concentrating on crustal thickness and the
question of isostasy. The main tools in these studies have been seismic refraction
(Berendt 1963, Bentley and Clough 1972), surface wave dispersion and gravity
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measurements (Woollard 1962, Bentley and Robertson 1982, Kaminuma and Mizuoue
1982). Magnetic surveys have not played a major role in the study of Antarctica.
However, the method has been applied in the study of bedrock structure where
igneous intrusions occur in the crust (Decleir and Autenboer 1982, Berendt et al.
1983).
Great advances have taken place in shallow seismic reflection in recent years due to
improvements in recording equipment. Digital engineering seismographs have made
it possible to record and store the data for processing. Knapp and Steeples (1986a,
b) review the state of the art of instrumentation and survey design in shallow
seismics.

Digital seismographs have also opened up possibilities on glaciers.

Blankenship et al. (1986) used three component geophones to record both P and S
wave reflections from the base of a 1000 m thick ice stream in Antarctica.

Their

work reveals the existence of a few meter thick highly porous layer at the base of the
glacier. This layer is considered to act as an easily deformable boundary layer on
which the glacier slides. Blankenship et al. (1986) detonated dynamite charges (0.150.45 kg) in 20 m deep drillholes to generate the seismic waves.

3.1.3. Design of program
As can be seen from the discussion above, valuable information could be obtained by
several different exploration methods. However, it would not have been practicable
to use all these methods in the present project as it would have become far too
extensive. Such a research project would also require the efforts of a large group of
workers.
Besides the purely scientific aspects considered above, there are several practical
considerations that needed to be taken into account when the research program for
Grimsvotn was designed.
Firsdy, there were logistical considerations. Grfmsvotn is situated within a large ice
cap which can only be traversed on specially designed vehicles such as snowcats and
snowmobiles. Snowcats are very expensive to operate and can only be hired with a
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driver. Snowmobiles are by comparison much cheaper to operate but their small size
also means that expeditions relying solely on snowmobiles can only carry lightweight
research equipment and provisions for a fairly limited period.
Secondly, there may be practical difficulties peculiar to certain types of surveys. This
applies especially to seismic refraction where explosions are used as sources of
seismic waves.

Seismic wave conversion is very poor in explosions in snow and

large charges need to be used to generate signals strong enough to be detected over
sufficient distances. This has been demonstrated in experiments in Antarctica and
Greenland. For example, when shooting a refraction profile in Antarctica, Behrendt
(1963) used three charges of 50, 100 and 250 kg at distances of only 9, 13 and 18
km from the receiver spread.

It follows that refraction seismology on ice caps

requires large amounts of explosives which can cause logistical difficulties as well as
being expensive.
With the above considerations in mind a research program was designed. The first
part of the program was the seismic reflection survey on the ice shelf. As well as
complementing the radio-echo soundings in mapping the bedrock in the area, it was
hoped that some information could be obtained on the morphology and stratigraphy
of the caldera floor in the area covered by the lake.
At the time when the reflection survey was being carried out (1987), it had not been
decided which methods would be best suited for the later stages of the program.
Experiments with seismic refraction for crustal studies were carried out in 1987 as
well as magnetic profiling.

The refraction experiments confirmed the practical

difficulties described above (see Section 3.5.). On the other hand the collection of
magnetic field data proved simple. Moreover, the profiles showed interesting field
variations which it was hoped would provide useful constraints for the interpretation
of the reflection data. It was therefore decided to limit the use of seismic refraction
and put the emphasis on gravity and magnetics. However, because of the possibility
of direct comparison with other better known central volcanoes, the use of seismic
refraction in the study of the crustal structure was considered to be important. An
approximate velocity model would give a great deal of information. Furthermore, it
would be very useful as a constraint on interpretation of the gravity data. A 12 km
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long seismic refraction profile was therefore shot in 1988. The bulk of the potential
field data was also collected in the summer of 1988.

The field expeditions are

described in Appendix A.

3.2. Seismic reflection
The reflection survey was carried out in the annual expedition of the Icelandic
Glaciological Society in June 1987. The survey was designed in such a way that it
could be completed during the 7 days the expedition stayed in Grimsvotn.

The

emphasis was put on reasonably wide coverage. As a consequence, no multiple fold
profiles were surveyed. Some experimenting with the field procedures was needed.
This mainly involved the dynamite charges used, the depth of placement of charges
and their sizes.

3.2.1. field procedures
Three seismic reflection lines were surveyed, using a method giving continuous
single-fold coverage.

Line 1 (4800 m) bears east-west and Lines 2 and 3 run

north-south (2520 m and 3000 m). The ends of the lines reach some distance on to
the slopes that border the ice shelf to north, east and southwest (Fig. 3-1).
The source-receiver arrangement used was in essence a split spread. However, two
shots were fired in each shothole, one for each part of the spread, as all the
geophones were placed to one side of the hole for the first shot and then moved to
the other side for the second shot. The length of the receiving spread was 230 m,
the 12 geophones being placed at 20 m intervals with a minimum offset of 10 m.
The second geophone spread for each shothole was used as the first spread for the
next shothole on the line (Fig. 3-2).
A single vertical (P-wave) geophone with a natural frequency of 8 Hz was used for
each channel. During the course of the survey the weather was sunny and hot, giving
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Fig. 3-1. Grimsvotn. Bold lines mark the three seismic reflection survey lines. The
dashed lines mark the cross-sections on Figs. 4-12 and 3.

rise to wet and slushy snow conditions on the surface of the glacier. Placing the
geophones at about 30 cm depth in the snow seemed to give satisfactory coupling.
Small dynamite charges (150 - 400 g) were used as seismic sources. The charges
were detonated at the bottom of 30 m deep holes drilled by a hot water drill. The
seismic recording system used was a 12 channel Geometries Nimbus 121 OF. An 80
Hz highpass analog filter on the Nimbus was used for all recordings apart from the
first two shotpoints where a 50 Hz highpass was used.

Tests showed that the

application of the filter produced sharper reflections and improved signal to noise
ratio. Each record was 1024 ms long with a sampling interval of 1 ms. Hard copies
of the data were obtained in the field using the printer on the Nimbus. The data
were also stored on magnetic tape using a Geometries G-724S tape recorder.
A small trailer on skis with a closed compartment was used on the survey. Inside

RECEIVING SPREADS

SHOTPOINTS

Fig. 3-2. Shotpoint and receiving spread arrangement on survey lines. The spread
between two adjacent shotpoints was used to record signals from shots at both
shotpoints.

it there was room for the seismograph, the tape recorder and the operator. The hot
water drill was stored on a second trailer and a water barrel supplying the drill was
placed on the third. These trailers, when moved between shotholes, were pulled by
snowmobiles or a snowcat.

The number of people working on the survey ranged

from 4 to 6, completing 3 - 5 shots per hour (360-600m).

The drilling of each

shothole took only about 5 minutes.

3.2.2. Data reduction
The processing of the data can be divided into three main steps:
1. Velocity analysis, which is the basis for normal moveout correction of the data
as well as the conversion of reflection times to depth.
2. Normal moveout correction.
3. Enhancement of the data, which involved filtering and editing.
3.2.2.I. Velocity analysis
Two separate methods were used for velocity analysis. For the uppermost 40 m of
the ice shelf a 210 m long reversed surface to surface refraction profile was shot near
the southern end of seismic line 2. For the deeper layers of the ice shelf the XV
method was used (Dix 1955, Sheriff and Geldart 1983).
As illustrated by Joset and Holtzscherer (1953) the Wiechert-Herglotz-Bateman method
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Table 3.1.
Velocity in the surface layers o f the ice shelf
as calculated by the WHB method
z
m
1.3
2.6
4.1
4.8
9.5
11.7

V
m s'1
1131
1548
1833
2000
2250
2500

Z
m
15.7
25.3
29.8
36.1
43.3

V
m s'1
2629
3118
3478
3557
3723

for calculating the velocity distribution with depth (Grant and West 1965) is ideal for
the uppermost layers of glaciers, where the transformation of snow to ice takes place.
In general the WHB integral can be applied to profiles where velocity is only a
function of depth and no velocity inversion occurs. The WHB integral for flat earth
according to Grant and West (1965) is

A

z(v)=l/7t5cosh'1(v dt/dx)dx
0

(3.1)

where
l/v=(dt/dxU
Here x is distance along the earth’s surface, t is time, z depth and v velocity. The
integral must be evaluated numerically.
The results of applying the WHB method to the refraction profile are given in Table
3.1. and Fig. 3-3. The velocity increases rapidly from 700 m s'1 at z=0 m to 2000
m s*1 at 5 m. A velocity of 3000 m s'1 is observed at about 22 m depth and 3500
m s'1 at 30 m. Below 30 m the gradient is much smaller.
The main source of information on the seismic velocity at depths below 40 m consists
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of reflections from the ice-water interface. To invert these times into velocity the X ¥
method is used, which is based on the equation,
tS^o+XVV2™.

(3.2)

where t is the reflection time measured at the surface at a distance X from the
shotpoint.

to is the reflection time as measured at the shotpoint. The root-mean-

square velocity, V ^, is defined by the equation,

V™ = (£ V* t/ £ O’1
i=l

(3.3)

i=l

The model of the subsurface is of n horizontal layers where Vj and ti are respectively
the velocity in and the traveltime through layer i. In order to calculate the velocities
of individual layers (the interval velocities) the Dix formula is used:
Vn= ((Vm, £ t*- V ^ , Z td/Q*
i=l

(3.4)

i=l

The Dix formula follows directly from (3.3). It is important to note that the formula
is not valid for large offsets, as it is assumed that the only difference in raypaths for
waves reflected from interfaces n-1 and n is the additional travel between the two
interfaces. If the two interfaces are not parallel large errors can occur and the Dix
formula gives results that are meaningless. This however, is not a problem in the
present survey, as areas where the ice-water interface is dipping can easily be
identified and lateral changes in velocity are very small, if present at all.
For the purposes of velocity analysis it was decided to regard the ice shelf as
consisting of two layers, above and below 30 m below the surface. The thickness
of the upper layer is equal to the depth of the shotholes and corresponds roughly to
the layer in which the compaction of snow and its transition to ice takes place.
Out of 40 split spread shotpoints in the Grimsvotn survey, 12 were either at the edges
of the ice shelf or on the slopes surrounding it

Out of the 28 on the ice shelf

proper, 10 were chosen for X ¥ analysis. The criteria were that there should be little
or no dip, that the ice water reflection was free from irregularities and that the
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reflection times could be read with good accuracy (±1 ms).

Shotpoints 4-13 are

situated on Line 1, 26-29 on Line 2 and 39 and 40 on Line 3. A least squares
routine was used to calculate the RMS-velocities for each shotpoint.
The mean RMS velocity for the 10 shotpoints for the reflection from the ice-water
interface is 3570 m s'1. It is perhaps of interest to note that there are indications of
higher velocities on Line 1 (bearing east-west) than on Lines 2 and 3 (bearing northsouth). The mean RMS velocity for shotpoints 4-13 is 3680 m s'1, but for shotpoints
26-40 the mean is 3490 m s'1. This may indicate anisotropy in the ice which would
be of interest in a further study of the properties of the ice in the area. However,
a more detailed study of the data would be needed to see whether this phenomenon
is real or not. For the purposes of the present survey this is not relevant and the
mean value of 3570 m s'1 is used for the data processing.
Table 3.2.
Seismic velocities as calculated by the X2? method.
Shotpoint

4
5
12
13
26
27
28
29
39
40
mean

VT mu
m s*1
3690
3670
3820
3530
3360
3490
3560
3440
3440
3670
3570±100

to
ms
143.3
138.0
136.2
133.3
135.6
134.1
133.5
127.5
139.3
137.0

v2
m s'1
3800
3780
3940
3630
3450
3590
3660
3540
3530
3780
3670±110

In order to calculate the thickness of the ice-layer from the reflection times, the
interval velocity of Layer 2 is needed. The RMS velocity for a reflection from the
bottom of Layer 1 was calculated numerically using the velocity model from the
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Fig. 3-3. A velocity profile o f the ice shelf. The solid line shows the velocity profile
o f the uppermost 40 m as calculated by the WHB method (Table 3.1). The broken
line shows the interval velocity o f layer 2 as calculated by the X2?-method.

refraction profile, giving Vrm4=2390 m s'1. The uphole time (13 ms) was used as the
interval time for Layer 1. Using the observed

for the bottom of layer 2, the Dix

formula was used to calculate the interval velocity of layer 2. The results are given
in Table 3.2. and Fig. 3-3.
No analysis was carried out to extract a velocity for the water layer from the data.
The velocity of fresh water is a slowly varying function of temperature and the value
used here is 1420 m s'1, which corresponds to a temperature of 4°C (Zemansky et al.
1966, p.258). No measurements of the temperature of the subglacial lake have been
carried out nor have there been any theoretical studies of its temperature profile
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(Bjomsson and Kristmannsddttir 1984, Bjomsson 1988). The value of 4°C is chosen
here as it is the temperature at which a body of water is most dense and
gravitationally stable.

3.2.2.2. Processing
The processing carried out on the data included frequency filtering, normal moveout
correction, spatial filtering and summing of adjacent traces. The frequency filtering
was carried out in the time domain and the passband used was 80-150 Hz on the
largest part of the data. On some parts of the data two passbands (50-125 Hz and
160-200 Hz) were used. The purpose of the frequency filtering was to reduce random
noise and cut off spurious resonance frequencies present on some traces due to an
improperly placed or slightly defective geophone.
Normal moveout correction was carried out using a velocity function based on the
results of the velocity analysis.

The RMS velocity values used as input for the

function were V=3570 m s'1 for the ice and V=1420 m s'1 for the water.
In addition to frequency filtering, spatial filtering (mixing) was applied to the seismic
sections after moveout to further reduce the noise content A lowpass filter with a
cutoff wavelength of 30 m turned out to give the best results.

As the distance

between reflection points along the seismic lines is 10 m (half the geophone spacing)
the filter cuts off only the highest spatial frequencies present In this set of data such
spatial frequencies are only caused by random noise and perhaps by diffractions.
Despite the loss in resolution and a slight danger of aliasing, horizontal summing of
adjacent traces turned out to be advantageous, as the signal to noise ratio was
improved. It was therefore applied to all the data after frequency filtering, NMO and
spatial filtering.
Parts of the data were contaminated by random noise caused by a faulty tape
recorder. In addition to the processing steps described above, considerable editing of
noisy traces had to be carried out. This involved the use of a gain function.

1.5__________2______________________ 3______________________ 4___________

5______________________6 km

Fig. 3-4. a) Seismic Line 1, time section. The spacing between traces is 20 m. ’a’ is
the ice-water reflection, ’b’ is the lake bottom reflection while ’c is an interface
below the lakefloor. Zero on horizontal distance scale is the same as on Fig. 4-1.

b) Seismic Line 2, time
section, ’a’ and ’b’ as in
Fig. 3-4a. *c\ ’ d ’ and ’e’
are deeper reflections.

SHP45

c) Seismic Line 3, time
section, ’a’ and ’b’ as in
Fig. 3-4a. ’c’, ' d ' and V
are deeper reflections.
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3.2.3. Results
The processed seismic lines

(Figs. 3-4a-c) show clearly the reflections from the

ice-water interface ’a’ and the lake bottom ’b \

Deeper reflections appear to be

present in the northern part of Line 2 ’c’-’e’ and in places on Lines 1 ’c’ and 3 ’c’’e \

Multiples are mostly absent from the data, but a ghost trails the ice-water

reflection by about 25 ms in places.

Some parts of the sections are seriously

downgraded by noise. These parts are 2200-2400 m on Line 1 and 0-100 m, 13001440 m and 2200-2300 m on Line 3.
The ice-water interface reflection is everywhere strong, especially in the interior of
the shelf where it is regular and continuous. Furthermore, the reflection from the
lakefloor can be seen on all three seismic lines.
reflections merge, at 350 m in Line 3 (Fig. 3-4c).

Only in one place do the two
In other places the lakefloor

reflection disappears near the edges of the ice shelf. The absence of reflections near
the end of the lines indicates that the slopes bordering the relatively flat caldera floor
are fairly steep. The critical angle at the ice-water interface for an uppward travelling
wave is only 23 degrees.

A wave reflected from a dipping interface below the

shotpoint is likely to have a larger angle of incidence and would consequently be
totally reflected from the interface back into the water layer.
The bedrock topography of the main caldera is based on the results of the seismic
reflection (Map 2). A description of Map 2 has been given earlier (Section 2.4.1.),
A detailed analysis of the reflection data is presented in Chapter 4.

3.3. Magnetics
Most of the magnetic data were collected in three trips to Grimsvotn, in August 1987,
June 1988 and June/July 1989. A few profiles were surveyed in June 1987 and July
1988.

Altogether about 2100 points have been surveyed giving a fairly

comprehensive coverage of an area 15 by 15 km in size (Fig. 3-5). The survey lines
that extend furthest to the west in the northwest comer of the area cover the eastern
Skaft£ cauldron (Fig. 2-7).
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3.3.1. Field methods
The magnetic data were collected on a network of survey lines which traverse the
area, usually directed either north-south or east-west (Fig. 3-5). The spacing between
survey points along the traverses was 100 m within the main caldera and 200 m
elsewhere. The interval between traverses was 800-1000 m except within the main
caldera where the average separation was 400-500 m.
A proton precession magnetometer, which measures the total magnetic field strength,
was used in the surveys. The area surveyed in June 1988 and June 1989 amounts
to about 80% of the total. During these surveys the magnetic probe was mounted on
a small plastic sledge which was towed 20 m behind a snowmobile.

In the 1987

traverses the distance between the sledge containing the probe and the snowmobile
was 6 m and on a few survey lines the probe was mounted on a rod which, together
with the meter, was carried by the operator.

On those traverses the operator was

towed on skis 10-15 m behind the snowmobile. On all the surveys the snowmobile
was brought to a halt while a reading was taken. Positioning was done by a LoranC receiver mounted on the snowmobile. Usually only the coordinates of every other
survey point on a traverse were recorded. This was done to save time as it took the
Loran-C receiver about half a minute to stabilize after the vehicle had stopped. If a
survey line was irregular in shape, the coordinates of all survey points were recorded.
During the course of the surveys, it soon became apparent that no significant loss of
information occurred if the readings were recorded in tens of nanoteslas. In order to
save time the field strength was therefore recorded with an accuracy of 10 nT during
most of the routine surveying.
A magnetic base station to monitor diurnal variations was not operated in the area
during the surveys. Instead, the records from the Leirvogur Magnetic Observatory
east of Reykjavik were used for diurnal corrections. The diurnal variations and other
magnetic disturbances are usually of the order of few tens of nanoteslas (Leirvogur
magnetic results 1988). This variability is between one and two orders of magnitude
smaller than the anomalies observed in the Grimsvotn area. Moreover, the experience
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Fig. 3-6. Diurnal effects on magnetic surveys. Solid line: observed field readings
on the traverses from 8-June 1988. Broken line: diurnal variations at Leirvogur.
from aeromagnetic surveys in Iceland suggests that Leirvogur is a satisfactory base
for temporal and diurnal corrections (L. Kristj£nsson, pers. comm. 1987).
Magnetic storms do occasionally occur with erratic field behaviour of much higher
amplitudes than the diurnal variations.

In order to avoid surveying during such

storms, the changes in the magnetic field were monitored where traverses crossed and
during meal breaks. This provided checks every 1-3 hours. These checks showed the
field to be quiet with changes usually less than 10 nT.

Later examination of the

observatory records confirmed the absence of magnetic storms during the surveys.

3.3.2. Data processing
The processing of the data can be divided into four steps:
1. Coordinate transformation and correction.
2. Diurnal correction.
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3.

Elimination of possible shifts between data sets due to secular changes in

magnetic field strength.
4. Map compilation.

3.3.2.1. Coordinate transformation and corrections
Studies by the University of Iceland Science Institute have shown that systematic
differences exist between Loran coordinates and true coordinates and that these
differences can vary across an area (Svenisson 1987).

In the Grimsvotn area the

Loran coordinates have been found to be shifted by about 360 m towards the east.
If this shift is corrected for, an absolute accuracy of 50 m is obtained (Bjomsson
1987). However, near mountains and large scale topographic features such as rock
faces the error may be larger.
The Loran receiver provides coordinates in geographical latitude and longitude. These
need to be transformed into Lambert conical conformal coordinates since the Iceland
Lambert coordinate system has an X-axis pointing towards west and Y-axis pointing
north. The centre point is fixed at 65°N, 18°W with coordinates X=500000 m (west)
and Y=500000 m (north). This system has been used on the maps of the National
Energy Authority (NEA) as well as the ice surface and bedrock maps of Science
Institute of Western Vatnajokull (Porbergsson 1988, Bjomsson 1988). The Fortran
routine GEOLAM written by Mr. G. Lorbergsson at NEA was used for the coordinate
transformation.
Coordinates of the data points not recorded in the field (every other point) were
obtained by linear interpolation.

3.3.2.2. Diurnal corrections
The records from the Leirvogur Observatory show the variations with time in the
vertical (Z) and horizontal (H) components of the magnetic field as well as variations
in declination (D). As the mean declination in Iceland is close to 76 degrees the
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variations in H have negligible effect on the variations in the total field strength. The
fluctuations of the field strength were found to be relatively small.

The mean

magnitude of the correction was 24.1 nT. Occasionally the correction exceeded 100
nT.

Fig. 3-6 shows the magnetic field along the traversessurveyed

on a typical

survey day. The diurnal correction is showed for comparison. Thefigure confirms
that the amplitudes of the temporal fluctuations of the field are only a small fraction
of the amplitudes of the anomalies observed in the area.

3.3.2.3. Adjustment to a common base
As the data were collected over a period of 2 years it is possible that secular changes
in field strength occurred between surveys.

The records from Leirvogur show an

increase in total field strength of 10 nT between 1987 and 1988 and a 20 nT increase
between 1988 and 1989.

Measurements elsewhere in Iceland indicate close parity

with Leirvogur (Leirvogur magnetic results 1988, P. Saemundsson, pers. comm. 1990).
Moreover, differences in field methods (Section 3.3.1.) and the fact that two different
meters (Geometries in 1987 and July 1988, Barrenger in June 1988 and 1989) were
used may have caused slight additional shifts.
In order to look for possible shifts in the base value, the closure error at crossover
points of survey lines from successive summers was analysed.

The results indicate

that the 1988 survey values are shifted with respect to the 1987 data by 49 nT. No
definite shift could be detected between the 1987 and 1989 data sets. It was decided
to choose 1987 as a base and a value of 49 nT was therefore subtracted from the
1988 data set while no correction was applied to the 1989 data.
As a further test of the quality of the data after base adjustment, the misties at all
crossover points were calculated. Forty crossover points were analysed. The points
show a mean mistie of 98 nT for raw data and 82 nT for diumally corrected data.
This suggests that although the diurnal correction generally works in the right
direction it reduces the mistie only slightly. For the diumally corrected data, a mean
mistie of 25 nT was obtained for 10 crossover points in areas of low magnetic relief,
i.e. where the horizontal gradient is 0-0.7 nT/m. In contrast, the largest misties (150-
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300 nT) occur where the horizontal gradient is 2-3 nT/m.

Apparently, a clear

correlation exists between the size of the mistie and the horizontal gradient of the
magnetic field. As was said earlier, the accuracy of the corrected Loran coordinates
is about 50 m while larger errors occur in areas of large topographic relief.

The

principal cause of crossover misties is therefore believed to be the limited accuracy
of the Loran. Moreover, the effect of the topography on the Loran is considered to
be the cause of the relatively large misties under the southern caldera wall.

As a

result of this analysis, the coordinates of a few survey points close to the wall were
corrected by 50-100 m.

3.3.2.4. Map compilation
The map of total field magnetic intensity (Map 3) is computer generated, using the
method of universal kriging using the SURFER software package (Golden Software,
1989). Alternative methods were tested on the data. These were various ways of
calculating the values at gridpoints from the inverse-distance weighted mean of data
points in the neighbourhood. The method of universal kriging was selected on the
basis of a simple test: A map of a part of the area was contoured by hand and the
method that most closely imitated the hand drawn map was used to create a grid from
the whole data set.
As the magnetic data were collected along survey lines, the distribution of data points
can be highly uneven in places. A search radius of 1.5 km was defined and only
data points within this radius were used to calculate the value of a gridpoint. The
circular area around a gridpoint was divided into octants and a maximum number of
3 data points from each octant were used. This means that for a grid point located
on a survey line, only 6 of the closest data points will be used to calculate the value
of the magnetic field at the grid point The use of this rather limited number of data
points prevents excessive smoothing of the map. The gridpoint spacing used is 250
m.
The algorithm does not constrain the grid to adopt the value of a data point where
it coincides with a grid point. Analysis of the differences between the values of the
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data points and the grid values shows a standard deviation of 84 nT.

Closer

inspection shows that the greatest differences occur in areas of the steepest gradients,
mainly near the margins of the main caldera. If these areas are excluded from the
analysis a standard deviation of 47 nT is obtained.

3.3.3. Magnetic field map
Map 3 shows the total magnetic field in the Grimsvotn area as mapped on the surface
of the ice cap. The magnetic field is superimposed on a map of bedrock topography.
The mapped area is approximately 15 km from west to east and 14-17 km from south
to north.
The field intensity varies from 49500 nT to 53500 nT, a total range of 4000 nT. A
prominent low occurs over the main caldera, cut in two by a NE-SW trending high.
Magnetic highs occur along the margins of the main caldera and the north caldera.
Some isolated highs correlate strongly with subglacial topography. This is true for
the caldera margins as well as for a high west of the north caldera and a prominent
high 5 km north of the margins of the main caldera.
In the area east and northeast of the main caldera very little correlation can be seen
between topography and magnetic field strength. In the northwestern part of the area,
the field is dominated by anomalies with long wavelengths and trends close to WNWESE.
The steepest gradients in the field and the shortest wavelengths are observed around
the main and northern calderas. In contrast, the area further east shows a more gentle
magnetic relief and long wavelengths dominate towards north and northwest.
However, as the ice layer acts as a low pass filter on the magnetic field as mapped
on the surface, this may be partly due to increased ice thickness in the areas further
away from the calderas.
The mean value of the regional field over the central part of Western Vatnajokull is
about 51900 nT (Kristjdnsson et al. 1989). Furthermore, because the inclination is
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about 76° the magnitude of the vertical component of the field is 97% of the
magnitude of the total field vector (Leirvogur Magnetic Results 1989). Reduction to
the pole would therefore have very little effect on the appearance of the map, and has
therefore not been used.
A further discussion on the magnetics can be found in Chapters 4 and 5. In Chapter
4 the magnetic data is used qualitatively to help in the interpretation of the seismic
reflection data while a more detailed analysis including forward modelling of selected
profiles is presented in Chapter 5.

3.4. Gravity
The gravity survey was earned out in late July 1988. The total number of stations
occupied was 181, and the area covered was about 250 km2. It coincides roughly
with the area covered by the magnetic survey but gravity stations extend a few
kilometres further to the east. A Lacoste-Romberg model G gravity meter (G-445)
owned by the National Energy Authority (NEA) was used in the survey. Due to bad
weather conditions during the first half of the expedition and vehicle breakdown a
smaller area was surveyed than originally planned.

However, in spite of these

difficulties, a fairly comprehensive coverage of the mainly subglacial Gnmsvotn
massif (as defined in Section 2.4.1.) was achieved (Fig. 3-7).
In addition to the data collected in 1988, the gravity data collected on Vatnajokull by
NEA in 1971 and 1985 (Section 2.3., Porbergsson et al. 1990) has been made
available for the present study by Mr. G. Porbergsson of NEA. The NEA data points
are rather widely spaced (8 by 8 km grid), but provide an essential control on the
regional gravity field in the area.
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3.4.1. Field methods
The survey was conducted in a similar way to the magnetic survey. The area was
traversed on a snowmobile and readings were taken at selected points whose
coordinates were determined by the Loran receiver.
The problem of securing a firm level surface on which to mount the meter needed
special consideration. The conventional way of mounting the meter on the metallic
dish was not feasible when the air temperature was at or above 0°C as heat
conduction from the metal would deform and melt the snow on which the dish rested.
In order to obtain a firm level surface a wooden plate was placed firmly in the snow.
The dish was then placed on top of the plate, the meter levelled, and a reading taken
in the usual way. This procedure worked well, and the time taken for mounting,
levelling and reading the meter was about 2-3 minutes.
The elevations of most stations were obtained by barometric levelling. Fixed points
for reference were available at Svfahnukur Eystri and Svfahnukur Vestri. A line of
benchmarks extending from the main caldera to a point 10 km north of Svfahnukur
Eystri was also a very important source of elevation reference. The benchmarks were
optically levelled 6 weeks prior to the gravity survey. A detailed description of the
barometric levelling, as well as estimates of the errors, is given in Appendix B.
The accuracy of the barometrically levelled heights is considered to be about 2 m
over most of the area. At the western margin of the survey area, which is furthest
away from the elevation control points, the accuracy is less, no greater than 5 m
(Appendix B).
Gravity base station 2023, one of the two base stations at Svfahnukur Eystri
(Palmason et al. 1973) was used as the reference for the survey.

This station is

marked with a brass disk and is located 2.8 m east of the old hut at Svfahnukur
Eystri. Three secondary base stations were established at convenient locations within
the survey area. These secondary bases were used as gravity and barometric base
stations. The absolute gravity values at these secondary bases were determined by
repeated ties to the base at Svfahnukur. The error in these determinations after tidal

o
o

CO<

o

□ benchmark

©o

Contours show ice surface elevation in 1988.

o»

fixed points.

a 1722

fixed elevation point

80

81

and drift corrections is 0.01-0.03 mGal.
The survey was conducted in 7 closed loops. The number of stations in each loop
varied from 19 to 35 and on a good day 2 loops could be completed. A large part
of one loop had to be repeated due to a tare in the meter. A tare also occurred on
a second loop but in that case only a few stations needed to be reoccupied. As well
as closing each loop at its secondary base, all survey days began and ended by
reading the meter at the permanent base at Svfahnukur Eystri.
Terrain corrections for Hammer zones A-C were estimated in the field. Due to the
generally gentle relief of the glacier surface and the low density of the ice, this
correction was zero for all but two stations.

3.4.2. Data reduction
The absolute gravity value at base station 2023 at Svfahnukur Eystri is 981850.26
mGal, based on the latest determination of the absolute gravity values for the base
station network in Iceland (Porbergsson et al. 1990).

This value differs from the

previously published value (Palmason et al. 1973) by 14.88 mGals. This difference
is largely due to the shift from the Potsdam system but also due to better ties with
base stations on both sides to the Atlantic.
The Bouguer gravity anomalies, gb, were calculated from the field readings by
correcting for tidal effects, drift, elevation (free air correction) and topography.

3.4.2.1. Free air anomalies
After converting the meter readings into milligals, the field readings were corrected
for tides and instrumental drift. The tidal correction varied between -0.11 and 0.09
mGal and after its application the observed drift was small, in most cases less than
0.01 mGal/hour.
calculated using

After tidal and drift corrections, the free air anomalies were

gpA=gob.-ga+0-3086h

(3.5)

where gobi is the observed gravity value, h is the elevation of the station above sea
level and 0.3086 (mGal m'1) is the free air gradient. gn is the normal gravity at the
station, determined from the International Gravity Formula 1980 (Vanicek and
Krakiwsky 1986).

3.4.2.2. Topographic reductions
By far the most time consuming and laborious task when reducing gravity data for
geophysical applications is the correction for the effects of topography.

The

conventional way of reduction is a two step process, a Bouguer slab correction and
a terrain correction.

However, nowadays it is increasingly common to calculate

directly the effects of the topography using digital terrain models (Dobrin and Savit
1988, Torge 1989). This approach was adopted for the reduction of the data from
the present survey. Bouguer anomalies are obtained from the free air anomalies by
subtracting the topographic effect,

& >= § F A " &

or
gb=g.b.-g.+0.3086h-g[

(3.6)

where gt is the gravitational attraction of the topography.
A complication within the Gnmsvotn area is the existence of two surfaces both of
which involve large changes in density and both of which therefore have to be
corrected for in order to obtain a Bouguer anomaly map reflecting density variations
in the crust. The maps of the ice surface and bedrock in Western Vatnajokull and
the Gnmsvotn area (Maps 1 and 2) are generated by computer and were available in
digital form.
Three sets of grids for both the ice surface and the bedrock were used for the
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Fig. 3-8. Schematic illustration o f the use o f grids with different point spacing for
topographic reductions. The gravity station is in the centre, Eq. 3.7 used in shaded
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topographic reductions. The point spacing of the grids used for the reduction closest
to the station was 100 m. The second grid had a point spacing of 200 m and the
third one of 1000 m. The 100 m grid was used out to a distance of 1200 m from
station, the 200 m grid between 1200 and 6000 m and the 1000 m grid between 6000
and 25000 m. The use of the grids is shown schematically in Fig. 3-8.

The method used is similar to the one described by St John and Green (1967). The
total effect of topographic masses above sea level (and the lack of mass below sea
level in oceanic areas) is calculated for each station. A Fortran program written by
D. Harrison at UCL, slightly modified to fit the Gnmsvotn data, was used for the
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reductions. The topography was described by a grid of right rectangular prisms and
the gravitational attraction of the topography was calculated by summing the effects
of prisms.

The topography within each prism was assumed to be flat with an

elevation equal to the height of the prism. For the prisms close to the station the
exact formula for the vertical attraction of a prism given by Nagy (1966) was used,

8g=GpJJJv z/ridxdydz

x2 y2 Z2
=pG|||xln(y+r)+yln(x+r)-z a ic s in [(^ + y 1+yT)/((y+T)^l(yz+ ^ ))]\ | |

(3.7)

Xi yi z,
where r=V(x2+y2+z2), G is the gravitational constant and p the density. In order to
cut down computing time, (3.7) was only used for those prisms closer to a station
than 6 times the grid spacing. For prisms further away from the station the simpler
formula for the vertical attraction of a line mass was applied
8g=Gpdxdy(l/r1- l/r^.

(3.8)

Here dx and dy are the grid spacing in x and y and rx and r2 are the distances from
station to the top and the bottom of the prism.
Fig. 3-9 shows the percentage enror introduced by using Equation 3.8. It is apparent
that the error is mainly dependent on the distance between the station and the prism
on which Equation 3.8 is used.

The error is also dependent on the length of the

prism, as the error decreases with increasing length/width ratio of a prism (increasing
h/dx). In the processing of the present data set the prisms within 6 km from the
station have a grid spacing of 100 m or 200 m, i.e. the typical length/width ratio
(h/dx) is between 8 and 15. Moreover, the distance from station to a prism ranges
from 6 to 30 in the units of grid spacings. From the graph (Fig. 3-9) it can be seen
that the error for h/dx=10 at a distance equal to 6 times the grid spacing is 0.2-0.3%,
dropping to 0.15% at 10 times the grid spacing. Prisms between 6 and 25 km have
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a grid spacing of 1 km which implies that h/dx is close to 1. The resulting enror is
1% at a distance of 6 km dropping to 0.4% at 10 km. The area in which equation
(3.8) is applied accounts for about 65% of the total attraction, and the mean error
over this area is 0.2-0.25%. The total error introduced in the topographic correction
by using (3.8) is therefore found to be only 0.1-0.2%.
In the topographic reduction for the ice surface, the elevation of the prism containing
the gravity station was set equal to that of the station. The terrain corrections for
Hammer zones A-C mentioned above cover approximately the area of a single prism.
Changes in elevation within the area of the central prism are therefore considered to
be adequately corrected for.
For each station, topographic reductions were calculated for both the ice surface and
the bedrock. Reduction was carried out for a square area 50 km by 50 km in size
with the station at its centre (fig. 3-8). The area outside this square was assumed to
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be flat with an elevation equal to sea level.
In order to test the validity of ignoring the topography beyond the 50 km square, the
effects of topography out to a distance of 167 km were calculated for both the
westernmost station and the one furthest to the east.

The corrections due to

topography outside the 50 km square were -2.14 mGals and -2.26 mGals respectively,
using a density value of 2.0 Mg m3. It is apparent from these figures that the effect
of assuming that the surface of the earth is at sea level outside the 50 km square is
a slight shift in the Bouguer anomaly values and that this shift is to a close
approximation the same over the whole area.

As a consequence the shapes and

magnitudes of the anomalies observed in the area are not affected.
The subglacial lake within the main caldera is an anomalous body having a density
about 0.1 Mg m*3 greater than the ice. As the geometry of this body is well known
(section 3.2., GuQmundsson 1989) its effects on the gravity field could be calculated
and eliminated from the data. A separate grid was therefore created, representing the
water body and its gravitational attraction was calculated at all stations. The effects
of the water body were negligible except for the stations located within the main
caldera.

The correction was applied to the data and its maximum value was -0.3

mGals.
3.4.2.3. Digital terrain models
The sources of data for the DTM’s are mainly radio-echo soundings (Bjomsson 1988),
the seismic reflection survey in Gnmsvotn (Section 3.2., GuSmundsson 1989), the
topographic maps of the Danish Geodetic Institute (DGI) of the ice surface and
scattered seismic reflection point soundings (EyJx5rsson 1952, Joset and Holtzscherer
1954). Fig. 3-10 shows the area covered by DTM’s and the sources of data for each
area.
The density and quality of these data are highly variable. The elevation contours on
the topographic maps made by DGI are known to be in error by up to 50-100 m in
some areas. This may well be the case in some of the areas used to create DTM’s.
However, where known, such errors were corrected and should not be present within

Margin

of DTM

Eypdrsson (1952) and Joset and Holtzscherer
(1954).

87

a-

88

5 km of the gravity stations. The surface elevation on the western part of Vatnajokull
should be correct to within 5-10 m (Bjomsson 1988).
The grids from the Gnmsvotn area (100 m point spacing) are considered to be of
good quality. They are supported by a relatively dense network of survey lines and
as regards the ice thickness, there is good agreement between seismic reflection and
radio-echo soundings on the ice shelf.

Bjomsson’s (1988) map of bedrock on

Western Vatnajokull is also based on a dense network of survey lines and is
considered to be highly reliable. The ice thickness values of Joset and Holtzscherer
(1954) are generally reliable. This can be seen from the reasonably good agreement
between seismic points and radio-echo soundings regarding the ice thickness.
The values of observed gravity at two stations were used to give estimates of the ice
thickness. This was done by interpolating the trends in the Bouguer anomaly and in
that way predicting the likely Bouguer anomaly value at these stations. These stations
are located west of the main caldera where no radio-echo sounding lines exist close
enough to provide sufficient constraints on ice thickness. As the Bouguer anomaly
is highly sensitive to errors in ice thickness these estimates are probably accurate to
within about 50 m. These stations were not included in the compilation of a gravity
map.
In the areas to the northeast and east, a broad picture of the ice thickness can be
constructed from scattered radio-echo lines and seismic reflection points. Moreover,
preliminary results of radio-echo sounding surveys by the Science Institute in 1988
and 1989 in these areas in the form of average ice thickness in 10 by 10 km squares
were made available by H. Bjomsson (personal communication 1989). Comparison
of the DTM in these areas with the bedrock map of Bjomsson and Einarsson (1991)
shows that within about 6-8 km from the nearest survey points the average values of
bedrock elevation are correct within about 50 m. However, in a zone about 10 km
wide SW of Kverkfjoll, between 10-20 km away from the survey area, the DTM is
150-200 m too low. Due to the large distance to the survey area the effect on the
stations closest to this zone is only about 0.05 mGal.

The DTM was therefore

considered to be sufficiently accurate for the purposes of topographic reduction. It
should be noted, however, that the present DTM in this area would not be sufficiently

89

accurate for a the reduction of stations that were located much closer to this zone.
The largest uncertainty in ice thickness occurs to the south and southeast of the
survey area where a few seismic reflection points provide the only control.
Where no seismic points exist the ice thickness has to be estimated by interpolation
and from the slope of the ice surface. This is done by using a formula relating shear
stress at the base of a glacier,

to the slope of the ice surface, a, and h, the ice

thickness (Paterson 1981),
Tb=pghsina.

(3.9)

Here p is the ice density and g the acceleration of gravity. Measurements of surface
slope and ice thickness have been made at many glaciers and the value of Tb
calculated.

Most values lie in the range 50-150 kPa.

Moreover, according to

Paterson (1981) it is a reasonable approximation to regard ice as a perfectly plastic
material with a yield stress of 100 kPa. This allows Eq. (3.9) to be solved for h, the
ice thickness
h=Tb/(pgsina)
with xb=100 kPa.

(3.10)
A rough estimate of the average thickness of a glacier can be

obtained from (3.10) (Paterson 1981). The validity of this approach was supported
further by testing it on the surveyed areas of Western Vatnajokull.

There, the

thickness values obtained from (3.10) are 0-100 m in error.
The elevation of the bedrock in the areas south and southeast of Gnmsvotn was
mainly estimated using (3.10). The scattered seismic points, where present, were used
for control.

The occurrence of nunataks (P6r5arhyma, Geirvortur, Fig. 2-6) and

relatively steep slopes in the ice surface shows that an area of high relief in the
subglacial topography stretches southwest from Grfrnsvotn. An average ice thickness
of 200 m was used in this area except where nunataks occur.

The 200 m ice

thickness was also used for the subglacial part of the Kverkfjoll massif. This value
was chosen as it is close to the observed mean ice thickness in similar areas at
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Vatnajokull and Hofsjokull (Bjomsson 1988).
3.4.2.4. Reduction densities
The only direct way to estimate the best reduction density value for the Gnmsvotn
area is through Nettieton* s method.

The method is used to estimate the bulk density

of topographic formations and is described in a number of textbooks (for example
Telford et al. 1976, Torge 1989). It involves the reduction of gravity data, usually
profiles, using several different density values.

The curve that shows the least

correlation with topography is considered to give the best density value.

In this

section several Nettieton profiles from Gnmsvotn are presented but first a brief
overview of earlier work in Iceland is presented.
A considerable body of knowledge exists on the density of various rock formations
found in Iceland.

Einarsson (1954) used a reduction density of 2.6 Mg m'3 for most

of his stations in the regional survey of Iceland. For some stations however, he used
values as low as 2.0 Mg m'3 and as high as 2.9 Mg m'3, depending on the local
geology. Pdrarinsson et al. (1989) used a reduction density of 2.5 Mg m'3 for the
compilation of a regional gravity map of southwestern Iceland while Porbergsson et
al. (1990) used a reduction density of 2.6 Mg m*3 for the new Bouguer gravity map
of Iceland.
Schleusener et al. (1976) surveyed the gravity field in northeastern Iceland.

They

used Nettieton’s method to deduce the bulk density of several mountain ridges as well
as laboratory measurements of the density of rock samples.

The values from the

laboratory measurements (water saturated samples) range from 2.1 Mg m'3 for
hyaloclastite rocks to 2.8 Mg m'3 for Tertiary basalt lavas.
lavas they obtained a value of 2.6 Mg m'3.

For quaternary basalt

The estimates from the Nettieton

profiles for formations within the volcanic zone were 1.8-2.15 Mg m‘3 for hyaloclastite
ridges and 2.5-2.8 Mg m‘3 for mountains principally made of basaltic lava.
Pcilsson et al. (1984) measured the density of about 350 samples collected by the
NEA from many parts of Iceland. Some of the results obtained for Quaternary and
Holocene rocks have been summarised in Table 3.3.
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Brown et al. (1991) used Nettieton’s method on hyaloclastite ridges in Askja (Fig. 21 for location). Their estimates range from 1.7-2.0 Mg m'3 for most of the ridges
while 2.4 Mg m'3 was their highest estimate for such a ridge. Measurements of rock
samples from the same formations gave a spread of 1.6-2.45 Mg m'3.
From the available information it is evident that the most appropriate reduction
density can vary from about 2.0 to 2.7 Mg m‘3 depending on the dominant rock
formations in an area.
hyaloclastites.
whole area.

The rocks exposed at Grimsfjall are mostly low density

It is, however, not certain that Grimsfjall is characteristic for the
It is nevertheless likely that a fairly low value would give the best

results for the Gnmsvotn area as hyaloclastite rocks and pillow lavas (see Table 3.3)
are probably dominant
Table 3.3.
Densities of common Iclandic rocks (based on Pdlsson et al. 1984)
Rock
formation

number
of
samples

range

density (Mg m'3)
mean1
dry
wet

dry

wet

86
44
65
27

1.91-2.86
1.87-2.74
1.33-2.45
1.68-2.18

2.12-2.93
2.17-2.79
1.68-2.57
1.68-2.41

2.68
2.26
1.83
1.61

sediments:
tillite

29

1.89-2.25

2.26-2.48

2.10 0.10

2.39 0.06

other:
dolerite
rhyolite

5
40

2.81-3.09
1.73-2.50

2.88-3.10
1.82-2.52

2.99
2.12 0.21

3.02
2.23 0.17

Basalts:
Holocene lava2
pillow lavas
palagonite tuff
unaltered palag.
tuff3

1: The mean density and one standard deviation given.
2: Most samples ffom the solid core of lava flows.
3: samples termed as "altered tuff1 not included.

0.17
0.21
0.32
0.24

2.78
2.43
2.17
2.02

0.13
0.15
0.21
0.17
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The Nettieton curves for Gnmsvotn are shown on Figure 3-11 (A-G). The density
values used range from 1.6 Mg m'3 to 2.6 Mg m'3. Some of the profiles do not give
clear results but a density estimate can be made for all but one. Profile A indicates
a value of 2.0-2.2 Mg nr3, profile B 1.8 Mg m'3, C gives 1.8 Mg m'3 for Grimsfjall
and 2.2 Mg m'3 for the subglacial ridge north of the main caldera, D gives 1.8 Mg
m‘3 and G 1.6-1.8 Mg m*3. While profile E is not conclusive, profile F suggests 2.22.6 Mg m'3. These values give a mean density close to 2.0 Mg m’3.
Some of the Nettieton profiles cross tectonic boundaries such as caldera faults. The
features seen in the gravity field above some of the ridges could therefore be caused
by vertical geological boundaries and not by the topography. Indeed, some features
such as the high at the northern end of profile C and the local high in E cannot be
eliminated with the use of any realistic density value. However, the fairly consistent
picture of density values that emerges from the profiles across the area suggests that
Nettleton’s method is generally valid. The density of 2.0 Mg m'3 was therefore used
for the topographic reductions.
A value of 0.9 Mg m'3 was used for the glacier ice. This value is probably accurate
to within 0.01 Mg m'3. That assumption is supported by the calculated density of the
ice shelf in Gnmsvotn which has a mean of 0.898±0.006 Mg m"3 (Bjomsson 1988).

3.4.2.5. Accuracy of Bouguer anomaly values
The absolute values of the Bouguer anomalies depend directly on the choice of
reduction density. The value of 2.0 Mg m*3 is probably lower than the true average
value for the rocks above sea level. This is suggested by the density curve for the
Icelandic crust (fig. 2-2) which reaches a value of 2.6 Mg m*3 at a depth of about 1
km.

The effect of using 2.0 Mg m*3 within an area with relatively high bedrock

elevation is to give higher Bouguer anomaly values than would be obtained by a
higher reduction density. This has to be kept in mind when comparing the absolute
values from the present survey with Porbergsson et al. (1990) gravity map of Iceland.
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The standard error in the Bouguer anomaly values can be estimated from 3.5 as
5gb=[5gob(2-$gn2+[(0.3086-27tGp)8h]2-5gt2]'4

(3.11)

where 5 denotes the error in each parameter and (0.3086-27tGp)=0.2709 is the
combined free-air and Bouguer gradient for an ice covered area (p=0.9 Mg m'3).
1)

Error in observed gravity, 8gohi. The errors in the observed value arise from

errors in estimates of drift, tides and inaccuracies in meter readings. These errors are
all small, probably of the order of 0.01-0.02 mGals. 8goh# is therefore considered to
be less than 0.05 mGals.
2)

Error in normal gravity, 8gn.

The error in normal gravity depends on the

accuracy of the latitude coordinate.

The Loran-C is considered to be accurate to

within 50 m in the area. The gradient in the normal gravity is dgn/d<{)=0.81 mGal/km
(Telford et al. 1976). The value of 8gn is therefore 0.04 mGal.
3)

Error in elevation, 8h. The error in elevation of most stations is considered to

be 2 m (Appendix B). The error in gravity is therefore 0.27098h=0.54 mGal.
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4)

Errors due to inaccurate topographic models, Sgt. These can be divided into

two categories:

Firstly, errors due to deviations of the DTM’s from the true

topography within the areas surveyed by radio-echo soundings and seismic reflection.
Secondly, errors in the DTM’s to the south and east of the survey area where control
on bedrock elevation is poor.
As regards the radio-echo soundings, Bjomsson (1988) estimates the accuracy in ice
thickness to be 15 m or 2%, whichever is greater. The accuracy of depth estimates
from seismic reflection within the main caldera is about 4-5% or 12-18 m. However,
the deviations of the DTM’s can be greater in places.

This applies mainly to the

slopes of subglacial ridges which may be steeper than shown on the DTM’s due to
incomplete migration.

This effect is probably small and its effect on the terrain

reduction correspondingly small.
In order to estimate the potential error due to a local 15 m error in the bedrock
DTM, a reasonable "worst case" can be analysed. The density of data points is close
to 1 per km2 and the mean ice thickness within the area is close to 300 m. If it is
assumed that the bedrock is consistently 15 m too high (or too low) over an 1 km2
circular area centred on the station, the error in gravity is 0.35 mGal (using a bedrock
density of 2.0 Mg m'3).
The bedrock terrain models in the areas to the south and east of the survey area could
be in error by a considerable amount because of the limited number of control points.
The error margins in the ice thickness when using Equation (3.10) are about 100 m.
Therefore, the greatest error in topographic reductions would occur if the whole
bedrock DTM south of the survey area were systematically either 100 m too high or
toolow. The effect of such an error would not be equal over the whole survey area,
its effect would be greatest on the stations in the southern slopes of Grimsfjall. The
effect of the worst case DTM error was calculated for 4 stations, two on Grimsfjall,
one within the main caldera and one in the centre of the survey area. The results can
be seen in Table 3.4.
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Table 3.4.
Error in Bouguer anomaly due to errors
in bedrock DTM south o f survey area.

Station coord.

R (m)

64°22.76’
64°23.57’
64°24.88’
64°26.68’

300
1600
3900
6600

17°20.00*
17°19.57’
17°19.35*
17°18.55’

error (mGal)
1.4
0.6
0.2
0.1

R is distance from station to margins of surveyed area.

It is apparent from the table that the accuracy of the Bouguer anomaly at the stations
located on the southern slopes of Grimsfjall is greatly reduced. However, the effect
decreases rapidly with increasing distance from the unsurveyed area.
In summary, the standard error in the absolute values of Bouguer anomaly is
according to 3.11 about 0.65 mGal. Moreover, by including the results in Table 3.4.,
it can be seen that the accuracy of Bouguer anomaly values on the southern slopes
of Grimsfjall is only about 2 mGal, 1.2 mGal on the Grimsfjall ridge and 0.7-0.8
mGal for other stations in the area. The relative accuracy of the data is considered
to be somewhat better.

The relative error in elevation is less than 2 m for most

stations (App. B) and local errors in DTM’s within survey area affect all stations in
the same sense. Relative accuracy could therefore be close to 0.5-0.6 mGal, although
less for the southernmost stations.

3.4.2.6. Map compilation
The Bouguer anomaly map (Map 4) is computer generated, using the method of
universal kriging.

As with the map of the magnetic field intensity, the SURFER

software package was used for the generation of the map (Golden Software, 1989).
An octave search method was used, with a search radius of 2.5 km and a maximum
number of data points per octave was three. The grid point spacing used was 250
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m.

The algorithm does not constrain the grid to adopt the value of a data point

where it coincides with a grid point. This results in differences between grid and
data with a standard deviation of 0.25 mGals. In essence, the griding algorithm acts
to smooth the data, especially where data points are closely spaced as they were
within the main caldera. This smoothing effect in areas of densely spaced data points
is probably advantageous as it likely that it reduces noise caused by the limited
accuracy of Bouguer anomaly values at individual stations. A contour interval of 2
mGal is used on Map 4.
3.4.3. Bouguer anomaly map
The main feature of the Bouguer anomaly map (Map 4) is a gravity high of about
20 mGals with the highest values (6-7/7)Gal) occurring east and northeast of the main
caldera. The gravity high seems to extend to the south, out of the surveyed area.
The lowest values, of about -16 mGal, are observed at the western margin of the area
while values of -11 mGal occur at the eastern margin. A relative low is located over
the main caldera with the lowest value (-4 mGal) occurring in the western part of the
caldera.

No corresponding low is observed over the north caldera while the east

caldera is associated with a Bouguer gravity high.
For comparison with other areas, and as a further proof of the unsuitability of a high
reduction density in the area, a bedrock density of 2.6 Mg m'3 was used to create the
Bouguer anomaly map on fig. 3-12. Strong topographic effects are now apparent in
the gravity field. A prominent low occurs over the Grimsfjall ridge as well as the
subglacial ridges surrounding the north caldera and the ridge west of the north
caldera. The low over the main caldera has all but disappeared. However, the main
feature of the map is still the central high, with an amplitude of 15-20 mGal.
The analysis of the gravity field is presented in Chapter 5 where the data are used
to develop a crustal model of Grfmsvotn.

Extended Bouguer anomaly map of the Grimsvdtn area using bedrock

reduction density of 2.6 Mg m 3.

Fig. 3-12.
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3.5. Seismic Refraction
Refraction experiments on a small scale were carried out in 1987 and 1988. The
1987 work was of little use, because of lack of time and suitable equipment. The
1987 experiment involved the use of 12 channel engineering seismographs not
designed for large scale seismics while in 1988 digital seismographs where the
recording windows could be defined by an internal clock were used.

A 12.7 km

refraction profile was surveyed in 1988.

3.5.1. Field methods
The first refraction experiment was carried out in June 1987. Two engineering 12
channel seismographs (Nimbus and Bison) were used for recording the seismic waves.
Time signals from Rugby, England were used for timing of the shots and the arrival
of signals. In the event, only one shot out of four could be recorded. The other shots
did not give signals that were strong enough to register on the seismographs. The
detectors were located about 4 km ENE of the shotpoint which in was placed in the
open water under the southern caldera wall (Fig. 3-13).
On June 10 1988 a seismic refraction profile was surveyed using the same shotpoint
as in 1987. The strike of the profile was roughly N10°E and the total length was
12.7 km. Fig. 3-13b is a cross section along the profile showing the ice surface and
the bedrock. Locations of stations and shotpoint are indicated. As can be seen the
profile cuts the main caldera and the areas of high subglacial topographic relief to the
north of it. The northernmost part of the profile lies outside the subglacial mountain
massif. The profile was unreversed and three charges (26-28 kg dynamite each) were
detonated. Four EDA digital recording seismographs with 3 component geophones
were used to record the seismic signals.

The sampling interval was 0.005 sec.

Internal clocks in the seismographs were synchronised with the clock used for
detonation of the charges. The internal clocks are very stable and error arising from
their use is negligible.
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3.5.2. Results
Usable seismic signals were recorded on all seismometer locations except the one at
11.7 km away from the shotpoint. The vertical (Z) component was used for arrival
!
time determinations on six stations. On the remaining three the horizontal J radial
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Fig. 3-14. Seismic section for the refraction profile.
component was used as the Z-component was faulty. Signals were virtually absent
from the horizontal component perpendicular to the profile, indicating the absence of
SH-waves.

Fig. 3-14 shows the seismic section obtained in the experiment.

The

vertical component is displayed on stations 1, 2, 3, 6, 7 and 8 while the; radjaj se
component is shown at stations 4,5 and 10. All the traces have similar appearance
with a relatively clear but low amplitude first arrival with a dominant frequency of
5-10 Hz. Waves of similar amplitude and frequency trail the first arrival. A train
of waves with a higher amplitude and a dominant frequency of 2-4 Hz emerges 11.2 sec. after the first arrival. S-waves cannot be identified in the data.
In order to make full use of the short sampling interval the picking of first arrivals
was carried out by examining the traces on a computer screen. On most stations the
first airival can be timed with an accuracy of 0.02-0.03 sec. The timing of the first
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arrival on stations 4 and 5 is not as well defined as considerable noise is present on
the traces.

The accuracy of the timing of the first arrival on these stations is

therefore less, about 0.05-0.1 sec.
Figure 3-15 shows a time-distance diagram for the profile. The apparent velocity at
the first geophone is fairly low, below 3 km s'1. This suggests that the ice shelf
(Vice=3.6 km s'1) does not carry seismic waves across the caldera. A wave refracted
from an interface that has a lower velocity than that of the ice should not be detected
at the surface. However, if the glacier bed is dipping away from the shotpoint at
some location, the angle of incidence may be such that a wave that would be totally
reflected from a horizontal interface is refracted into the ice layer. Inspection shows
that the first geophone is located above a subglacial mound which indicates that the
above explanation is applicable.

An apparent velocity in excess of 5.0 km s'1 is

observed at an offset of 6 km while waves recorded at the geophone furthest away
are delayed in comparison with the other stations. This suggests that the depth to the
high velocity layer which gives rise to the refracted waves recorded at 6-10 km offset
is greater under this station or that a reduction occurs in near surface velocities.
As the profile is not reversed the velocities obtained are only apparent velocities.
Effects of dip and other lateral changes in P-wave velocity can therefore not be
corrected for. Moreover, it is almost certain that a low velocity layer exists beneath
the ice.

Considering the relationship between density and p-wave velocity, the

Nettleton profiles presented in Section 3.4. suggest that the velocity of the uppermost
part of the bedrock is much less than the 3.6-3.7 km s'1 observed in the ice.

In

normal Icelandic crust (Fig. 2-2) a velocity equal to that of the ice is observed at a
depth of 0.6-0.8 km. Bearing in mind that refracted waves reaching the surface must
have a velocity exceeding that of the ice a low velocity layer under the profile may
be 0.5-1 km thick.
In order to deal with the problem of low velocity beneath the ice, it was decided to
strip off the ice layer. Moreover, all arrival times and station locations were reduced
to 1050 m a.s.1. The corrected offsets, x**, and traveltimes, t^, were calculated using
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x =x+8x

(3.12a)

W=t+5t

(3.12b)

8t=-8z/(Vicos<|>i)-8zb/(Vbcos<|>b)-8zlXVbcos<t>b)

(3.12c)

8x=-8zitan(|)r 8zbtan<j>b-8z,tan<|)b.

(3.12d)

and
where
and

The first and second terms in Equations 3-12a and 3-12b are respectively the
reductions due to stripping off the ice layer and the bedrock under the seismometer
while the third term is the reduction at the shotpoint. Here 8^=^-^ and 8^=^-1050,
where Zj is the elevation of the ice surface and

is the elevation of bedrock. V—3.6

km s'1 and Vb=2.0 km s'1 are the velocities of ice and bedrock respectively. The
angles of incidence are defined by ((jparcsinCV/V^ and $b=arcsin(Vt/V^J where Vm„
is the maximum velocity encountered by the seismic wave along its path. Vmax is
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here considered equal to dx/dt.

The velocity value of 2.0 km s'1 for the bedrock

immediately underneath the ice is based on the 2.0 Mg m'3 density obtained from
Nettleton’s method in Section 3.4. The dashed curve and open circles on Figure 315 show the traveltimes after reduction to 1050 m.
The reduced profile is more suitable for further analysis.

There are some

irregularities in the traveltime curve. First, the time interval between geophones 1 and
2 is very large. Second, the traveltimes at geophones 2 to 8 show some deviations
from a smooth curve. These deviations may be due to dips in the refracting interface
or irregularities in the near surface velocity.

However, these deviations are fairly

small, no greater than 0.06-0.08 sec. and therefore of similar magnitude as the error
in the timing of the first arrival. In the following interpretation these deviations will
be ignored.
If the station with the largest offset is omitted, the profile can be interpreted in terms
of two or three constant velocity layers.

However, a model of a continuously

increasing velocity with depth is more plausible as evidence from elsewhere in Iceland
suggests (F16venz and Gunnarsson 1991, Chapter 2).
Fldvenz (1980) concluded that for crustal studies in Iceland it is valid to use the
Wiechert-Herglotz-Bateman integral in the interpretation of refraction profiles. In the
following discussion Equation 3.1 has been applied, i.e. the earth’s curvature is
ignored, which causes negligible error on profiles 10-15 km long.

Before the

application of the WHB integral, the time distance curve is smoothed in order to
eliminate the small scale irregularities. The outermost station has been omitted from
the calculation and largest offset used is 10.2 km (the reduced offset for the station
at 10.7 km). The time-distance curve between stations 4 to 8 may be fitted with a
straight line, indicating a constant velocity layer. The apparent velocity of this layer
is 5.4 km s'1 and it appears to be at a depth of 2.3 km.

It is possible that this

velocity value is to low. There may be a delay between stations 6 and 7 due to an
increase in the depth to the high velocity layer or a near surface irregularity. If that
is the case the apparent velocity of the high velocity layer is 6.5-7.0 km s'1,
suggesting a Layer 3 velocity at only 2.5 km depth.

However, in the absence of

further data, the first interpretation will be used and the results of the calculations are
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Fig. 3-16. The P-wave velocity as a function of depth according to the WHB method
in the area south of the inferred step in the high velocity layer. Zero depth is at
1050 m a.s.l. Dashed line is standard crustal profile (Fig. 2-2).
given in Figure 3-16. It shows that the velocity increases with depth, rising from 2.6
km s'1 at a depth of 0.25 km to 5.4 km s 1 at 2.3 km. The velocity gradient of 1.0
s'1 is observed above 1 km depth rising to 1.6 s'1 between 1 km and 2.3 km depth.
Information on velocity below that depth is not availible. However, it is likely that
velocity increases with depth, but at a much slower rate than above 2.3 km.
As was said earlier, the occurrence of a velocity of 5.4 km s'1 at a depth of about
2.3 km indicates a high velocity layer at relatively shallow depths. In Flovenz and
Gunnarsson’s (1991) model the average depth to the top of the lower crust (Vp=6.5
km s*1) is about 5 km. In the central parts of the island the thickness of the upper
crust is probably slightly greater, 5-6 km being common (Fldvenz 1980). The upper
crust under GrfmsvOtn is therefore anomalous in two respects. First, the near surface
velocity is considerably lower than in the standard crustal model. This applies to the
uppermost one and a half kilometre. Second, below 2 km depth an anomalously high
velocity is observed
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The above velocity model must be regarded as a very crude one as it is based on one
unreversed profile only.

Several other models are possible that would not be in

conflict with the seismic data. The greatest weakness in the model is that it does not
take into account possible dip effects.

However, considering that Grfmsvotn is a

Bouguer anomaly high, seismic velocities higher than the characteristic values are to
be expected at relatively shallow depths (Section 2.1.3., Pdlmason 1971). The model
is therefore a plausible one. It is also similar to the crustal structure found in the
detailed tomographic studies of Foulger and Toomey (1989) for Hengill.
The apparent delay at the station furthest away from the shotpoint is 0.15-0.20 sec.
As was said earlier it is believed that this delay is caused by an increase in depth to
the high velocity layer and/or reduction in the near surface velocity. At present it is
not possible to distinguish between these two factors. However, an increase in the
depth to the high velocity layer is to be expected outside the boundaries of the
volcano, considering the shallow depth down to the high velocity layer within its
boundaries. The increase in the depth to the high velocity layer can be approximated
by a vertical step.

The step can be located approximately by calculating the

horizontal distance travelled by a wave leaving the high velocity layer. A decrease
in the velocity gradient is to be expected where the depth to the high velocity layer
increases.

As the velocity in the upper layer is affected by the reduced velocity

gradient, the time delay would start to be seen at a relatively short offset, not more
than 1-2 km. As the delay in the time-distance curve occurs between 10 and 12 km
the step probably occurs at a distance of 9-10 km from the shotpoint
The height of the inferred step in the high velocity layer can be estimated from the
0.15-0.20 sec. delay.

However, the lack of information on the vertical velocity

gradient at the northern end of the profile means that the result is bound to be only
a rough estimate. For the sake of simplicity, the layered crustal model of Pdlmason
(1971) will be used.

The following formula gives the relationship between time

delay, td, and the height, h, of a step in a refracting interface,
h=V xJcosQ.

(3.13)

Here <j)=arcsin(V/VIMX). Equation 3.13 is derived from the time-intercept formula of
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refraction seismics (e.g. Dobrin and Savit 1988). Pdlmason (1971) used a velocity
of 5.1 km s'1 for layer 2, the lower part of the upper crust (Fig. 2-2). Assuming that
the crust under the northern end of the profile is similar to the standard crustal model
(Fig. 2-2) the value of V=5.1 km s'1 would therefore be reasonable in Eq. 3.13. If
the value of

is set equal to 6.0 km s'1 a result of h=1.4-1.9 km is obtained.

In summary, the interpretation of the profile indicates that the seismic velocity of the
uppermost 2.3 km of the crust in Grfmsvotn is characterized by a vertical velocity
gradient of 1.0-1.6 s'1. Below a depth of 2 km a high velocity layer (relative to the
standard crustal model) is observed but the velocity in the uppermost 1.2 kilometres
of the crust is lower than that of the overlying ice. The maximum apparent velocity
is 5.4 km s'1. An alternative interpretation indicates that a Layer 3 velocity may
occur at only 2.5 km depth. Velocity structure at depths exceeding 2.5-3 km is not
defined by the profile. An increase in depth to the high velocity layer coincides with
the northern margin of the subglacial mountain massif bordering Grfmsvotn.
increase may be of the order of 1.5 km.

This

The results suggest that the velocity

structure may be similar to that observed in Tertiary central volcanoes and in the
active Hengill centre (Section 2.1.3). In Chapter 5 the results obtained above will be
used in the interpretation of the gravity data.
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CHAPTER 4
SHALLOW STRATIGRAPHY AND STRUCTURE OF MAIN CALDERA

The area covered by the subglacial lake coincides roughly with the main caldera. It
is the centre of geothermal activity and at least a large part of eruptions observed in
the area seem to have occurred within the main caldera (Thorarinsson 1974). The
bedrock topography, caldera floor morphology and the stratigraphy of the caldera infill
are therefore of special interest. In this chapter the seismic reflection data collected
on the ice shelf will be analysed. The magnetic data will also be used insofar it
relates to the shallow stratigraphy and structure.

A more complete analysis of the

magnetic data will be presented together with an analysis of the gravity data in the
following chapter on the overall crustal structure associated with the volcanic
complex.

4.1. Bedrock topography
Cross sections through the main Grfmsvotn caldera, based on the seismic reflection
and radio-echo soundings, are shown in Figs. 4-1 to 4-3. The sections highlight the
absence of any major topographic features in the interior areas of the caldera. The
ice shelf is in most places 240-260 m thick and the water layer 40-90 m thick.
The data make it possible to measure the volume of the subglacial lake. The area
of the ice shelf and the lake at the time of the survey was about 10 km2.

The

volume was calculated by estimating the thickness of the water layer in all parts of
the lake and then summing. The result is a total volume of 0.5+0.1 km3.
The survey was conducted nine months after a jokulhlaup from Grfmsvotn, which
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occurred in September 1986. As a consequence, the level of the surface of the lake
was relatively low, at 1374 m a.s.l. This can be compared with about 1350 m at the
end of the 1986 jokulhlaup and 1430 m just before its start (see Fig. 2-13).

Figure 4-4 shows the subglacial topography of the main caldera and is a slightly
reduced version of Map 2.

The caldera has a long axis at N80°E, and is slightly

eggshaped with the narrow end towards east. It covers an area of about 20 km2. The
deepest areas are in the northern part of the caldera where the lowest points have an
elevation of about 1060 m a.s.l.

The depth o f the caldera from the highest rims

(Eystri and Vestari Sviahnukur) is therefore about 650 m.

The caldera floor dips

gently down towards the north from the foot o f the southern caldera wall. The total
height of the southern wall is 500-550 m but the slopes bordering the caldera towards
north are 250-300 m high. The height of the slopes on the western margins is about
400-450 m.

There are two subglacial openings through the caldera walls into the

caldera. A broad pass with an elevation of about 1100 m connects the main caldera
to the north caldera. A second opening, slightly higher, is towards northeast.

It is
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through the latter that many of the jokulhlaups are believed to force their way out of
the subglacial lake (Bjomsson 1988).

4.2. Morphology of Caldera floor
The strength of the lake bottom reflection varied along the seismic lines (Fig. 3-4).
Strong signals were obtained in the northern half of Line 2, the area were the lake
is present on Line 3 and some central parts of Line 1. Steep or vertical steps are
present at 4.7 km on Line 2 and 2.6 km on Line 3. A step is present at 2.8 km on
Line 1 but is somewhat exaggerated on the time section, as the ice shelf is thickening
above the step. A fourth step can be seen at 4.2 km on Line 1. The throw of the
steps on Lines 2 and 3 is similar, 25 - 30 ms, which corresponds to about 20 m. At
the western step on Line 1 the bottom reflection splits in two and the continuation
of the lower reflection can be detected for a further 300 m to the west A possible
explanation is that the step cuts the line at a low angle.
The data suggest that the steps seen in the lake bottom mark the divide between two
seismic provinces. The areas on the downthrown side of the steps give in general a
stronger, more coherent signal than do the highstanding areas.

This can be seen

clearly on the northern part of Line 2, where the signal is very strong, and where
deeper reflections appear to be present. On Line 1 the bottom reflection is weak in
the westernmost part of the caldera and in the area where Lines 1 and 2 cross. In
these areas steep steps with a bearing similar to line 1 are known to be present The
focusing effects at the ice-water interface would help to suppress diffractions from the
edges and reflections from the northwardly dipping lakefloor north of the steps,
explaining the weak signals in these areas.
Magnetic profiles measured along the seismic lines in 1987 and 1988 are shown
above the cross sections in Figs. 4-1 to 4-3. As can be seen on Fig. 4-2, a clear
anomaly is associated with the southern part of the caldera floor. The decrease in the
magnetic field takes place directly above the step, indicating that the rocks on the
southern side of the step are magnetic. In Fig. 4-3, a high is also associated with the
southern part of the caldera floor but the main anomaly is somewhat to the south of
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North Caldera

Fig. 4-4. Subglacial topography within the main caldera (reduced from Map 2). The
area covered by the subglacial lake in June 1987 is shaded. Dashed lines mark the
cross sections o f Figs. 4-12 ctnd 3.

the step in Line 3.

No clear anomalies can be seen over the steps on Line 1 (Fig.

4-1). However, the general east-west magnetic field gradient along Line 1 decreases
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directly above the step at 2.8 km (Fig. 4-1).

A weak positive anomaly could

therefore be superimposed on the general decrease in the magnetic field towards west.
This would suggest that the rocks forming the step are magnetic.
It is therefore proposed here that the higher areas represent a lava flow, or flows,
covering a portion of the southern and western caldera floor. The steps are believed
to be the edges of these lavas. In the lower areas in the northern and eastern parts
of the lake, the lakefloor is believed to be covered with sediments, at least in the
areas where reflections from horizons beneath the lakefloor are present.

4.3. Deeper reflections
Reflections from interfaces below the lakefloor are believed to be present in the
northern half of Line 2 (Fig. 3-4b).

In the area 4.9 - 5.6 km, the water bottom

reflection ’b’ is at about 250 ms. At around 290 ms, the first deeper event ’c’ can
be seen. A second event *d* is present at 310 - 320 ms and a third reflection ’e* can
be seen at 390 - 400 ms. The possibility that these three deeper events are multiples
can be ruled out as their arrival times are very different from those for the double
reflections that might be present. Events, not as clear as the other three, are present
betw een’d' and V (Figs. 3-4b and 4-2).
In the central part of Line 1, a reflection ’c* is present at 280 - 300 ms. This is not
a strong event on most traces, but it is continuous and its arrival time is not
consistent with that of a multiple. It is also in an area of a low lying lake bottom,
considered to be covered with sediments. This event must therefore be considered
to be a genuine reflection. The lake bottom in Line 3 between 2.7 and 3.7 km is
considered to be sedimentary. There are indications of weak deeper reflections in
places between 250-350 ms (’c \ ’d’ and V ), but individual reflections are continuous
for only 200 - 300 m.
It is unclear whether the same deeper horizons are seen on all lines, but the limited
extent of each reflection suggests that each horizon only exists over a limited area.
The reflections are only seen in sediment covered parts of the lake bottom.

The
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reflections are cut off fairly abruptly over the step which marks the edge of the lava
flow in Line 2. The roughness of the lava surface could be partly responsible for
masking the predominantly high frequency signal from the underlying layers.
The deeper reflections are fragmentary and weak everywhere except in the northern
half of Line 2. However, as far as can be seen from the data, the general trend in
these reflections is of dip towards north. Furthermore, there are indications that other
steps, similar to the ones observed in the present caldera floor, can be seen in places
(Line 1, 3.5 km; Line 2, 5.0 km, below 350 ms.; Line 3, 3.0 km). It is therefore
believed that these reflections arise from buried lava flows and possibly sills intruded
at shallow depths into sediments.
The existence of these reflections shows that substantial amounts of material have
accumulated within the caldera since its formation. The caldera infill is made up of
lavas and sediments. The sediments are probably mostly hyaloclastites from eruptions
within the caldera, but sediments from glacial erosion may also be deposited on the
caldera floor.

The deepest reflections are 100-150 ms below the lakefloor which

corresponds to a 75-150 m thick pile of sediments and lavas.

4.4. Comparison with previous surveys
In 1951 and 1955, seismic reflection surveys were carried out in the Grfmsvotn
Caldera (Joset and Holtzscherer 1954, Thorarinsson 1965).

These surveys were

essentially point soundings with one shotpoint and 3 - 1 2 geophones at an offset of
300 - 1000 m. One successful sounding was made on the ice shelf in 1951 by the
French-Icelandic expedition and there were four successful soundings during the
Icelandic-French expedition in 1955. Details of the latter survey have never been
published but the results were summarized by Thorarinsson (1965).
These surveys were successful, in the sense that a reflection from the lakefloor was
observed. However, no reflection from the ice-water interface was detected. The fact
that only one reflection was observed led the French seismologists to interpret their
data as if no water layer were present

They therefore calculated the depth to
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bedrock using ice velocities (Vm=3550 m s*1, Joset and Holtzscherer 1954).

The

elevation of the caldera floor which results from these calculations is 800-900 m a.s.l.,
contrasting with 1060 - 1100 m a.s.l. calculated from the present survey.
The existence of the subglacial lake over the past decades is well documented and
beyond dispute (Wadell 1920, Thorarinsson and Sigurfisson 1947, Thorarinsson 1953a,
1965, 1974, Bjomsson 1974, 1988). It can therefore be taken as a fact that a water
layer was present at the time of the previous surveys. The failure to detect the icewater interface was probably caused by the field methods used. The long offsets
result in a relatively short time interval between the arrival of the direct P-wave and
that of a shallow reflection.

Furthermore, a surface dynamite source appears to

produce a high amplitude P-wave with a duration of about 100 ms (5-6 complete
cycles, Joset and Holtszcherer 1954, p. 20, Fig. 18) which masks any other arrivals
which might occur in that time interval.
It is possible to reinterpret the results of the earlier surveys converting the ice
thickness values given by Joset and Holtzscherer (1954) and Thorarinsson (1965)
back to traveltime. To do this, information given by Joset and Holtzscherer (1954,
p. 20) on the method of calculation is used. Furthermore, comparison of the velocity
data of the earlier surveys with that of the present survey suggests that no significant
changes in the velocity structure of the ice shelf have taken place. If it is assumed
that the elevation of the lakefloor has not changed, the thicknesses of the ice shelf
and the water layer can be calculated.
The present survey covers the areas where stations m and IV of the 1955 survey
were located. The lakefloor elevation at these places is 1070-1100 m and 1100 m
respectively, but 812-847 m and 922 m according to Martin’s calculations. An ice
shelf thickness of 120 m at station HI and 150 m at station IV at the time of
Martin’s survey would be in agreement with unchanged elevation of the lakefloor.
Bjomsson (1988) presented data on the thickness of the ice shelf in Grimsvdtn for the
period 1958-1987, based on measurements of the ice surface elevation above the water
level. The results show that the ice thickness was 200-230 m in 1958-1966, but 250
m in 1980 and 1987. Furthermore, local melting reduces the ice thickness to 150 m
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in 1958 and 1964. Even though the figures from the reinteipretation of the 1955
survey must be treated with caution, they clearly suggest a substantial thickening of
the ice shelf, in agreement with Bjomsson’s results.

4.5. Discussion
The evidence from the seismic lines suggests that parts of the present caldera floor
are covered with lava flows. Moreover, similar lava flows appear to be present under
the present caldera floor, buried by sediments and other lava flows. All the available
evidence suggests that during the time of recent volcanic activity the caldera lake has
existed and been the source of jokulhlaups (Thorarinsson 1974). It is therefore almost
certain that the lavas were extruded subaqueously. The edges of the lava flows are
15-20 m high and their surfaces are relatively flat apart from a slight dip towards
north.
The lava flows observed on the present caldera floor were formed in eruptions in the
southern part of the caldera.

The dip of the deeper reflections is similar to the

general dip of the caldera floor. This suggests that the lavas that are believed to give
rise to these reflections also originated in the southern part Apparently, eruptions
have been more frequent under the southern caldera wall than elsewhere within the
caldera.
Most of the lava flows are considered to be small. Each flow covers an area of only
a few square kilometres. This implies that the volume of each flow is probably less
than 0.1 km3. Larger flows would cross the caldera floor to the northern caldera
wall. The deeper reflections in Line 2 do indeed suggest that larger lava flows have
been erupted occasionally. Alternatively, these deeper units could be sills, intruded
into the caldera infill. Further, these data suggest that the lava flows are abundant
in the uppermost part of caldera infill in the southern and southwestern part of the
caldera but that sediments constitute a greater proportion in the northern part
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CHAPTER 5
CRUSTAL STRUCTURE

In the preceding chapter the morphology and shallow stratigraphy of the main caldera
was studied, mainly with the aid of the seismic reflection data.

In this chapter

bedrock morphology and the crustal structure of the volcanic complex will be
analysed, using mainly the potential field data.
Inspection of the gravity and magnetic maps (Maps 3 and 4) suggests that there are
some common features. These features are the relative lows over the main caldera
and the highs surrounding it. However, in general the two fields do not seem to have
the same sources, as the most conspicuous magnetic anomalies do not give rise to
gravity anomalies and vice versa.

Moreover, the magnetic field is much more

irregular, being dominated by relatively short wavelengths. This suggests that many
of the sources of the magnetic field lie at a shallow depth while the sources of the
gravity anomalies are to be found over a much greater depth interval. It is therefore
considered best to analyse the two fields separately.
This chapter is divided into three main parts. In Section 5.1. the magnetic data are
analysed both qualitatively and with the use of model calculations.

The main

emphasis is on the morphology of topographic features and a more detailed analysis
is given of the magnetic data within the main caldera.

In Section 5.2. the main

emphasis is on the gravity data and model calculations are used to study the structure
of the upper crust in the Grfmsvotn area. Finally, in Section 5.3. a synthesis of the
findings is presented.
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5.1. Analysis of magnetic data
The expressions of structural boundaries on a magnetic map may be linear anomalies
or alignments of anomalies along such boundaries.
morphology often show up on magnetic maps.

Moreover, changes in bedrock
In Grfmsvotn the expression of

inferred caldera structures is important as well as the correlation of magnetic
anomalies with topography. Furthermore, the correlation between geothermal activity
and magnetic anomalies should be examined as geothermal alteration affects the
magnetic properties of basalts (Ade-Hall et al. 1971).

5.1.1. Magnetic properties of rocks
Extensive work has been carried out in the study of the magnetic properties of basic
rocks in Iceland. The greater part of this work has been palaeomagnetic studies of
the Tertiary lava pile (Kristj£nsson 1982). In the interpretation of magnetic anomalies
the intensity of magnetization is the most important property of the rocks.
Kristjansson (1970), FriSleifsson and Kristj£nsson (1972), Becker (1980) and Helgason
et al. (1990) have published results on the intensity of magnetization of Quaternary
and Holocene rocks. The results are summarized in Table 5.1.
Of particular interest for the present study are the magnetizations of pillow lavas,
hyaloclastite tuffs (palagonite) and basic dykes from the Holocene and the Upper
Quaternary. The results show that the palagonite tuffs are essentially nonmagnetic
while pillows are highly magnetic, with intensity varying from 9.42 A m'1 to 16.97
A m 1. Moreover, it is significant that the results of Helgason et al. (1990) show that
intensity is high for all the sites sampled. Additional evidence for the intensity of
magnetization of pillows comes from dredge samples from the Reykjanes ridge just
of the Reykjanes peninsula, at a water depth of 100-300 m. The arithmetic mean
intensity for 31 samples was 18.8±12.5 A m'1 (Sempere at al. 1990).
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Table 5.1.
Intensity offmagnetization fo r some Icelandic
Quaternary and Holocene rocks
No. of
samples
Pleistocene lavas (30 sites)
Postglacial lavas (35 sites)
Postglacial dykes (8 sites)
U.Tertiary-Q. gabbros,
S and W Iceland (10 sites)
Gabbro (1 site)
Basalt andesite (3 sites)
Rhyolite (2 sites)
Upper Q. palagonite
tuffs SW Iceland (13 sites)
Lavas, pillows, breccia
fragments and dykes from
the U.Q.P.F. (45 sites)
Pillows (site A)
Pillows (site B)
Pillows (site C)
Pillows (site D)
Pillows (site E)

A m'1

k
xlO'2

Reference

1.43 Becker (1980)
0.98 Becker (1980)
1.51 Becker (1980)

177
610
121

5.45
15.2
22.5

21
8
20

6.5
18.5
10-15

14

0-1

17

0.1

0.1

63
47
35
19
12
22

16
9.42
14.13
16.97
15.91
11.55

11.3

6.28 Krisjansson (1970)
13.57 Becker (1980)
FriQleifsson and
Kristjansson (1972)
FriSleifsson and
Kristjansson (1972)

(0.99)
(2.48)
(0.37)
(4.40)
(2.36)

Kristjansson (1970)

Kristjansson (1970)
Helgason et al. (1990)
Helgason et al. (1990)
Helgason et al. (1990)
Helgason et al. (1990)
Helgason et al. (1990)

Explanations:
J,,:
Arithmetic mean of intensity of natural magnetic remanence
k:
Magnetic susceptibility (SI units)
U.Q.P.F:
Upper Quaternary Palagonite Formation
Q:
Quaternary
Numbers in brackets from the dataset of Helgason et al. (1990) are the standard
deviation of the samples. Sites A-E of Helgason et al. (1990) located in SW-Iceland

Basic rocks with considerably higher magnetization have been reported from three
localities, one in SW Iceland and two in SE Iceland. At all the localities conspicuous
aeromagnetic anomalies are associated with these formations.

FriSleifsson and
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Kristjansson (1972) report an average remanent intensity of 61 A m'1 for a 100 m
thick layer of 2 Ma tholeiitic basalts in Stardalur SW Iceland. In two localities in
SE Iceland Schonharting and Petersen (1978) found average intensities of gabbro
bodies to be about 35 A m'1. These gabbros are considered to be 5-7 Ma. These
high values may be partly due to high palaeofield strength during the emplacement
of these formations (Fri51eifsson and Kristjansson 1972).
It is important to note that induced magnetization of basic rocks is small compared
to remanent magnetization (Kristjansson 1970, Table 5.1.). For example, the pillow
samples of Kristjansson (1970, Table 5.1.) have a Koningsberger ratio close to 30.
However, in gabbros the induced magnetization can be significant, as Koningsberger
ratios as low as 2.5-3.5 are found for the samples in Table 5.1.

Consequently,

induced magnetization should not be ignored when considering anomalies from
gabbros.
The magnetization is influenced by the thermal history of the rocks while
hydrothermal alteration also affects the Curie point and quantity of magnetite (AdeHall et al. 1971). For fresh unaltered basalts, the Curie point is low, often 100-200°
C (Ade-Hall et al. 1971, L. Kristjansson pers. comm. 1990).

In general, mild to

moderate alteration results in lower intensity of magnetization and higher Curie point.
Intense hydrothermal alteration, as observed in many high temperature geothermal
areas in Iceland, destroys the magnetite in the rock (Amdrsson et al. 1980). This
destruction of magnetite is considered to be the main explanation for the magnetic
lows observed over many geothermal areas (Section 2.2.2., Bjomsson 1980, Gislason
et al. 1984, Hersir et al. 1990).

5.1.2. Qualitative analysis
In the following discussion the term shallow is used to imply depths ranging from the
glacier base down to a few hundred metres.

It is used for sources of anomalies

which have relatively short wavelengths, of the order of 1 km. This terminology is
a convenient way of separating these anomalies from those which have wavelengths
of several kilometres. Of course the sources of the longer wavelength anomalies need
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not lie at greater depth but this distinction is nevertheless useful as wavelengths of
the order of 1 km are common.
The area covered by the survey is too small for trends to be studied on a regional
scale. However, the strong E-W trends in the magnetic map between Grfmsvotn and
Hamarinn reported by Jdnsson et al. (1991) (see Section 2.3.2.) are apparent in the
NW-part of the magnetic map (Map 3). Elsewhere the magnetic field appears to be
dominated by the volcanic complex. A NE-SW trend appears to cut the main caldera.
This trend continues with a small offset towards the SE through Grfmsfjall.
Figure 5-1 is a simplified version of the magnetic map.

The caldera rims have been

inserted as well as sites of geothermal activity. It is apparent that positive anomalies
are associated with the margins of the main caldera and the SW- and E-margins of
the north caldera. These are mainly individual circular or slightly elongated highs
aligned along the caldera margins (Map 3). The conspicuous high on the SW margin
of the north caldera (a) is elongated (ca. 3 km long) and curved along the margin.
Outside the calderas, a prominent high occurs above a subglacial peak 4 km NNE of
the NE margin of the north caldera (b). A similar high, although not as conspicuous,
is associated with a short and broad ridge 2 km to the west of the western margin
of the north caldera (c). These anomalies are quite sharp, implying shallow sources.
Furthermore, the high amplitudes (of the order of 1000 nT) suggest that the sources
are highly magnetic. The geometry and nature of these sources will be studied with
model calculations in Section 5.1.3.
Although some ridges produce magnetic anomalies, others appear to be almost
nonmagnetic. This applies to virtually all the ridges in the eastern part of the survey
area and to the northern ridge of the north caldera, as well as most topographic
features north of the calderas. Most of the anomalies in the northern part of the area
do not have any association with topography.
The main caldera is clearly defined on the magnetic map (Map 3, Fig. 5-1). Firstly,
it is surrounded by the magnetic highs discussed above. Secondly, a large part of the
interior of the caldera is a relative low on the map. This low, however, is almost cut
in two by the NE-SW trending high (d). When inspected in more detail, this high
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is composed of several mainly E-W trending highs. The sources of many of these
highs must be shallow. In the previous chapter it was proposed that these highs were
caused by the lava flows on the caldera floor and sills believed to be found at
shallow depths beneath it. A prominent feature is the magnetic low in the western
part of the main caldera (e). Its depth is about 2000 nT and it is roughly 2.5 by 1.5
km in size (at half amplitude). A 1000 nT low is also present in the eastern part of
the caldera (f). These lows may be caused by a greater concentration of nonmagnetic
hyaloclastites than elsewhere within the caldera. An alternative explanation would be
the effects of hydrothermal alteration of the rocks.

The caldera is a highly active

geothermal area and prominent lows have been observed over many high temperature
geothermal areas in Iceland.

The magnetic structure of the main caldera will be

analysed further with model studies in Section 5.1.3.
The field within the north caldera is relatively quiet. No highs similar to the ones
within the main caldera are observed. It is also interesting to note that the prominent
ridge (g) that forms the northern margin of the north caldera is nonmagnetic.
Possibly, it is composed of nonmagnetic tuffs. However, it may be significant that
intense geothermal activity has been associated with the ridge. It is therefore possible
that rock alteration is responsible for the absence of magnetization.
The magnetic field over the east caldera and its northern and eastern rims has much
lower relief than over the other two calderas.

Consequently, the character of the

highs over the rims is different, i.e. amplitudes are lower and the wavelengths longer.
In part this may be due to the greater ice thickness over the east caldera.
Visible sites of geothermal activity (Fig. 5-1) show a much stronger correlation with
the caldera rims than with the highs or lows of the magnetic field. However, if the
whole of the main caldera is taken as being a geothermal area, it is apparent that
geothermal activity is correlated with magnetic lows.
Finally, the highs over the southern ridge of the main caldera (Grfmsfjall), the highs
that extend to the north over the eastern part of the east caldera and the highs that
extend to the west terminating in Anomaly b, define a semicircular feature in the
magnetic field (Fig. 5-1). This feature is truncated abruptly to the north of the north
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caldera (west of Anomaly b). Although some of the anomalies that make up this
semicircular feature are topography related (e.g. Anomaly b), the cluster itself bears
no obvious relation to the topography.

This feature may be related to a similar

feature in the gravity field and further discussion is therefore deferred to Section 5.2.

5.1.3. Forward modelling
In this section three profiles will be studied with the aid of forward modelling. These
profiles are chosen because they include what are perhaps the most interesting
anomalies on the magnetic map.

The first profile (Cross Section A-A, Fig. 5-2)

crosses the main caldera and includes both the main low in the western part of the
caldera as well as the composite high in the central part. For the study of the highs
along the caldera margins the high at the SW margin of the north caldera was chosen
(Section B-B, Fig. 5-2).

The third profile (Section C-C, Fig. 5-2) crosses the

subglacial peak to the northeast of the north caldera (Anomaly b, Fig. 5-1).
Forward modelling of potential field data does not produce unique solutions as an
infinite number of source geometries are possible for any given gravity or magnetic
field configuration.

Moreover, the modelling of the geometry of the source bodies

of magnetic anomalies is even more uncertain than for gravity, as the possible range
of values of magnetization is much greater than of density. It follows that forward
modelling of magnetic data has to be approached with a degree of caution. However,
as the ice is nonmagnetic, its thickness provides a useful constraint on the
interpretation of the magnetic data.

The topography provides a further constraint.

These constraints together with the magnetization values in Table 5.1. and guidelines
from geology may be sufficient to produce useful magnetic models.
For 2^-D forward modelling the interactive PC-based GM-SYS program (Northwestern
Geophysical Associates) was chosen. It uses a modified Talwani algorithm for the
gravitational and magnetic effects of polygonal prisms (Won and Bevis 1987). To
incorporate the effects of the finite strike length of the prisms, GM-SYS uses the
algorithms of Rasmussen and Petersen (1979) for end corrections.
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Fig. 5-2. Bedrock map of Grfmsvdtn and the surrounding area. The locations o f the
cross-sections selected for magnetic modelling (A-A to C-C) and gravity modelling (DD) are shown.

Several assumptions are made in setting up the models.

These can be listed as

follows:
1. No reversely magnetised rocks are believed to be present within the volcanic
complex.
2. Magnetization and susceptibility values are chosen from Table 5.1., which implies
that no bodies of intermediate or acid composition are included in the models.
3. Effects of bodies outside the cross-section being modelled are not considered.
Cross-sections are chosen in such a way as to minimise these effects.
4. The magnetization of the country rock is taken to be 5 A m'1. This is somewhat
lower than Kristjansson’s (1970) 6.5±2.5 A m*1 estimate of the average magnetization
of the Quaternary Palagonite formation in SW-Iceland. As the average magnetic field
strength in the Grfmsvdtn area is rather low, the lower value of 5 A m'1 was
considered to be suitable. Moreover, the thickness of the magnetic crustal layer was
set at 1.5 km, equal to the minimum estimate of Kristjdnsson (1972) for the
Reykjanes Peninsula.
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5. For two out of three modelled sections presented below, the residual anomaly is
obtained by subtracting an estimated mean field in the area surrounding the anomaly.
In the case of the main caldera the magnetic field is more complex and anomaly
separation is not straightforward. An arbitrary mean field value was therefore chosen
and the modelled curve tied to one of the points on the curve of observed values.

5.I.3.I. Main caldera
The purpose of modelling the main caldera is to study the geometry and
magnetisation of the rock bodies which produce the low in the western part and the
composite high cutting across the caldera. As the network of survey lines is dense
within the caldera, a suitable profile can be chosen without having to follow a
particular survey line.

Profile A-A was therefore located on a line between the

hillock Naggur and Sviahnukur Eystri (Fig. 5-2).

For this particular profile the

regional field was arbitrarily set at 50000 nT.
The starting point of the modelling was to set the magnetization of the block under
the main low as zero (J=0.0 A m*1). The geometries and magnetizations of other
bodies were then adjusted in order to obtain a reasonable fit.
The preferred model is shown on Fig. 5-3. The highly magnetic bodies (3, 4, 5 and
7) that cause the central high are modelled as flat blocks.

This type of source

geometry as well as the choice of an E-W profile rather than a N-S profile avoids the
modelling of some short wavelength irregularities observed within the caldera (Map
3).

These anomalies can only be explained by shallow localized highly magnetic

sources which may resemble short dykelike bodies or bosses. The modelling of these
bodies in the absence of other constraints has not been attempted. The philosophy
behind the present modelling effort is to try to deduce the overall magnetic properties
of the formations which make up the caldera floor.
The flat block geometry, which is based on the interpretation that these bodies are
mainly lava flows or sills (Chapter 4), is not required to reproduce the observed field.
However, several other models with different configuration were tried and none of
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these produced radically different results regarding the location and magnetization of
the source bodies. The main characteristics were the same: a large body of near
surface highly magnetic rocks is needed in the centre of caldera and a virtually
nonmagnetic body in the western part. An increase in the thickness of the magnetic
layer to 2.5 km affected the results only marginally.
Table 5.2.
Parameters for magnetic model o f main caldera
Body no.

1
2
3
4
5
6
7
8

k
xlO2
(SI)

magnet
ization
A in 1

half strike lengths
north south
km
km

0.65
0.0
1.3
1.3
1.3
0.0
0.65
0.65

7
0
15
15
8
0
4
1

0.3
2
1
1
2
2
10
0.2

0.3
2
2
1
2
2
10
2

The two lava bodies (3 and 4, Fig. 5-3) can only be explained as bodies of highly
magnetic pillow lavas.

This strongly supports the inteipretation that the steps

observed on the caldera floor are the edges of lava flows. The bulk magnetization
of these bodies is modelled as 15 A m 1. However, for horizontal slabs such as Body
3 (Fig. 5-3) the effects of demagnetization decrease the anomaly significantly (Telford
et al. 1976, Carmichael 1982). The true magnetization of a slab similar to Body 3
may therefore be about 30% greater than the assigned value. It follows that the true
magnetization of Body 3 is close to 20 A m'1.
The large body in the centre of the caldera (5) is modelled as 200 m thick, having
magnetization of 8 A m 1. It is considered to be a pile of buried lava flows and sills,
possibly alternating with layers of hyaloclastite tuffs. The upper part of Body 7 may
have similar stratigraphy. The lower magnetization (4 A m*1) would then be due to
increased temperature and hydrothermal alteration with depth. However, Bodies 3,
4 and 5 may also be explained as the caldera infill, made of lava flows and sills
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interbedded with nonmagnetic hyaloclastite tuffs. The boundary between Bodies 5 and
7 would then be the original caldera floor. If this is true the total thickness of the
caldera infill is of the order of 200 m. However, if a higher magnetization value is
used for Body 5, its thickness would be decreased. The same effect would be seen
if the magnetization of Body 7 were increased. A reliable thickness estimate for the
caldera infill can therefore hardly be made from the magnetics.
The nonmagnetic body (2) in the western part of the caldera occurs near the minimum
of the gravity low over the main caldera (Map 4).

This suggests that the relative

abundance of hyaloclastite tuffs is greater there than in the central and eastern parts.
However, the gravity minimum is located above the eastern margin of the
nonmagnetic body as modelled on Fig. 5-3., which suggests that the same body can
not explain both the magnetic and gravity low. Moreover, lava flows appear to be
present in this part of the caldera (Chapter 4) although these do not seem to be
magnetic.

The absence of magnetite due to hydrothermal alteration is therefore

believed to be the most probable cause of the magnetic low.
It is interesting to note that on the caldera floor there exist highly magnetic recent
lava flows as well as virtually nonmagnetic ones.

Although differences in

composition of the erupted material are possible, an alternative explanation could be
the low Curie-point of fresh unaltered basalts. Curie temperatures of 100-200° C are
common for pillows and fresh basalts (Ade-Hall et al. 1971, Kristjansson 1990 pers.
comm.).

If a pillow lava flow or a shallow intrusion is located where vigorous

upwelling of water at the boiling point (close to 220° C on the lakefloor) takes place,
its temperature could rise above the Curie point, destroying its magnetization. The
above results show on the other hand that the uppermost several hundred metres of
the crust in the central part of the caldera are made of rocks with a quite high
magnetization. This indicates that the central part of the caldera has for some period
of time not been the site of a large hydrothermal convection cell.
In summary, the magnetic data within the main caldera support the interpretation
presented in Chapter 4 on the existence of lava flows on the caldera floor. Moreover,
if realistic values of magnetization are

used, a thick pile of magnetic rocks is

needed to explain the high in the centre of the caldera. The westernmost part of the
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caldera appears to be an area where vigorous hydrothermal activity has taken place.
Considering the apparent total absence of magnetization, this activity may have taken
place over a considerable period of time.

5.1.3.2. Southwest margin of North Caldera
The nature of the magnetic highs on the caldera rims is the subject of this modelling
exercise. As pointed out above, the sharpness of these anomalies suggests a shallow
source. There are two likely explanations. Firstly, the rims may be composed of
magnetic pillow lavas.

Secondly, the highs might be caused by the intrusions of

dykes into the rims.
The anomaly chosen for modelling is the largest of those associated with the caldera
margins (Map 3, Fig. 5-2, cross section B-B).

It is also more elongated than the

other anomalies and therefore more suitable for modelling.
bodies were tested.

Three possible source

Not smprisingly, the simple model of uniformly magnetized

topography can not explain the anomaly. Two other models are presented on Fig. 54.

Model a) assumes that the anomaly is caused by a dyke intruded into a ridge

made of nonmagnetic hyaloclastite tuffs.

The dyke is assumed to have a

magnetization of 15 A m*1. The model shows that a dyke-like body would have to
be about 200 m wide in order to explain the anomaly. Moreover, the dyke needs to
reach almost to the top of the ridge.
In Model b) the anomaly is explained by a pillow lava ridge with a magnetization of
12 A m*1. It is apparent that only the part facing the caldera is magnetic. In order
to achieve a reasonable fit the southern part of the ridge and the uppermost part of
the bedrock to the south have to be modelled as nonmagnetic tuffs.
A more complex model may be constructed that might produce a better fit between
the observed and the calculated field. For example a combination of the two models
presented would also explain the anomaly. However, since the only information on
the source bodies is the form and the amplitude of the anomaly itself, it is considered
right to use as simple a model as possible.

Model b) is considered to be more
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plausible than a), mainly because a 200 m wide dyke complex made up almost
entirely of dykes is not a common occurrence at such high levels within volcanoes.
Extensive piles of pillow lavas on the other hand, are quite common. Moreover, the
lack of continuity of the magnetic highs on the caldera rims is much easier to explain
if the sources are isolated ridge segments or subglacial mounds made of pillows.
Table 5.3.
Parameters for magnetic model o f
southwest margin o f north caldera
Body no.

Model a)
1
2
Model b)
1
2

k
xlO2
(SI)

magnet
ization
A m'1

half strike lengths
NW SE
km
km

0.13
1.3

0.1
15

inf.
1

inf.
1

0.13
1.3

0.1
12

inf.
1

inf.
1

5.I.3.3. Subglacial peak
This modelled anomaly is the largest outside of the calderas and their margins (Map
3, Fig. 5-2, section C-C).

The purpose of the modelling is to see whether the

anomaly can be explained by the magnetization of the subglacial peak. A model is
presented on Fig. 5-5. As the peak is obviously far from being a two dimensional
feature, it has been split into an upper and a lower prism both having the same
magnetization, 15 A m*1. The lower prism is wider than the upper one. In the model
the bottom of the magnetic prism is at an elevation of 1100 m a.s.l. This is a
reasonable value as the bedrock immediately east of the peak has an elevation of
1050-1100 m. The anomaly may therefore be explained by pillow lavas making up
the subglacial peak.
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Fig. 5-5. Magnetic model o f subglacial peak to the northeast of the north caldera
(section C-C, see Fig. 5-2 for location). For parameters of model see Table 5.4.

Considering that the modelled anomaly is the largest topography-related anomaly
outside the caldera rims, the model implies that smaller anomalies associated with
topography can also be explained in the same way.
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Table 5.4.
Parameters for magnetic model o f subglacial
peak to the northeast of north caldera
Body no.

1
2
3
4

k
xlO2
(SI)

magnet
ization
A m'1

half strike lengths
west east
km
km

0.13
1.3
1.3
0.13

0
15
15
0

inf.
0.2
1
1

inf.
0.2
1
1

5.1.4. Discussion
The gross features of the magnetic field of Grfmsvdtn, i.e. highs along the rims of
the calderas and lows within them, are similar to many of the calderas of the
Quaternary centres described by Jdnsson et al (1991). However, the predominantly
low magnetic field contrasts with many other basaltic Quaternary volcanic centres,
such as Katla, Eyjafjallajokull, Oraefajokull, Bardarbunga, Kverkfjoll and Askja
(Jdnsson et al. 1991).

The modest magnetic signature of Grfmsvotn seems to be

intermediate between the highs over many of the active basaltic centres and the
magnetic lows that occur over the rhyolitic centres of Pdrdarhyma and Torfajokull
(Jdnsson et al. 1991).
It is possible that this difference may be due to a greater concentration of
nonmagnetic tuffs in the uppermost crust in Grfmsvdtn than within the other centres.
It is, however, not immediately apparent why this should be so.

A more likely

explanation is considered to be the unusually high level of geothermal activity within
Grfmsvdtn.

It is proposed that local hydrothermal alteration is responsible for the

destruction of the original magnetization of the rocks. Because hydrothermal activity
has at least recently been more intense and probably more widespread than within
most of the other centres, alteration has affected a greater proportion of the rocks
within Gnmsvotn.
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5.2. Gravity interpretation
The Bouguer anomaly low over the main caldera (Map 4) indicates a lower density
of the rocks within the caldera than in the areas surrounding it. This may indicate
that the accumulation of low density hyaloclastites has been greater within the caldera
than elsewhere. That the source of the anomaly is to be sought at shallow depths is
indicated by the steep gradients at the margins of the caldera. This steep gradient
may however, also be caused by high density bodies reaching the surface on the
eastern and the western rims of the caldera.
The north caldera has little apparent effect on the gravity field. However, the low
over the main caldera seems to extend into the southern part of the north caldera.
An east-west gradient of about 1.5 mGal/km is observed across the caldera, increasing
to 2.5 mGal/km to the west of the caldera rim. The conspicuous northern rim of the
north caldera does not have any apparent effect on the gravity field.

This is not

altogether conclusive, however, as it is not well covered by gravity stations (Map 4).
A broad gravity high cuts across the western part of east caldera but its form shows
no obvious connection with the caldera or its margins. In the eastern part the gravity
field drops off towards the east, with an east-west gradient of -3 mGal/km.
The east caldera is an area of high Bouguer anomaly values. Moreover, the high
cutting across the western part of the east caldera and the high over Gnmsfjall which
extends along the western margin of the main caldera, form a semicircular gravity
feature. This semicircular high is centred on the northern central part of the main
caldera.
The above discussion suggests that three main rock bodies give rise to the observed
gravity. Firstly, a low density body gives rise to the central low and its areal extent
coincides with the margins of the main caldera. However, it may extend some way
into the north caldera.

Secondly, high density bodies underlie Grimsfjall and the

ridges bordering the main caldera to the west and the northeast.

Thirdly, a high

density body, perhaps at a greater depth than the other two bodies, underlies most of
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the volcanic centre, causing the main high.
The approximate geometry, densities and nature of these inferred rock bodies is the
subject of the following analysis. Two and a half dimensional modelling will be used
but first the available constraints on the interpretation will be presented.

5.2.1. Constraints for gravity modelling
Not much information is available on the crustal structure in the area covered by
Vatnajokull. There is, however, no reason to assume that it is radically different from
that in other parts of Iceland. It is therefore reasonable to model Gnmsvotn as a
deviation from the standard crustal model presented in Section 2.1.2. (Fig. 2-2).
The available constraints on the modelling come from three sources. These are the
lithology of exposed rock outcrops, the density of topographic features and the seismic
velocity information obtained from the refraction profile. The evidence from these
data may be summarized as follows:
1. Lithology of rock outcrops.

The available rock exposures occur at Gnmsfjall.

Additional evidence exist on the rocks in the now ice covered Vatnshamar area at the
western margin of the main caldera (Thorarinsson 1953b). These rocks are mainly
basaltic hyaloclastites (Section 2.3.1.) and palagonite tuffs seem to dominate the
exposures in the southern caldera wall. Pillows are also abundant in places.
2. Density of topographic features. The evidence from the Nettleton profiles (Section
3.4.2.4) suggests that most of the ridges in the area have a bulk density of 1.8-2.2
Mg m'3. Comparison with the values in Table 3.3. suggests that these ridges are
composed of palagonite tuffs, perhaps with pillows making up parts of the ridges in
places. Further, the low values observed for Gnmsfjall can really only be explained
if a significant fraction of the pore space in the upper part of the ridge is dry, i.e. the
water table is at a considerable depth. This, however, is not surprising as the ridge
is cut by the caldera fault and permeable rock layers will therefore act to drain the
upper parts of the mountain. Moreover, geothermal heat flux is relatively high at
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Fig. 5-6. Density as a function of depth according to seismic refraction. Solid line
is the standard crustal model (Fig. 2-2b) while dashed line is the inferred profile
within Gnmsvotn.
Gnmsfjall, as testified by the occurrence of fumaroles and ice cauldrons. The heat
may prevent the formation of ice in the pores.
3. The refraction profile (Section 3.5.) provides evidence on the P-wave velocity in
the uppermost 2.5 km of the crust in the area extending from Gnmsfjall to about 10
km north of it.

Fig. 5-6 shows density as a function of depth using the p-wave

velocity/density relations of Flovenz and Gunnarsson (1991). The dashed curve is
the standard crust from Fig. 2-2 while the solid curve is derived from the Gnmsvotn
seismic refraction profile.

The results suggest a lower than normal density in the

uppermost 1.5 km and the negative density contrast in the depth interval 0.5-1.5 km
is 0.1-0.2 Mg m‘3. Below about 2 km depth a high density body is present More
over, the velocity of 5.4 km s'1 observed at 2.3 km depth, corresponds to a density
of 2.8 Mg m*3.

The normal crustal density at that depth is 2.65-2.7 Mg m'3,

indicating a positive density contrast of 0.10-0.15 Mg m'3.

Below 2.5 km, no

information on density can be extracted from the refraction. Considering that the

138

refraction profile is not reversed, these results should not be interpreted too rigidly.
However, the general picture of density increasing rapidly downwards in the
uppermost kilometres of the crust should be valid.
Finally, the results of the magnetic modelling of the main caldera should be kept in
mind when estimating the geometry and density of bodies that make up the caldera
floor. The average magnetization of the large ca. 200 m thick body underlying the
caldera floor on Fig. 5-3 (Body 5) is 8 A m'1. If the magnetic units within the body
(lava flows and or sills) have a magnetization similar to strongly magnetic pillows
(15-20 A m 1), pillows make up about 50% of the space. If the remaining 50% are
tuffs, the bulk density of this formation is probably 2.2-2.3 Mg m'3.

5.2.2. Forward modelling
It would be desirable to model at least two profiles across the volcano, one with an
east-west strike and the second with a north-south strike. A complete north-south
profile is, however, not available at present due to incomplete coverage at both the
southern and northern margins of the volcanic centre. Moreover, the low accuracy
of Bouguer anomaly values at the southern margin of the survey area at present
(Section 3.4.2.5) makes all modelling of the southern end of the presently surveyed
area difficult.
The east-west profile crossing the main caldera does not suffer from the above
drawbacks.

It crosses many of the most interesting structural features such as the

main caldera itself and the highs flanking it to the east and the west. It is also well
located for the study of the main gravity high. This profile was therefore chosen for
the study of crustal structure. As in the case of the magnetic modelling, the GMSYS 2^-D software was used (Section 5.1.3.). The subtraction of the regional field
is shown in Fig. 5-7.
When assigning density values to individual bodies in the model, relative densities
were used. These relative values are to be understood as deviations from the standard
crustal model (Figs. 2-2 and 5-6). It follows that the density of bodies may increase
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with depth.

Thus, when using this modelling procedure, it is only the density

contrasts between individual bodies that remain constant. This approach is believed
to be correct as all the available evidence (Sections 2.1.2, 2.1.3. and above) show that
a continuous increase in density with depth is the general rule for the Icelandic crust.
The maximum depth of modelled bodies was set at 5.5 km.

This is the average

depth to layer 3 within the neovolcanic zones (Flovenz and Gunnarsson 1991). This
is also in accordance with the results of seismic refraction within central volcanoes
(Flovenz 1980, Section 2.1.3.) where seismic anomalies do not appear to be present
in layer 3.
The form of the profile suggests that low density material is thicker within and under
the main caldera than elsewhere.

Secondly, the main caldera is flanked by fairly

sharp highs. The high on the western side of the caldera is not well defined, but the
gradients on each side suggest that it is of similar amplitude to the one on the east
side. The short wavelength of the flanking highs indicates shallow sources. Thirdly,
in order to explain the main high, a high density body underlying the whole centre
is required.
An important question regarding the structure of Gnmsvotn is the possible existence
of a magma chamber in the crust. No direct evidence for a magma chamber has
been found in the data.

However, the existence of the relatively youthful main

caldera coupled with its high level of volcanic activity strongly suggests that a magma
chamber is located at relatively shallow depths under the caldera. It is therefore of
some interest to investigate what effect a magma body would have on a gravity
model, especially the possible maximum size of such a body.
The seismic waves recorded at the outermost stations on the refraction profile
penetrate to a depth of at least 2.0-2.5 km within the main caldera. Further, these
uppermost two and a half kilometres of the crust are a region of rapidly increasing
velocity with depth.

Magma has a compressional velocity close to 2.5 km s'1

(Williams and McBimey 1979) and an extensive magma body at depths less than 2.5
km should cause a delay in the seismic waves recorded on the outer stations.
Although such a delay may be present at the station farthest from the shotpoint (Fig.
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Fig. 5-7. Separation of regional field and the Grfmsvdtn Bouguer anomaly.
3-15), the absence of a delay on the stations with an offset less than 10.7 km,
suggests the absence of a sizeable low velocity body above a depth of 2.5 kilometres
under the main caldera. The roof of a magma chamber included in any modelling
should therefore not be placed at a depth less that 2.5 kilometres.

Two gravity models have been produced.

In Model I (Fig. 5-8) the effects of a

magma chamber are not considered while a body with a density around 2.65-2.70 Mg
m'3 is placed between 3 and 4 km depth in Model II (Fig. 5-11). This density is
equal to that of tholeiitic magma (Williams and MacBimey 1979) which is the
dominant magma type in Gnmsvotn (Gronvold and Johannesson 1984).

Apart from

the magma chamber, the models share the same general features.
5.2 2 .1. Model I
The main features of the first model (Fig. 5-8) are: i) A high density body extending
from a depth of about 2 km below the surface down to 5.5 km depth (bodies 10 and
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11), ii) abundant low density material within the main caldera (bodies 3-6), iii) high
density bodies (7 and 8) extend from Body 10 up to the surface under the flanks of
the main caldera. iv) Finally, low density material is modelled as somewhat thicker
on the flanks of the volcano than outside it (1 and 2). The half strike lengths of
bodies perpendicular to the profile and their relative densities are given in Table 5.5.
Within the main caldera, the occurrence of Bouguer anomaly highs over the southern
rim and the eastern part of the northern rim (Map 4) indicates that three dimensional
effects may be important, i.e. that high density bodies to the north and the south of
the modelled profile may have a significant effect on the gravity field along the
profile. When using GM-SYS, three dimensional effects of this kind can to some
extent be accounted for by assigning a density value to the region extending from the
ends of the modelled bodies out to infinity.

Fig. 5-9 shows schematically the

modelled profile, the lateral extent of Bodies 7, 3, 4 and 8 and the densities assigned
to the regions beyond the half strike lengths of the bodies.
Table 5.5.
Parameters for gravity models I and II
Body density
no.
contrast
Mg m'3

half strike lengths
south north
km
km

Model I
1
-0.10
6
6
2
-0.10
6
6
3
2
2
-0.15
4
2
2
-0.15
5
0.20
0.3
0.3
6
2
1
0.20
4
2
7
0.20
8
0.25
3
3
2
2
9
0.00
10
0.20
6
6
11
0.10
6
6
12
2
2
0.10
Model II, identical to I except for:
10
0.23
6
6
13
2
-0.05
2

density contrast beond
end of body (Mg m'3)
south north

0.0
0.0
0.10
0.10
0.0
0.10
0.0
0.0
0.10
0.0
0.0
0.05

0.0
0.0
0.0
0.10
0.0
0.10
0.0
0.0
0.0
0.0
0.0
0.10

0.0
0.05

0.0
0.05
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Fig. 5-9. Lateral extent o f Bodies 3, 4, 7 and 8 and the densities assigned to the
regions outside the margins o f the bodies perpendicular to the strike o f the profile.

Conversion of the relative densities to absolute densities can be made by comparison
with the standard crustal model (Fig. 2-2). Fig. 5-10 shows the depth-density profile
through bodies 6, 4, 9, 12, 10 and 11 superimposed on the standard crustal model.
The relative densities can be related to absolute densities by regarding the density
depth curve (solid line) as showing deviations from the standard crustal model (dashed
line). In the following discussion absolute values obtained by comparison with the
standard crustal density will be used.
The thickness of low density material is greater within the main caldera than
elsewhere.

Light material (Bodies 3 and 4) is modelled as 1.0 km thick.

The

absolute density of these bodies is probably around 2.0 Mg m'3 where they reach the
surface (Fig. 5-10). The density increases rapidly with depth and has reached about
2.5 Mg m'3 at 1 kilometre depth. The densities of bodies 3 and 4 are identical but
Body 4 is flanked by high density bodies both to the north and the south while this
only applies to the southern margin of Body 3 (Fig. 5-9). The density of body 6 is
2.2-2.3 Mg m*3 (Fig. 5-10); it coincides with the magnetic body at the same location
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Fig. 5-10. Density-depth section through bodies 6, 4, 9, 12, 10 and 11. Relative
densities used in model I.

(Fig. 5-3.).

A near surface density contrast is needed to explain the form of the

anomaly and the body is located where lava flows are present according to the
seismics. It may therefore be stated that both the gravity and the magnetics support
the existence of lava flows at the caldera floor.
The body under the caldera extending from between 1 and 1.5 km depth (9) is
modelled as having density equal to that of normal crust at this depth, i.e. 2.6-2.65
Mg m'3. The lower body (12) between 1.5 an 2 km is modelled as having a density
close to 2.75 Mg m'3.

The densities of these bodies is somewhat higher than

indicated by the refraction results (Fig. 5-6).

However, in order to obtain a

reasonable fit these density values are required and a qualitative agreement is achieved
as the seismic profile indicates that the space occupied by these bodies is a region
of rapidly increasing density with depth.
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The bodies (7 and 8) underlying the caldera rims and extending some distance away
from the caldera are modelled as having densities of 2.2-2.25 Mg m'3 at the surface,
increasing to 2.7-2.75 Mg m*3 at 0.8 km depth. At 2 km depth these bodies merge
gravitationally with the underlying dense rock masses, having reached a density of
2.9-2.95 Mg m'3.

The width of these bodies is 1.5-2.5 km at the surface, but

increases with depth. The shape of the semicircular anomaly of which these bodies
form the source (See Map 4) may help in explaining their nature. As pointed out
earlier, this anomaly is centred on the central northern margin of the main caldera.
Moreover, a similar feature, although more subdued, is apparent in the magnetic field
(Section 5.1.2.). The source bodies thus seem to be somewhat more magnetic and
dense than their suiTOundings. Considering that cone sheet complexes are a fairly
common feature in dissected central volcanoes (Saemundsson 1979, Gautneb et al.
1989) it seems plausible that the source body may be such a complex. However, in
part it may also be the expression of a dyke swarm intruded into a ring fault that
borders the main caldera. The location of this inferred dyke swarm corresponds well
with the recent eruption sites within the caldera. The increase in density with depth
may indicate that sheets and dykes make up an increasing percentage of the deeper
rock mass.
The largest bodies (10 and 11) are considered to be of identical composition, with a
density of 2.95-3.0 Mg nr3. However, the relative density of Body 10 is 0.20 Mg
m'3 while that of Body 10 is only 0.10 Mg m*3. These bodies have a P-wave velocity
and density similar to Layer 3. It follows that under Gnmsvotn there exists a 3.5 km
high and 12-14 km wide block of dense rock which may be composed of basic
intrusions and/or Layer 3 material. A high density body similar to the one modelled
here is a common feature of many basaltic volcanoes (Williams and Finn 1985,
Rymer and Brown 1986) and these bodies are usually explained as being basaltic or
gabbroic intrusions. If this is also true for Gnmsvotn, the total volume of this main
intrusive body is about 500 km3. It is, however, possible that this body is only partly
made up of intrusives. Hydrothermal alteration in the lower parts of the upper crust
may create the dense mineral epidote in abundance (Christensen and Wilkens 1982).
Data from drillholes show that high temperature geothermal areas have cupolas of
high temperature alteration surrounding them (Palmason et al. 1979). The anomalous
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body therefore, need not be made of basic intrusives only. A considerable fraction
may be country rock intensely altered by the anomalously high temperatures in the
upper crust under the volcano.
The model on Fig. 5-8 is considered to be one of the most simple models that does
not contradict the available constraints. Alternative models are of course possible and
changes can be made to the details of the model.

Bearing in mind the relatively

simple shape of the Bouguer anomaly, plausible models would have the same main
features as the one above.

5.22 .2. Model D
Model I may be considered to be an end member case in the sense that a magma
body is not included. Model II is meant to be at the other end of plausible models
in this respect as a fairly large magma chamber has been inserted in the depth
interval between 3 and 4 kilometres (Fig. 5-11).

The model is in other respects

similar to Model I. The densities of bodies with the same numbers are identical apart
from Body 10 where the density has been increased by 0.03 Mg m*3 and a slight
change occurs in the locations and geometries of the bodies beneath the main caldera.
The horizontal dimensions of the chamber have arbitrarily been set as equal to that
of the caldera.
In order to obtain a reasonable fit, the thickness of the low density bodies (3 and 4)
within the caldera has been reduced from 1.1 km to 1.0 km and the upper margin
of the high density body above the chamber (12) has been raised to a depth of 1.4
km. A conversion from relative densities to absolute values is presented on Fig. 512. This model is no less plausible than the previous one in the sense that it does
not contradict the constraints. The volume of the magma chamber is here modelled
as 15 km3. A somewhat larger chamber of molten magma may be accommodated at
a greater depth. For example, if the top of the chamber is set at a depth of 4 km
and densities are as on Fig. 5-11, its thickness can be increased by 0.2-0.3 km. Also,
if the chamber is not completely liquid, its volume may increase somewhat as the
density of the magma body would increase.

The conclusion is therefore that if a

20.0
Distance (km)

30.0

147

n.

25.0

o

o

o

o

o
o

o

o

O

0.0

10.0

00

o
o

S IB Q U I

o

o

(uut)
*

o

o

S
?s:
E"H

,3
**3
Q)
■*»*
V.

<3

'• 't

I

•o

o
00

»«*»

©o " oa
S

■**»
SS
■ s:

H
'» *

to
to
•***

&

o

148

d e n s it y (Mg m ”3)
1.8

2.2

2.6

3.0

0.0
1.0
2.0

?

3.0

-t->

8

Tt

*

4.0
5.0
6.0

7.0
Fig. 5-12. Density-depth section through bodies 6, 4, 9, 12, 10, 13 and 11.
Conversion from relative to absolute densities as in model I.
molten magma chamber exists in the upper crust under the main caldera, its volume
is probably not greater than 15-20 km3.
Finally, no indications can be found in the gravity field that acid rocks occupy a
significant space in the upper crust in the area. On the contrary, the generally high
Bouguer gravity field over Grfmsvdtn can be taken as an argument against the
significant occurrence of rhyolites or acid intrusives.
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5.3. Summary
In this chapter and the previous one, analyses of the collected data have been
presented and conclusions have been reached regarding the stratigraphy and structure
of the upper crust within Gnmsvotn.

In this section an attempt will be made to

summarise these results and present an overall view of the findings.

5.3.1. Bedrock morphology
The almost uniformly low density of the topography (average 2.0 Mg m*3) and the
generally low magnetization of the ridges in the area suggests strongly that these
formations are mainly made of hyaloclastite tuffs, probably with pillow breccias in
places.

Low density hyaloclastites are thickest within the main caldera and their

thickness on the flanks of the volcano is greater than in surrounding areas. This is
probably to be expected. It is possible that Gnmsvotn has never been ice free during
the Holocene and it was definitely under ice during the last glaciation. The dominant
style of activity has therefore been one of explosive subglacial and subaqueous
eruptions. Available evidence (Thorarinsson 1967, 1974, Section 2.4.3.) suggests that
the level of activity has been high, at least in historical times. As a consequence,
piles of low density hyaloclastites have been formed at a faster rate within Gnmsvotn
than at the glacier base surrounding the volcano.
The question whether Gnmsvotn has been free of ice cover at some time during the
Holocene is an important one in relation to the bedrock morphology and recent
history of the volcano.

If the volcano was ice free over a period of time it is

possible that sequences of subaerialfy erupted basaltic lavas do occur. Such lava piles
would be dense (ca. 2.6 Mg m'3), probably magnetic and would occur within
depressions in the bedrock.

The most likely signature would therefore be flat

bottomed depressions in the bedrock giving rise to magnetic and gravity highs.
However, as no such depressions can be found it is likely that subaerial flow of lava
has rarely occurred in the recent history of Grfmsvdtn. This is in accordance with
the view put forward earlier that Gnmsvotn has been covered with ice during the
Holocene. It may therefore be concluded that all the available evidence suggests that
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Grimsvotn has been covered with ice over the period when the present topography
was formed.
Although hyaloclastite tuffs are dominant, pillows appear to be abundant in places.
This is demonstrated by the sharp, high amplitude magnetic anomalies over some of
the ridges. The correlation of these anomalies with the caldera rims suggests that
pillows make up a considerably greater proportion of the ridges bordering the
calderas. These piles of pillows may have formed in eruptions after the formation
of the calderas. The alternative explanation would be that the pillows were formed
in subglacial eruptions during the buildup of the volcano, prior to the formation of
the calderas. This would imply that the pillows have preserved their original high
magnetization while the subsided block has suffered hydrothermal alteration with
consequent reduction in magnetization. In view of the fact that the ridges bordering
the calderas often have much steeper slopes facing the calderas, the second
explanation is preferred.
No indications have been found for the existence of bodies of rocks having acid
composition. However, subglacial ridges made of rhyolite or andesite could occur as
their density would be similar to that of basic hyaloclastites.

5.3.2. Crustal structure
The gross features of the subsurface crustal structure in Grimsvotn are:

(i) A low

density pile, predominantly of hyaloclastites covering the surface over the whole area.
This pile is thicker within the complex than in the surrounding areas, (ii) Relatively
high density rocks surround the main caldera. (iii) A large dense body underlying
the whole centre below 2 km depth.
Figure 5-13 shows a schematic geological cross section of the Grimsvotn volcano
along the modelled gravity profile. The large, dense subvolcanic body is similar to
that at many other basaltic volcanoes e.g. the volcanoes in the Cascade Range in
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U.S.A. (Finn and Williams 1985, Gettings and Griscom 1988) and the dissected
remnants of the centres of the British Tertiary Province (Bott and Tuson 1973).
The depth to the top of the large high density body is about 2 km and the horizontal
extent roughly equal to that of the caldera complex.

The body is 12-14 km wide

from east to west and may be of similar width from north to south. The absence of
bedrock topographic and gravity mapping to the south of Grimsvotn makes it unclear
how far to the south or southwest the high density body extends.

Its minimum

volume is about 500 km3. By analogy with other basaltic volcanic centres, it may
be inferred that this body is made of gabbro. It is possible, however, that a part of
the rock mass is intensely altered country rock.

The volcano and the underlying

intrusive complex create a thermal anomaly in the upper crust with elevated
temperatures at shallow depths. This results in high temperature alteration and the
abundant occurrence of epidote in the country rocks between intrusions. The resulting
rock mass is of high density and high velocity with properties similar to the lower
crust The extent of this body of intrusions and altered country rock will correspond
with the extent of the thermal anomaly. This body is in all likelihood nonmagnetic
or only very weakly magnetic, probably due to high temperatures and rock alteration.
As stated earlier, the near surface rocks are low density hyaloclastites and their
thickness is greatest within the main caldera where they are 0.5-1 km thick. This is
a region where the density increases rapidly with depth, reaching a value close to 2.93.0 Mg m'3 at 2 km depth within the caldera.

The vertical density gradient is

believed to be caused by a combination of two factors.

First, the increase in

lithostatic stress with depth and the clogging up of pores by hydrothermal alteration
causes a decrease in the porosity.

Second, and probably more important, is the

increasing proportion of intrusives with depth.
The change from hylaloclastites at the surface to intrusives at depth is believed to be
a direct consequence of the occurrence of a highly active basaltic volcano under an
ice cap.

When magma reaches the base of the ice, the style of eruption is either

effusive producing pillows, or explosive, producing hyaloclastite tuffs.

These

eruptions build up a pile of a low strength, low density material. The existence of
a pile of material with low density and low mechanical strength creates a barrier for

East Caldera

size and shape of the magma chamber under the main caldera are highly schematic.

Main Caldera
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magma rising to the surface. The density of basic magma is much greater than that
of hyaloclastites.

That, together with the low strength of the hyaloclastite rocks,

creates conditions where the magma has a tendency to form shallow intrusions rather
than reaching to the surface. These conditions are favourable for the formation of
sills and laccoliths (Holmes 1978, Williams and McBimey 1979).
In the depth interval 0-2 km, a 1-2 km wide region of higher density rocks flanks the
main caldera to the west, south and southeast.

These high density rocks cause a

broad semicircular gravity high centred on the northern part of the main caldera with
a diameter of 8-9 km. A similar feature, although more subdued, is also apparent in
the magnetic map (Map 3 and Fig. 5-1). It is suggested that this semicircular, highdensity region is, at least in part, a cone sheet swarm. As regards the southern and
western margins of the main caldera, dykes intruded into ring faults bordering the
main caldera may contribute to the gravity high. These dykes are probably feeders
of the volcanic eruptions that have occurred under the southern caldera wall.
Intense cone sheet swarms have been mapped in many Tertiary volcanic centres in
Iceland (Gautneb et al. 1989). In volcanoes that grow under ice, the volcanics pile
up above the eruptive vents and a cone sheet that intersects the surface will create
a pile of hyaloclastites.

Cone sheet swarms, if present, may therefore be of some

importance in the creation of the topography observed in volcanoes that have been
formed in subglacial eruptions. This may have been the case with Grimsvotn. The
southern and western parts of the semicircular anomaly coincide with the broad ridges
bordering the main caldera. It is therefore possible that eruptions fed by cone sheets
that reached the glacier base contributed to the formation of these topographic highs
prior to the formation of the main caldera.
The possible occurrence of a cone sheet swarm indicates that a crustal magma
chamber has been located under the central part of the volcano for a considerable part
of its lifetime. The magma chamber has modified and to a large degree controlled
the local stress field as testified by the inferred cone sheet complex.
The data provide no direct evidence as to whether a shallow magma chamber is
presently located underneath the volcano. The occurrence of a magma chamber in
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the upper crust under the main caldera is nevertheless considered to be likely.

A

chamber may also be located under the other two calderas. However, the gravity high
above the east caldera suggests that the rocks under it are mostly solid.

From

constraints provided by the data, it is unlikely that an extensive magma chamber is
located at a depth less than 2.5 km under the calderas and the volume of a molten
chamber with tholeiitic magma typical for Grimsvotn is unlikely to be greater than
20 km3.
Einarsson and Brandsddttir (1984) suggested that the magma chamber feeding the
1983 eruption was located under the SE flank of Grfmsfjall, about 5 km to the SE
of the eruption site (Section 2.4.4.). Unfortunately, this area was covered only by the
magnetic survey while the maps of the subglacial topography and gravity (Maps 2 and
4) cover only the northern part of the area defined by the hypocentres of the
earthquakes of 1983. The gross features of the subglacial topography do not show
any surface expression of an underlying magma chamber and as far as can be seen,
no unusual features in the magnetic field are to be found in this area. However, due
to lack of data, no conclusions can be drawn regarding the location or size of a
magma chamber under the SE part of Grfmsfjall. The extension of the potential field
surveys to the south of the present survey area awaits further mapping of bedrock
topography. A tomographic study of the Grimsvotn volcano is needed to map the
crustal magma chambers that may be present.
The difference in the expression of the three calderas in the potential fields is
interesting. The north caldera does not have a noticeable expression in the gravity
field while a gravity high is located above the east caldera. Also, the margins of the
east caldera are not associated with sharp magnetic highs as are the margins of the
main caldera and, to some extent, the north caldera.

Further discussion on the

calderas, including estimates of their volumes, relative ages and possible time of
formation, will be given in Chapter 6. Here it will only be pointed out that the main
caldera seems to have been the centre of recent activity. This may be the explanation
for the existence of highly magnetic lava flows and intrusions at shallow depths
within the caldera. It has been inferred from the seismic reflection that the thickness
of the caldera infill is at least 100 m.
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5.3.3. Evolution of volcano
The analyses of the data have shown that Grimsvotn bears all the hallmarks of a
structurally mature basaltic volcano.

These include formation of calderas, a cone

sheet swarm, geothermal activity and the occurrence of a large central intrusive
complex in the upper crust Moreover, the magnetic and gravity maps of Grimsvotn
are similar in appearance to those from Krafla, although Grimsvotn has a much larger
gravity high associated with it.
The mode of formation of the central intrusive complex (Fig. 5-13) is an interesting
question. It is here suggested that it is composed of gabbro and other basic intrusives
as well as highly altered country rock.

The relative proportions of intrusives to

altered country rock can of course not be determined from the data. However, the
evidence from the dissected Tertiary centres (Saemundsson 1978, 1979, see Chapter
2) and geothermal wells within active centres (Section 2.2.) suggests that at least the
upper part of the central intrusive complex should be made of predominantly basic
intrusives.

During the early stages in the development of a volcano it is probable

that development of the complex starts with dyke injections from the underlying
mantle and the formation of concordant intrusions such as sills and laccoliths. This
is inferred from the layered nature of the basaltic strata in Iceland.

As intrusive

activity continues, the number of these intrusions increases. Also, it is likely that
heating by the intrusions leads to elevated temperatures in the rocks. This heating
may lead to a higher degree of hydrothermal rock alteration than that normal for the
crustal depth. Eventually, the injections of magma from the mantle may lead to the
formation of a magma chamber, perhaps by repeated dyke injections into a molten sill
(A. Gudmundsson 1986), perhaps by the forceful emplacement of a stock or by
stoping.
Once a crustal magma chamber is in place it will modify the local stress field and
it is likely that a cone sheet swarm will start to form. The volcanic activity may also
undergo a change in character, as it is likely that eruptions occur more frequently
above the chamber and possibly along arcuate fissures where cone sheets intersect the
surface. Also, the formation of numerous minor intrusions above and to the sides of
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the magma chamber will help in building up the central intrusive complex. After the
formation of a crustal magma chamber, other events may follow such as the formation
of calderas, probably with increased geothermal activity. Grimsvotn may be regarded
as being in this stage of its evolution at present.
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CHAPTER 6
HEAT FLOW AND THE GRIMSVOTN CALDERAS

It was shown in the previous chapter that the signs of geothermal activity in
Grimsvotn tend to be concentrated near the margins of the calderas. The relationship
between the volcanism and heat flow is the subject of this chapter together with an
analysis of the morphological and structural data with special reference to the age and
possible mode of formation of the calderas.

It is proposed that the heat flow is

closely related to the volcanism and the formation of the calderas.

In Section 6.1.

the relationship between geothermal and volcanic activity will be analysed.

A

classification of the heat sources is proposed on the basis of these findings.

In

Section 6.2. the mode of formation and the relative ages of the calderas will be
discussed while in Section 6.3. evidence is brought forward that suggests that the
main and northern calderas were formed at the time of the Laki eruption in 1783.
Finally, in Section 6.4. the conclusions regarding the nature of the heat flow and its
relationship with recent caldera formation are discussed.

6.1. Relations between geothermal and volcanic activity
The unusual location of Grimsvotn and the resulting occurrence of the jokulhlaups,
makes calorimetric estimates of geothermal heat flow possible, provided estimates of
the water drained are available. Bjomsson (1983, 1988) used available data to make
such estimates. A weak point in these estimates however, is that the data are limited
and of variable quality. Discharge measurements prior to 1976 are few and not very
accurate as the bridges over the rivers on SkeiSardrsandur to the south of the ice cap
were only constructed in 1974 (Rist 1976).
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Bjomsson (1988) compared the 1987 ice surface map (similar to Map 1) to older
maps and map sketches of the ice surface in Grimsvotn made in the period 19191960. The comparison shows that a marked decrease in the size of the subglacial
lake occurred over the latter half of this period. Moreover the ice shelf thickened in
the period 1960-1980 (Bjomsson 1988), (Section 4.4.). A sharp decrease in the size
of the ice free areas along the western edge of the lake occurred between 1972 and
1983. This was caused by thickening of the ice cover in Grimsvotn and Bjomsson
(1988) interpreted this as being caused by decreased subglacial melting due to a
decline in geothermal power.
As suggested above, the size of the subglacial lake is one of the indicators of
geothermal heat flow.

At times of decreasing thermal output the amount of ice

melted is reduced. Less ice is melted than is transported into the lake by glacier
flow. As a consequence, the ice shelf grows thicker and the grounding line (the line
were the ice starts to float) is displaced into the lake, decreasing its size. At times
of increased heat flow the opposite is true, the ice shelf becomes thinner and the size
of the lake increases (Bjomsson and Kristmannsddttir 1984).

Changes of the sort

described above may be difficult to detect as the size of the lake fluctuates with the
water level which is constandy changing. It rises gradually in the periods between
jokulhlaups and subsides rapidly during jokulhlaups.

Therefore, in order to detect

changes in lake size due to variations in thermal output it is necessary to measure the
area of the lake at the same water level over a period containing several jokulhlaup
cycles.
During a jokulhlaup, crevasses are formed around the periphery of the lake.

By

comparing the location of the outermost crevasses formed during a jokulhlaup with
maps of the area (from 1960 and 1987), it can be seen that these crevasses coincide
quite well with the margins of the ice shelf immediately prior to the jokulhlaup. The
crevasse pattern therefore, delineates the margins of the subglacial lake and by
measuring the size of the area enclosed by the crevasses, estimates of the area of the
lake can be made.
Vertical air photos of the Grimsvotn area have been taken several times, on most
occasions only a few months after the occurrence of a jokulhlaup. This applies to
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Fig. 6-1. Changes in the size o f the subglacial lake over the period 1945-1986
according to air photos. The 1954 margin was very similar to that of 1945 and for
clarity it has been omitted.

the air photos from 1946, 1954, 1960, 1972 and 1986. All these sets of photos show
the crevasse pattern clearly. The water level at the start of these jokulhlaups varied
from 1430 to 1439 m a.s.l. (Bjomsson 1988) except for the 1945 jokulhlaup when the
water level was 1420 m a.s.l. (Gu5mundsson and Bjomsson, unpublished data).
On Fig 6-1 the margins of the lake as defined on the air photos are shown.
According to these data the area of the lake remained stationary between 1945 and
1954 while a slight decrease may have occurred between 1954 and 1960.

This
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decrease may, however, be an artefact as the water level was slightly lower in 1960
(1430 m a.s.l. compared to about 1435 m in 1954), (Bjomsson 1988, Gu5mundsson
and Bjomsson, unpublished data).

By 1972 a decrease in lake size has definitely

occurred as the area decreased from 32.6 km2 in 1954 to 25.7 km2 in 1972. This can
not be explained by differences in water level at the start of the jokulhlaups, as the
water level was slightly higher in 1972. A rapid decline occurs between 1972 and
1986, as the size of the lake decreases to 17 km2. Over the period between 1960 and
1980 a gradual thickening of the ice shelf by at least 30-50 m occurred (Bjomsson
1988, see also Section 4.4.).
These data indicate that a gradual decrease in geothermal power had started to take
effect prior to 1972 but probably not before 1954. Moreover, it is likely, that these
data give a more consistent qualitative picture of the decline in thermal output than
the discharge data as the accuracy of the size estimates are similar over the whole
period while high quality discharge data only exist for the last 15 years. The decline
in geothermal power may therefore have been more gradual than Bjomsson’s (1988)
diagram suggests (Fig. 2-15).
As pointed out in Section 2.4.4. the contribution of volcanic eruptions within the
caldera to the melting of ice has been considered negligible, as the eruptions have
been thought to be small, producing mostly tephra (Thorarinsson 1974).

The

existence of lava flows within the caldera (Chapter 4) suggests that these ideas need
to be reconsidered. The flows could be produced by the eruptions that have been
observed at the end of some jokulhlaups.

They could also be produced by

undetected, entirely subaqueous eruptions, probably occurring at high water level. If
eruptions producing lava flows have been frequent, their effect on the thermal heat
flux of the area could be substantial.
According to Bjomsson’s (1974) model of the Grimsvotn jokulhlaups (see Section
2.4.2), the water level needs to reach some critical value before a jokulhlaup occurs.
Thus, an eruption within the lake is unlikely to spark off a jokulhlaup immediately,
as the water level would be raised only slightly (Bjomsson 1974, 1988). This can
be explained by the fact that melting of the ice shelf, which is floating on the lake,
does not change the water level, and rising of the water level would be controlled by
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the flow of ice into the lake. On the other hand, a subglacial eruption north of the
lake could melt large volumes of ice and the meltwater would be drained into the
lake causing a sudden rise in water level. The jokulhlaup in 1938 was an example
of such an event (Bjomsson 1988). Therefore, a difference exists between the effects
of volcanic eruptions on the behaviour of the jokulhlaups: frequent eruptions within
the caldera are likely to sustain a high level of melting but raising of the water level
would be gradual. On the other hand, an eruption north of the caldera would most
likely spark of a large unexpected jokulhlaup. Consequendy, a sharp peak would be
detected in the observed thermal power of the area.
The thermal effects of eruptions onto the lakefloor can be estimated in the follow
ing way: Consider a period of high eruption frequency, with an eruption occurring
once every 10 years. In each event, a total volume of 0.1 km3 of magma is erupted
onto the caldera floor and intruded at shallow depths. This amounts to 1*107 m3 per
year of magma. According to the calculations of Bjomsson (1988, p. 104), the heat
released by magma which solidifies and cools from 1300° C down to 200° C is
4.2-10 J m'3. If the volume of magma is completely solidified and cooled down over
the 10 year period, the contribution to the power of the geothermal area is 1300 MW.
Evidence from the Heimaey eruption shows that lava is cooled very rapidly when in
direct contact with water (Bjomsson 1987). It is therefore likely that lavaflows on
the lakefloor are solidified and cooled down within few months or years from the
time of eruption.
Heat release from intrusions is probably more gradual, as access of water is not as
free as on the lakefloor. However, it is unclear how much role penetration of water
into an intrusion plays in extracting its heat, which makes it difficult to quantify the
process.

A likely upper limit on the time it takes a sill-like intrusion to cool down

can however be estimated by assuming that conduction is the only means of heat
transport within the intrusion and below it. In the following model the upper surface
of the intrusion is kept at a constant temperature which equals that of the
surroundings before the magma was intruded. This corresponds to the situation where
all heat that is conducted through the upper surface is carried away by hydrothermal
convection. No convection is supposed to take place below the intrusion. Buntebarth
(1980) presents a solution to the heat-flow equation with the above boundary
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conditions:

T(z,t) = T2 + (Tj-T2)/2 {0((h-z)/V2kt)+20(z/V2kt)-0((h+z)/’V2kt)}

(6.1)

Here T is temperature at time t and depth z measured down from the upper surface
of the intrusion, h is the thickness of the intrusion and Tj and T2 are respectively the
initial temperature values of the intrusion and the surroundings. The function @(x)
is related to the Gauss error function erf(x) through the relation ©(x) = erf(x/V2), or
X

@(x) = 2/V2rc Jexp(-a2/2)da.

0

(6.2)

k is the coefficient of thermal diffusivity. A value of k=20 m2/year for basalt is used
(Cermdk and Rybach 1982).
The heat left in the sill-like body and the rocks below it at any given time t can be
estimated by integrating T(z,t) with respect to z from z=0 down to where T(z,t)=T2.
These calculations indicate that a 10 m thick sill has lost 80% of its heat through its
upper surface after about 5 years from its formation and 90% after 15-20 years. For
a 20 m thick sill 80% is lost after 20 years and 90% after 50 years. These results
must by treated with caution, as it may be unrealistic to suppose that no warming up
of the rocks above the sill takes place while it is still molten or very hot.
Furthermore, the role of convection in heat transport may be underestimated once the
intrusion is solidified. However, the results indicate that the contribution of shallow
intrusions to the power of a geothermal area becomes negligible within a few decades
of their formation.
In subaqueous eruptions that occur at shallow water depths, hyaloclastites are formed
by rapid quenching of the magma and the subsequent alteration of the glass into
palagonite tuffs. The formation of glassy rock during the rapid solidification of the
erupted material implies that the latent heat of crystallization is not released
immediately.

However, during the alteration of the glass the greater part of this

excess energy is released. Steinf)6rsson and Oskarsson (1986) have pointed out that
this alteration process may contribute to the observed heat flow in Grimsvotn. The
speed at which the alteration process takes place is not well known but experience
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from Surtsey suggests that palagonitization was more or less completed about 15 years
after the formation of the island (Jakobsson and Moore 1980).

Steinjjorsson and

6skarsson (1986) suggest that about 30% of the total heat brought to the surface by
erupted magma which is solidified as glassy rock, may be released through
palagonitization. In Chapter 5 it was shown that hyaloclastite tuff is more abundant
than pillows in the area surveyed.

If it is assumed that one third of the erupted

material are pillow lavas and two thirds are tuffs, the above considerations suggest
that about 20% of the total heat of eruptions is released gradually during the
alteration of the glass into palagonite tuffs.
It is interesting to investigate what may be inferred further about the sources of the
geothermal heat flow. As shown earlier (Section 5.1, Fig. 5-1) the geothermal activity
is clustered at or near the caldera faults.

The magnetic patterns (Map 4, Section

5.2.3.1.) suggest that the central part of the main caldera is relatively cold as rocks
with high magnetization are present.

Magnetic lows are present near to but still

within the margins of the main caldera. The gravity map (and models) suggests that
dyke concentration is greater under the margins of the main caldera than elsewhere,
producing the gravity high surrounding the main caldera. Also, eruption sites within
the main caldera are clustered along the margins (Chapter 4). All this suggests that
the circulation of groundwater within the geothermal area may follow a pattern of
warm upflow zones along the rims, while the central part of the main caldera is a
cold downflow zone.

Magnetization of the rocks in the upflow zones inside the

caldera margins has been reduced by hydrothermal alteration which explains the
magnetic lows. Manifestations of geothermal activity within the caldera are mainly
under the southern caldera wall which is also where the most recent eruptions have
taken place.
The gravity and to some extent the magnetic data have provided information on the
concentration of shallow intrusions in the uppermost part of the crust around the main
caldera. These data do therefore provide information on the location of the sources
of the heat flow. It is proposed that these sources can be classified as follows:
a) Lava flows and hyaloclastites erupted subaqueously onto the caldera floor. Heat
extraction from these is probably very fast. A lava flow may be cooled and solidified
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in a few weeks or months. The contribution to total heat flow depends on eruption
frequency and the quantity of erupted material and the effects are probably very small
within a few years of an eruption. Included in this category are eruptions occurring
outside the calderas.
b)

Alteration of the glassy tuffs into palagonite.

This progress may account for

about one fifth of the total heat flow due to eruptions. The heat release is gradual
and may take several decades.
c)

Shallow intrusions under the caldera floor, probably mostly sills.

The term

shallow is here used to imply that these intrusions occur where the rocks are fairly
permeable to groundwater. The depth interval at which these intrusions occur may
vary from a few tens of metres down to a depth of 1-2 km. Those sills that are
intruded into shallow sediments probably cool down at a rate similar to that of lava
flows.

The deeper the intrusion the slower it will cool down. This is due to the

inferred decrease in permeability with depth, which implies that the cooling effect of
ground water will decrease. The amount of highly magnetic rock at shallow depth
within the main caldera suggests that a considerable part of the rock volume is taken
up by buried lava bodies and shallow intrusions.

At times of high volcanic and

intrusive activity these intrusives may provide a large part of the heat flow.

If

intrusive activity stops, the heat flow from these sources will decline and must
become insignificant within a few decades.
d) Dykes and sheets intruded near the caldera rims. The gravity data suggest that
intrusives make up a greater part of the rock volume under the rims than within the
caldera down to a depth of 1-2 km. Some of these dykes and sheets may be the
feeders of eruptions. The heat flow from these intrusions follows the same pattern
as that of sill formation within the caldera.

The heat flow will decrease when

intrusive activity stops.
e) Deep intrusions and magma bodies in the upper crust (below 1-2 km). These heat
sources should not show behaviour as transient as those listed above. This is due
both to the inferred greater size of these bodies and the greater protection that these
bodies have from the circulating groundwater because of decreased permeability.
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As can be seen on Figure 2-14, eruptions occurred frequently over the period 18601940.

The 1983 eruption was considerably smaller than the previously recorded

eruptions and would probably not have been detected without the local seismic
monitoring network (Einarsson and Brandsdottir 1984).

It possible that minor

eruptions occurred in 1945 and 1954 (Askelsson 1959, Johannesson 1983). Thus, the
record indicates that in the period 1860-1940, 6-9 eruptions occurred in the area or
one eruption every 9-13 years. Since 1940 1-3 very minor eruptions have occurred
over a 50 years interval.

It is therefore possible that part of the base heat flux

observed in the period 1860-1976 (Fig. 2-15) was derived from shallow intrusions and
lava flows erupted onto the caldera floor. The observed drop in thermal power of the
area could be caused by the reduced eruption frequency since 1940. If this is true,
the heat from lava flows and shallow intrusions has been nearly exhausted but
alteration of glassy rocks into palagonite may still contribute a fraction of the
observed power.

However, the major part of the geothermal power observed at

present is considered to the heat drawn by hydrothermal convection directly from
deeper intrusions and a magma chamber
The reduced heat flow has resulted in a buildup of ice in the area and a decrease in
the size and volume of the subglacial lake.

With renewed volcanic or intrusive

activity this process may be reversed. It is therefore of interest to monitor closely
the changes in the size and volume of the subglacial lake in the future.

6.2. The calderas
Williams and McBimey (1979) define a caldera as "a large volcanic depression, more
or less circular or cirquelike in form, the diameter of which is many times greater
than that of any included vent" (Williams and McBimey, 1979, p. 207).

The

formation of calderas is usually associated with withdrawal of magma from shallow
magma chambers. The caldera forming events are often catastrophic and large silicic
calderas are apparently formed by the draining of magma chambers during vast ash
flow eruptions (Williams and McBimey, 1979).

In some cases the withdrawal of

magma may be lateral, and this seems to apply to many basaltic calderas such as
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those on Hawaii (Macdonald 1972, Williams and McBimey 1979) and possibly
Iceland (SigurSsson and Sparks, 1978).
In his classic paper on cone sheets, ring dykes and cauldron subsidence, Anderson
(1936) explains the formation of the massive ring dykes observed in many dissected
volcanic complexes in Scotland by the subsidence of a central block into an
underlying magma chamber (Fig. 6-2). Most ring dykes are made of acid rock and
the subsidence is believed to be caused by the sinking of the denser overlying block
into the less dense acid magma body. In this model the boundary faults dip steeply
outwards.

Model experiments by Komuro (1987) have shown that withdrawal of

support creates cauldron subsidence with steeply outward dipping ring faults, in
agreement with Anderson’s model. A second mechanical model was proposed by A.
GuSmundsson (1988) where it is suggested that the caldera collapse is caused by
excess magma pressure in a shallow penny-shaped magma chamber (Fig. 6-2). If the
radius of the chamber is at least two and a half times greater than depth to the top
of the chamber an excess pressure in the chamber creates a maximum in tensional
stress at the surface above the margins of the chamber. The resulting boundary faults
are therefore considered to be steep inward dipping normal faults. A. GuSmundsson
(1988) suggests that this mechanism may not apply to small calderas and that their
formation may better be explained by pressure decrease and collapse according to the
model of Anderson (1936).
Some calderas are considered to form by chaotic collapse of the roof of a magma
chamber due to draining of the chamber.

(Williams et al. 1970, Scandone 1990).

In this model the drained volume is partly accommodated by increased porosity of the
overlying chaotically broken block. Scandone (1990) suggests that the form of the
observed gravity lows over many silicic calderas may be explained by the collapsed
chimney above the drained magma chamber.
The conventional model of caldera formation is nevertheless one where a cylindrical
block subsides along vertical or steeply dipping ring faults (Macdonald 1972, Walker
1984). This model, however, does not fit all calderas.

Walker (1984) has drawn

attention to the great diversity of calderas and that some are formed by downsagging
without the formation of ring faults while some are formed incrementally in a series
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Fig. 6-2. a) Cauldron subsidence o f a central block into a magma chamber,
b) Formation o f caldera faults by overpressure in a shallow penny-shaped magma
chamber.

of moderately sized events. Moreover, he pointed out that only in the minority of
cases do postcaldera vents align themselves along the boundary faults, implying that
the faults do not persist as significant lines of weakness.
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6.2.1. Icelandic calderas
Saemundsson (1982) lists 22 calderas within the active volcanic zones in Iceland (Fig.
6-3). Most are elliptic is shape and the major axis has a tendency to strike either
parallel or perpendicular to the trend of the volcanic zone (A. Gu5mundsson 1988).
Using information from Saemundsson (1982) as well as Bjomsson’s (1988) maps of
the subglacial topography in Western Vatnajokull and Hofsjokull, the size of the 22
calderas can be estimated. The calderas range in size from 4 km2 (Eyjafjallajokull)
to about 180 km2 (Torfajokull) but the mean value is about 37 km2. The length of
the major axis varies from 2.5 to 18 km and that of the minor axis from 2 to 13 km.
The time and mode of formation of most of the calderas is unknown and only a few
have been linked to specific eruptions. Among the exceptions are Krafla which is
linked to the formation of a welded tuff layer during the last interglacial (Bjomsson
et al. 1977, Calderone et al. 1990). The Oskjuvatn caldera in Askja was formed after
a large plinian silicic eruption and a basaltic fissure eruption in 1875 (Sigur5sson and
Sparks, 1978).

The caldera in Tindfjallajokull, south Iceland, is believed to have

formed during a large silicic eruption that produced a thick ignimbrite layer SE of the
volcano about 250,000 years ago (Thorarinsson 1969, Saemundsson 1982). It has also
been suggested that the summit caldera in Oraefajokull, southeast Iceland, may have
formed during a large plinian eruption in 1362 (Saemundsson 1982).

Finally, the

formation of calderas or the subsidence of pre-existing ones in Katla and Grimsvotn
was linked to the massive fissure eruptions of Eldgja in 934 (linked to Katla) and
Laki in 1783 (SigurSsson and Sparks 1978, see Section 2.4.5).

6.2.2. Calderas and gravimetry
Gravimetry has been used extensively in the study of subsurface structure of active
and extinct volcanoes. Recent reviews are given by Williams and Finn (1985) and
Rymer and Brown (1986).

Williams and Finn (1985) discussed the reduction of

gravity data in volcanic terrain and reviewed studies aimed at revealing subvolcanic
intrusions under active volcanoes. They showed several examples from the Cascade
Range where almost every volcano is underlain by a dense intrusive body causing a
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Fig. 6-3. Calderas within the active volcanic zones in Iceland (based on Saemundsson
1982).

gravity high.

These bodies are considered to be of basic composition and their

volume is invariably greater than that of the overlying edifice. Williams and Finn
(1985) also found that small calderas (diameter <15 km) usually have little effect on
the gravity field while gravity lows are observed over large calderas. These lows are
mainly thought to be caused by the presence of a low density caldera fill. However,
within extinct silicic volcanic centres where the low density fill has been removed by
erosion, a gravity low remains. Rymer and Brown (1986) also point out that a deeper
low density body is needed under the infill in order to explain satisfactorily the
gravity lows observed over many of the active silicic calderas. These bodies have
been considered to be active or frozen silicic magma chambers (Rymer and Brown,
1986).
The occurrence of gravity highs over volcanoes does not seem to characterize any
particular tectonic setting but they seem to characterize basaltic volcanoes of small
to medium size (Rymer and Brown, 1986). Moreover, the principal cause of these
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gravity highs

considered to be mafic intrusions or active magma bodies at shallow

depth which are more dense than the near surface volcanic rocks.

The density

contrast of these bodies with the surroundings may be caused by their more mafic
composition or may be due to the surrounding rock being less consolidated (Rymer
and Brown, 1986).
As was shown in Section 2.2, the available geophysical data on Icelandic calderas is
rather limited. This holds not least for gravity data where, apart from Grimsvotn,
reasonably detailed information exists only on Krafla and Askja, although the regional
data is of some use in the Torfajokull area. Krafla and Torfajokull have gravity highs
associated with them while Askja seems to be an overall gravity low (Brown et al.
1991).

This is interesting, as Askja seems to be the centre most similar to

Grimsvotn. Both are dominated by basic hyaloclastite ridges and both have clusters
of calderas within them. The lack of a main central gravity high in Askja suggests,
however, that at depth the crustal structure of the two may be different.

6.2.3. Effect of a vertical density gradient on gravity anomalies in calderas
In many volcanic areas, including Iceland, the upper crust is characterized by strong
vertical gradients in density (Ryan 1987, Rubin 1990, see also Section 2.1.2. and Fig.
2-2b). In such a regime, vertical displacements of rock masses will create gravity
anomalies. If a block of rock is displaced vertically downwards, the rocks forming
the block will be less dense than the adjacent rocks at the same depth.

This will

create a density anomaly which in turn will cause a gravity anomaly above the
displaced block.

Consider a cylindrical block of rock where the density increases

linearly with depth, i.e. p(z)=p0+kz. If the amount of subsidence is Az the whole
cylinder will have a density contrast with the surroundings,
Ap=-kAz.

(6.3)

The density gradient in the uppermost kilometre of the Icelandic crust is close to 0.5
Mg m*3 km'1 but decreases to 0.08-0.1 Mg m'3 km'1 at greater depths (Fig. 2-2b).
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Thus, for z<l km ^=0.5 Mg m'3 km'1 and for z>l km k2=0.1 Mg m'3 km'1. More
generally, where a decrease in the vertical density gradient occurs at a depth Zq, a
density gradient of kj is observed above Zq and k2 below Zq. When considering the
effects of subsidence due to the draining of an underlying magma chamber, located
at depths greater than Zq, the density contrasts created can be modelled by two rock
bodies, one on top of the other. This is demonstrated in Figure 6-4 where the lower
body corresponds to the rocks below a depth of Zq. The density contrast of the upper
body with its surroundings will be kj/k2 times greater than that of the lower body.
In the depth interval between Zq and

Zq+ A z ,

the density contrast between the subsided

block and the surroundings decreases from -ktAz at depth z^, to -k2Az at depth

Zq+ A z .

If Az is large, i.e. greater than about 0.3-0.4 km for Zq=1 km, a third body should be
inserted in order to take account of this region between 1 km and Az+1 km. The
mean of the density contrasts of the bodies above and below can be used for this
third body.
The subsidence of Icelandic calderas is believed to be of the order of a few hundred
metres (Saemundsson 1982). Consider a caldera forming event with a subsidence of
0.2 km. Using the values of kj and k2 typical for Iceland, a result of Ap^-0.1 Mg
m'3 and Ap2=-0.02 Mg m'3 is obtained. The subsided block can be modelled by two
cylinders, one on top of the other.If the caldera has

a diameter of 4 km and the

magma chamber is located at 2 km depth below the original surface, the Bouguer
anomaly low that would be observed in the centre of the caldera would have a
maximum amplitude of -3.5 mGal. The upper body with its greater negative density
contrast would account for 90% of the observed anomaly.

The effects of a

subsidence of 0.4 km can be modelled by three cylinders. An anomaly of -6.7 mGals
would be observed. Available data suggest that the density gradient in the uppermost
crust may be even greater within

central volcanoes. The anomalies created by

subsidence may therefore be even

greater than those obtained from applying the

standard crustal model.
Implicit in the model is that caldera subsidence occurs not as a chaotic collapse but
as subsidence of a cylinder of rock which does not break up to any large extent
during the collapse.
greater.

If the collapse is chaotic, the gravity lows should be even
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Fig. 6-4. Effects of caldera collapse on the Bouger anomaly, p is density and z is
depth, a) Conditions prior to collapse, b) Displacement of rock bodies during
collapse and their contribution to the Bouguer anomaly.
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The main caldera in Grimsvotn is associated with a clear gravity low. The separation
of the low due to the caldera and the surrounding highs is not straightforward but the
amplitude of the low is probably between -3 and -5 mGals. The mean diameter of
the caldera is close to 5 km. The amplitude of -4 mGals would then correspond to
a collapse of 200-300 m. It is highly doubtful, however, whether this model should
be used to estimate the magnitude of collapse at individual calderas. Conditions prior
to collapse may differ widely from one caldera to another. Also, the accumulation
of caldera fill due to eruptions may either contribute to the gravity low or diminish
it, depending on the density of the infill. The effect of the subsidence on the gravity
field implies that, in areas where strong vertical density gradients are present, no
conclusions regarding thickness of caldera infill can be drawn from gravity data alone.
Within the subsided block at depths that are small compared to its diameter, the
vertical stress (the lithostatic load) will be less than elsewhere. The boundary faults
will be lines of weakness in the crust, creating favourable channels for ascending
magma. The occurrence of eruptions along the caldera margins in Grimsvotn shows
that this holds at least for the main caldera.

If the crust is formed partly of low

strength, low density rocks, conditions may become favourable for the formation of
sills (see also Section 5.3.2.). The difference in lithostatic stress may mean that sills
have a greater tendency to be intruded into the subsided block than into the flanks
of the volcano.

If intrusive activity of this sort continues for a long period, the

increasing percentage of high density intrusions within the subsided block will act to
decrease the difference in density and therefore the gravity anomaly.

However, if

acid rocks are intruded into a block of rock that is predominantly basic the low
density of the acid rocks may enhance the gravity low.

6.2.4. Characteristics of the Grimsvotn calderas
Some aspects of caldera formation and structure as well as the gravity signature of
calderas has been discussed above. The topographical and other geophysical data on
Grimsvotn presented earlier have provided considerable information on the three
calderas. It is therefore in order to investigate what may be inferred about the mode
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of formation, relative age and past and present activity of these calderas.
The three calderas have some common characteristics. First, the margins of all the
calderas are clearly defined by hyaloclastite ridges with steep slopes facing the
calderas around most of their periphery (Map 2, Fig. 6-5). Second, the calderas are
relatively small, ranging in size from 11-20 km2.

Third, the geothermal activity

within the calderas has a tendency to be located along the caldera margins. This is
not as clear, however, for the east caldera as the other two.
The above facts indicate that the Grimsvotn calderas are bounded by ring faults as
opposed to being down-sagged. That these faults appear to provide pathways for hot
geothermal fluids indicates that the faults persist as lines of weakness in the
uppermost crust. Whether this holds for the east caldera is doubtful.
No evidence for the existence of large ring dykes of the Glen Coe type has been
found in the data but the form of the rims and the alignment of geothermal activity
and postcaldera vents show that the calderas are bounded by ring faults. Within the
main caldera at least, the emplacement of dykes occurs along the faults. The data
are not conclusive regarding the dip of the caldera faults. However, magnetic and
gravity modelling indicates that the boundaries are close to being vertical. Moreover,
the existence of large blocks of magnetic rocks within the main caldera and probably
also within the other two, suggests that the subsided block is relatively coherent as
opposed to being a chaotic mass.

The above arguments for the existence of ring

faults may also be taken as evidence for the coherence of the subsided block.

All

this suggests that the nature of collapse was one of block subsidence.
Application of the model of A. Gu5mundsson (1988) to the Grimsvotn calderas
suggests that the magma chambers responsible for their formation were located at a
depth of 0.8-1 km. As already pointed out, the data provide no direct information
on the locations of magma chambers beneath the calderas. Nevertheless, it is inferred
that it is unlikely that a magma chamber is present at less than 2-2.5 km beneath the
main caldera. If the main caldera is a very recent formation, the depth to the top of
the underlying magma chamber at the time of subsidence was probably similar to
what it is today. Assuming that the margins of the caldera roughly conform to the
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size of the underlying magma chamber, the mean radius is about 2.5 km.

The

maximum value of the ratio of chamber radius to depth to top of chamber is therefore
1.25.

This is only half that required by A. Gu5mundsson’s (1988) model if a

maximum in tensile stress is to occur above the margins of the chamber, a necessary
condition if a collapse is to occur. This may indicate that some other mechanism,
perhaps of the Anderson type, was responsible for the formation of the main caldera
and probably also the other two.
The determination of the volume of the Grfmsvotn calderas is not altogether
straightforward. This applies not least to the main caldera, where the southern rim
rises to 1600-1700 m a.s.l. while the northern rim is at an elevation of 1250-1350 m.
It is therefore not clear what elevation should be used for the pre-caldera topography
and the error margins of any volume assessment are bound to be high. The method
used here is to find a likely mean elevation of the caldera rim and calculate the
volume of the depressions below this level. The mean depth of the calderas was then
found as the average of the depth in individual squares, 0.5x0.5 km in size. The
results of this procedure are presented in Table 6.1. Other methods such as defining
a sloping plane between the rims and the matching of truncated cones with the
depressions gave similar results. Nevertheless, the error in estimated volume should
be considered to be quite high, probably of the order of 30%. Larger errors require
a highly asymmetric precaldera topography, e.g. the prior existence of depressions or
the location of fairly steep sided cones in the areas of the present calderas.
Table 6.1.
Volume o f the caldera depressions
Caldera

North caldera
Main caldera
East caldera

Area
km2

mean rim
elevation
km a.s.l.

mean depth
of caldera
km

total volume
of depression
km3

11
20.5
17.5

1.40
1.50
1.34

0.22
0.28
0.16

2.4±0.7
5.711.7
2.810.8

All three combined 49.5

10.9±3.2
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Thorarinsson (1967) estimated the total volume of tephra erupted in Gnmsvotn over
the last 1100 years as about 1.5 km3. Moreover, he considered that this volume was
deposited in a total of 40-50 eruptions so that the volume of individual tephra layers
is fairly small and it is unlikely that any of the events caused caldera collapse.
Moreover, no large postglacial tephra layers have been traced to Gnmsvotn
(Thorarinsson 1967, 1979). It is therefore likely that if a caldera collapse occurred
recently in Gnmsvotn it was caused by subsurface movements of magma, possibly by
lateral magma flow and a fissure eruption.

6.3. Time of caldera formation
The time of formation of the calderas is a very interesting question, especially in view
of the proposed link with the Laki eruption discussed earlier (Section 2.4.5.). The
present data set provides no direct answers but the relative age relations can be
examined from the morphology of the calderas and their associated crustal structure.
In detail there are differences in intensity of heat flow and other factors. Data on the
three calderas is summarized below.
a) Main caldera. Apart from being the largest, the main caldera has the highest heat
flow of the three calderas, with the main part of the of present geothermal activity
being within its boundaries.

The footwall of the southern caldera fault (southern

caldera wall) is fresh and has suffered little glacial erosion, as testified by the relative
absence of large gullies and other erosional forms.

However, judging from the

frequency of avalanches of ice and rock (many a day), the erosion rate on the wall
is probably quite fast. The eruption sites in the caldera are located along the edges,
indicating that the boundary faults provide the easiest way to the surface for rising
magma. A caldera infill, at least 100 m thick is believed to have accumulated within
the caldera. Volcanic activity has been high in recent times.
b) North caldera. It is the smallest of the three calderas. The floor is flat in the
eastern part but rises gently towards the west. The ridges bordering the caldera to
the southwest and north have steep sides facing the caldera and intense geothermal
activity occurs along the northern margin. Parts of the margin are apparently made
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of fresh pillow lavas, as indicated by the sharp magnetic anomaly along the SW
margin (Section 5.1.3.2.). The magnetic field is subdued elsewhere within the caldera
and at the margins.

The flat magnetic field within the caldera may indicate that

recent volcanic activity has not been great. The magnetic field shows that changes
do occur over the boundary dividing the main and north calderas.

These may be

explained by differences in alteration state of the rocks and possibly also by lower
temperatures in the near surface rocks within the north caldera.

No definite

conclusions can be drawn on the age of the north caldera relative to the main caldera.
Recent activity has, however, been less within the north caldera.
c) East caldera. The east caldera is shallower than the other two. It has the lowest
thermal output, as testified by geothermal activity. The caldera floor is uneven and
a cluster of subglacial mounds, probably formed in subglacial eruptions, is located in
the central part (Fig. 6-5). This suggests that the boundary faults no longer provide
the easiest paths for ascending magma. To the east of Grfmsfjall a subglacial valley
extends from the south into the caldera. This may be an erosional feature, carved by
the glacier and possibly by the jokulhlaups. The magnetic relief over the margins of
the caldera is not as great as for the other two, perhaps due to a higher degree of
alteration of the rocks than at the margins of the other calderas. It is therefore likely
that the east caldera is older than the main caldera and perhaps the north caldera.
The gravity high over the east caldera probably indicates that the magma body that
may have been located under it and caused its formation is now largely solidified,
probably as a gabbroic intrusion.
The above discussion suggests that the east caldera is oldest but that it is difficult to
define the age relations of the other two. Both may be quite recent but it appears
that volcanic and geothermal activity has been much greater within the main caldera.
It is therefore instructive to examine the volcanic activity and its relation to bedrock
morphology in greater detail. The lava flows believed to be located on the caldera
floor have been described earlier (Chapter 4). These lava flows show that some of
the eruptions may have had an effusive subaqueous phase, perhaps never reaching the
surface of the lake. If eruptions of that kind have occurred within the caldera they
are not included in the volcanic record, which includes only eruptions with a subaerial
phase. At present there is no way to ascertain the importance of such eruptions in
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Fig. 6-6. Cross section through the southern rim o f the main caldera showing the
mounds formed in the eruptions in 1934 and 1983.

the past. What can be done, however, is to examine in more detail the remains from
past eruptions.
The subaqueous eruptions within the caldera tend to create a pile of hyaloclastites
above the vent. This is demonstrated on Figure 6-6 which is a N-S cross section
through the southern margin of the main caldera, about 300-400 m to the west of
reflection Line 2 (Fig. 4-2). It shows the remnants of the vents of the 1934 and 1983
eruptions and the water level at the time of the eruptions. The location and form of
the mound formed in 1934 is based on radio-echo soundings (Bjomsson, pers. comm.
1990), crevasse pattern formed during the subsidence of the ice shelf in jokulhlaups
and photographs taken at the site by Nielsen and Askelsson (Nielsen 1937, Askelsson
1936). The elevation of the mounds formed by eruptions is largely controlled by the
water level. This is to be expected for the relatively small explosive eruptions that
have characterized Gnmsvotn. Once the vent has reached the surface its tendency to
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add to the height of the mound is greatly reduced as the erupted material is carried
away as airborne tephra.
At the culmination of jokulhlaups the ice shelf has typically subsided by about 100
m. Where mounds are located within the margins of the subglacial lake the ice shelf
breaks up, forming crevassed, often steep sided hills above the mounds. The pattern
of crevasses therefore, indicates where mounds exist within the caldera (Fig. 6-7).
According to Map 2, there may be 5 or 6 hillocks located within the caldera rim.
However, Map 2 does not show the finest details of the bedrock topography, such as
small hillocks which may be located in between survey lines. Figure 6-8 is based on
air photos taken on September 15 1954 and shows the crevasse pattern at the end of
the 1954 jokulhlaup.

The margins of the caldera are inserted with a broken line.

The figure shows a band of crevasses encircling the main caldera, defining the
margins of the subglacial lake prior to the jokulhlaup.

Indications of subglacial

mounds have been numbered and the one formed in 1934 shows clearly (1) as do the
others that can be defined on Map 2. In addition there are signs of a few more
mounds which are apparently smaller than Naggur (5) and the mound of 1934. It
appears that there are, in all, about ten mounds. If all these were formed in separate
eruptions, this suggests that the total number of eruptions that have occurred within
the caldera is about 10. If more than one vent was active at a time the number of
eruptions may be less. This was indeed the case in 1934 when at least two vents
were active. It is also possible that eruptions have occurred more than once at the
same place. If that has been the case this method leads to an underestimate.
The result obtained above may be compared to the history of Gnmsvotn in recent
times. According to Thorarinsson (1974) and Bjomsson and Einarsson (1991), the
total number of eruptions within the Gnmsvotn caldera since 1783 is considered to
be about 10.
caldera.

In detail, the eruption history lists 9 certain eruptions within the

These occurred in 1983, 1934, 1922, 1892, 1883, 1873, 1867, 1838 and

1783-85. In addition, the occurrence of eruptions in 1984, 1903, 1897, 1861, 1823
and 1816 is considered probable.

In all likelihood this represents the minimum

number of eruptions, as small eruptions similar to the 1983 event may have gone
undetected. Figure 6-9 shows the location of the eruption sites according to reports
on eruption columns for the eruptions in 1867 (3 eruption columns were seen), 1873
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Subglacial caldera rim. A long crevasse is formed.

Radial fissures form above a subglacial mound

//

C

Collapse cauldron due to draining of water from beneath.
concentric crevasses occurs.

A set of

a>
Fig. 6-7.
subsides.

Crevasse pattern formed above subglacial features when the ice shelf
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and 1883 (compiled by S. SigurSsson, from Thorarinsson 1974). In 1867 the vent
within the caldera was probably located in or near the SW comer while the other
vents were located to the south and the north of Gnmsvotn. In 1873, which is the
largest recorded Gnmsvotn eruption (Thorarinsson 1974), the vent or the vents were
apparently located under the southern caldera wall. Finally, the 1883 vent seems to
have been under the southern caldera wall near the eastern margin of the caldera.
Thus it appears that there is good agreement between the positioning of the vents and
the location of mounds within the main caldera. Moreover, the number of known
eruptions corresponds with the number of hillocks. This suggests that the mounds
within the main caldera were probably formed over the last 200 years and that
remains of volcanic eruptions prior to that time are not observed.
Considering that several eruptions are know to have occurred in the 200 year period
prior to 1783 (Thorarinsson 1974, Bjomsson and Einarsson 1991), the above evidence
suggests that the main caldera, in its present form at least, has only existed for about
200 years. This may suggest that a collapse occurred around that time. Alternatively
the caldera may have been significantly deeper but was then partly filled in a large
eruption which buried the existing topography within the caldera. This is, however,
not very plausible considering that it is the water level which seems to control the
elevation attained by mounds. Maximum elevation of about 1100 m a.s.l. (the present
elevation of the caldera floor) would imply an improbably low water level, as
experience shows that the jokulhlaups end with the rapid sealing of the lake once the
water level has fallen to 1300-1350 a.s.l. (Bjomsson 1974, 1988).
Interestingly, within the north caldera there do not seem to be mounds along the
margins as within the main caldera. This suggests that eruptions which have broken
the surface of the glacier have rarely occurred within the caldera since its formation.
Estimates of the volume of the Gnmsvotn calderas were presented in Table 6.1. An
important question is whether a match exists between the volume of the calderas and
the volume of the Laki lava. As can be seen from Table 6.1. the draining of 11-15
km3 of magma from a shallow magma chamber in Gnmsvotn and the subsequent
caldera collapse can not be easily reconciled. The volume of the largest caldera at
present is only about half the estimated volume of the Laki lava. As stated earlier,
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Legend:
Southern and western margin of main
caldera
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Fig. 6-9. Directions to eruption columns sighted from the lowlands surrounding
Vatnajokull in the eruptions in 1867, 1873 and 1883. Compiled by S. Sigurdsson
(from Thorarinsson 1974).

a recent collapse of the east caldera is considered unlikely.
The existence of caldera infill is not taken into account in Table 6.1. However, the
existence of at least 100 m thick infill within the main caldera is considered likely
(Chapter 4).

Moreover, substantial amounts of material must have been deposited

within the calderas over a two hundred year period of high volcanic activity. If, on
average, 0.1 km3 of magma is erupted every 10 years and deposited within the main
and north calderas over a 200 year period, it can provide an infill of 2 km3 If all
this material is deposited within the main caldera the layer would be about 100 m
thick. In view of the relatively high eruption frequency in Gnmsvotn over most of
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the last two hundred years, this rate of accumulation is not unreasonable.

If the

amount of infill is similar within the north caldera the total volume of material
accumulated is of the order of 3 km3. Emplacement of sills within the calderas may
cause uplift of the caldera floor. Intrusive activity may therefore help in making the
calderas shallower. It is thus not unreasonable to believe that the combined volume
of the two calderas was at least 11 km3 around the year 1783.

Considering the

uncertainties involved in the estimates, this value is not significantly different from
the volume of the Laki lava. It appears, therefore, that if the eruption of the Laki
lava was the result of the draining of a high level crustal magma chamber in
Grfmsvotn, the simultaneous formation of the main and north calderas is needed to
account for the erupted volume.
There is, however, considerable evidence to show that a caldera existed prior to 1783
(Thorarinsson 1974, Saemundsson 1982). The periodic occurrence of the jokulhlaups
in the 17th and 18th centuries is a powerful argument for the existence of a caldera
at the time, making the linking of the Laki lava and caldera collapse in Gnmsvotn
problematic (SteinJjorsson 1977, Saemundsson 1982). The recently acquired knowledge
of the bedrock topography (Bjomsson 1988, GuSmundsson 1989, this work), shows
however, that the prior existence of a caldera and caldera formation in 1783 are not
mutually exclusive. At present, all the calderas show signs of geothermal activity and
it is likely that the activity within the east caldera was greater in the past. If the east
caldera existed prior to the formation of the other two and volcanic and geothermal
activity took place within it, a lake of the order of 20 km2 in area may have existed
within caldera.

Provided that the volcano was ice covered, jokulhlaups similar to

those observed in recent times would have occurred. The existence of a caldera lake
and the occurrence of jokulhlaups in the past does therefore not necessarily imply that
the main or north caldera existed at the time.
The formation of a new caldera in Gnmsvotn would increase the area in which water
could accumulate.

Such an event would in all likelihood disrupt the pattern of

jokulhlaups from Gnmsvotn. The result might be a decrease in their frequency as it
would take longer to raise the lake level due to the increased area of the subglacial
lake.

It is, however, likely, that the formation of a caldera is accompanied by

increased heat flow. The formation of highly permeable fractures would enhance the
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circulation of groundwater, making extraction of heat more efficient.

It is also

possible that intrusions are emplaced in the fractures formed in the collapsing roof of
the magma chamber. The cooling of these intrusions would enhance the heat flow
as would the cooling of any material erupted onto the caldera floor at the time of
collapse.

It is therefore probable that the volume of water drained from the area

increased at the same time as the frequency of jokulhlaups dropped.
Bjomsson and Einarsson (1991) have pointed out that no indications of a steady state
behaviour can be read from the history of eruptions in Gnmsvotn (Fig. 2-14).

If

anything, the activity seems to fluctuate with times of high activity and periods of
low activity. According to Bjomsson and Einarsson (1991) and Fig. 2-14, periods of
high activity occur in the early part of the fourteenth century and in 1600-1640, 17151730, around 1780 and 1860-1938.

It is highly probable that the apparent long

intervals between the jokulhlaups that occur prior to 1766 are due to gaps in the
record. Over the period 1784-1838 the intervals between jokulhlaups are 12, 20 and
22 years.

The latter two intervals are almost twice as long as any recorded after

1838. These intervals may be spurious due to gaps in the record. However, there
are reasons to believe that the record is sound.

During most of this period, the

naturalist Sveinn Pdlsson (1762-1840) lived in Vik, about 100 km away from the river
SkeiSara1. He served as a doctor for a large area, including the farms on both sides
of Skeidardrsandur.

Moreover, he kept a record of natural phenomena such as

eruptions and jokulhlaups. Thorarinsson (1974) considered him to be a highly reliable
source. P£lsson’s catalogues are indeed the only source for the jokulhlaup in 1816
(Thorarinsson 1974). It is likely therefore, that the behaviour of the jokulhlaups after
1783 followed a pattern similar to that described above. An increase in the size of
the subglacial lake may therefore have occurred after 1783.

Sveinn Pilsson was the first person ever to graduate from Kobenhagen Unversity with
a degree in Natural History where he studied medicine, zoology and geology
(EyJ)6rsson 1945). He is considered to have been the greatest scholar on Icelandic
geology and geography in his time. As early as 1794 he realised that glaciers move
under their own weight like a viscous medium (Palsson 1945), an observation not
generally accepted until about a century later.
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In summary, there is circumstantial evidence to suggest that the main caldera and
possibly also the north caldera were formed around the time of the Laki eruption.
First, the eruptive vents located inside the main caldera appear to have formed in the
eruptions known to have occurred since 1783.

This suggests that the onset of

volcanic activity within the caldera coincided with the formation of the Laki lava.
Considering that volcanic activity was considerable prior to that time, this indicates
that the caldera has existed in its present form only for about 200 years.

Second,

after taking the caldera infill into account, the combined volume of the main and
north calderas is similar to the volume of the Laki lava.

Third, the pattern of

jokulhlaups from Gnmsvotn was probably disrupted in the decades after 1783. The
unusually long intervals between jokulhlaups may have been due to an increase in the
size of the caldera lake due to formation of the main and northern calderas.

The

hypothesis of SigurSsson and Sparks (1978) that a caldera collapse occurred in
Gnmsvotn during the Laki eruption in 1783 is therefore supported by the available
data. Fig. 6-10 shows the variations in the size and location of the subglacial lake
according to this hypothesis. The 1950 and 1986 margins of the lake are based on
Fig. 6-1.

6.4. Discussion
The average heat flow in Gnmsvotn, as observed over the period 1860-1960, is about
5000 MW (Bjomsson 1988, see also Section 2.4.4). This intense heat flow is difficult
to explain by steady state models of crustal heat flow. This difficulty led Palmason
(1986) to suggest that the Gnmsvotn heat flow is a transient feature caused by the
cooling of lavas. Pdlmason (1986) has presented a model of crustal generation in
Iceland and at mid-ocean ridges in general, which accounts for the general features
of the thermal structure and heat flow.

According to Palmason’s (1986) model

calculations, the total heat flux in the axial rift zone in Iceland is about 35 MW for
every kilometre along the length of the zone. Therefore, the estimated heat flux in
Gnmsvotn is equal to that of a 140 km long segment of the axial rift zone. There
are five central volcanoes located on the 160 km long section of the rift zone between
Torfajokull in the south and Askja in the north (Kverkfjoll, Bar5arbunga, Hamarinn,
Gnmsvotn and f>6r5arhyma). The greatest heat flow outside of Gnmsvotn is that of
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Kverkfjoll, about 1200 MW (Friedman et al. 1972). According to Jakobsson (1972)
the discharge of volcanic rocks in the Holocene on this ridge segment has probably
exceeded the average for Iceland by about 25%.

This high production rate is

manifested in the generally high elevation and the large central volcanoes. The long
term heat flux for this area may therefore be somewhat greater than the average for
Iceland but it is nevertheless clear that the heat flux in Gnmsvotn is exceptional.
More specifically, it is probably equal to three quarters of the average heat flux of
the ridge segment in question.
The sources of the heat flow are considered to be a crustal magma chamber, shallow
intrusions above and adjacent to the chamber and magma erupted onto the glacier bed.
The heat flow is therefore closely related to the volcanism. This close relationship is
demonstrated by the decline in heat flow in the second half of this century following
a decline in volcanic activity. It is therefore reasonable to assume that if the heat
flux at Gnmsvotn were to persist for a considerable part of the lifetime of the
volcano it would be manifested in the size of the volcano. However, the volcanic
edifices of Kverkfjoll, Askja and B&rSarbunga are comparable in size, and the
B£r5arbunga and Kverkfjoll subglacial massifs exceed Gnmsvotn in volume.

This

suggests that the production of magma at Gnmsvotn is in the long term no greater
than that of the other volcanoes. The long term heat flow of these central volcanoes
is therefore believed to be similar. The exceptionally high heat flow in Gnmsvotn
is thus considered to be a transient feature.
Available evidence suggests that the level of activity has fluctuated over the last few
hundred years (Bjomsson and Einarsson 1991).

Nevertheless, the heat flux in

Grfmsvotn seems to have been at a more or less consistently high level over at least
the last 200 years. This exceptionally high heat flow may be a direct result of a
recent caldera collapse.

The likely effects of the formation of a caldera on the

jokulhlaup frequency have been discussed above.

The thermal impact of such an

event is likely to be quite large. The likely effects are summarized below.
First, the formation of new ring fractures or the reopening of older ones drastically
increases the vertical permeability of the rocks above a shallow magma chamber.
Vigorous hydrothermal activity is therefore to be expected along the boundaries of the
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collapsed caldera. Second, intrusive activity may accompany the collapse, especially
the intrusion of dykes along the boundary faults. The cooling of these intrusions will
increase the heat flux. Moreover, if magma is fed into the shallow chamber from a
deeper reservoir in the period after the collapse, intrusive and volcanic activity may
continue. The easiest pathway for the magma is through the boundary faults and this
intrusive and volcanic activity may sustain the heat flow over a limited period. Third,
the efficiency of heat extraction is dependent on the supply of cold groundwater that
can percolate down to the boundaries of the intrusions.

The existence of the ice

cover in Gnmsvotn and the consequent rapid formation of a caldera lake will ensure
a supply of groundwater.

Moreover, as pointed out by Bjomsson et al. (1982),

variations in the load on the caldera floor due to fluctuations in the water level may
play a role in keeping fractures open and in that way enhance the vertical
permeability.

It is likely that the high heat flow following a caldera collapse can not be sustained
for long. The hydrothermal circulation is likely to cause a decrease in porosity and
hence in permeability because of the formation of secondary alteration minerals in the
pores. This will limit the efficiency of the heat extraction. A second reason must
be a space problem. A heat flow of 5000 MW over a 200 year period requires the
solidification and cooling of 7.5 km3 of magma. Over a 2000 year period a volume
of 75 km3 is required. If a large part of this volume is erupted within the calderas
they would be filled within a few hundred years.

This is possible, but the clear

topographical expression of calderas of different age within Gnmsvotn suggests that
their filling probably occurs over a longer period. If heat extraction from intrusions
and a shallow magma chamber at this rate were to continue for a few thousand years
it is likely that the magma chamber would solidify completely in the process. All
this supports the proposition of the transient nature of the observed heat flow.
The conclusion was reached earlier that the available evidence from the morphology
of the calderas, the volume of the depressions and the jokulhlaup chronology support
the proposition that a caldera collapse occurred in Gnmsvotn in 1783. However, it
is right to point out that the evidence for a caldera collapse at that time is
circumstantial.
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As outlined above, the scenario of a major rifting event causing the eruption of the
Laki lava and the subsequent partial draining of a magma chamber and a caldera
collapse (Sigur5sson and Sparks 1978) offers a solution for the formation of the Laki
lava as well as the intense heat flow in Gnmsvotn.

Further work would be desirable

to either support or reject this hypothesis. This work might include extraction of ice
cores to study further the tephrachronology of the Vatnajokull area in general and
Gnmsvotn in particular. This might shed some new light on the details of the recent
volcanic history of Gnmsvotn. Moreover, the mechanics of caldera formation need
to be analysed further, especially whether the mechanism of caldera collapse by lateral
i

draining of magma chambers is a viable one. Earlier, the objections raised by A.
GuSmundsson (1987) against lateral drainage as a caldera forming mechanism have
been mentioned (see Section 2.4.5.).

One of his arguments was that the subsided

block was bounded by inward dipping normal faults and consequently would not be
able to act as a load on the chamber squeezing out the magma.

However, if an

Anderson type mechanism was responsible for the formation of the relatively small
Grfmsvotn calderas, this objection is not valid. Moreover, the evidence supporting
a causal link between caldera formation and fissure eruptions is substantial
(Macdonald 1972, Sigur5sson and Sparks 1978, Williams and McBimey 1979). It is
therefore concluded that at present this mechanism can not be rejected.
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CHAPTER 7
CONCLUSIONS
The methods of exploration geophysics have been applied to the study of Gnmsvotn,
an active subglacial volcanic centre within the Vatnajokull Ice Cap.

It has been

demonstrated that potential field methods can be used effectively in defining
subglacial structure and geology. In particular, it is believed that the results show
that gravimetry is a highly useful method, provided that good quality maps of the
subglacial bedrock are available.

It is found that by combining data obtained by

different techniques, a reasonably detailed picture of the bedrock morphology and
crustal structure can be constructed. Further, it is found that when these data are
combined with data on recent volcanic history a new light can be thrown on the
sources of the observed heat flow and their relation to the structure of the area.
Before the present project was initiated, a large body of knowledge had been
accumulated on the hydrology and volcanology of Grfmsvotn, mainly by the works
Thorarinsson (1953a, 1965, 1974) and Bjomsson (1974, 1983, 1988).

Thus, the

chronology of volcanic eruptions and jokulhlaups was relatively well known
(Thorarinsson 1974) and calorimetric estimates of the geothermal heat output had been
made by Bjomsson (1974, 1983, 1988). Moreover, Bjomsson (1988) mapped the
bedrock and the ice surface of the greater part of the area, thereby opening the way
for the present study on the crustal structure.
In the present project, new data have been collected.

The bedrock of the main

caldera in Grfmsvotn was mapped with seismic reflection.

Magnetic and gravity

surveys were conducted and maps of the magnetic field and Bouguer gravity anomaly
compiled. A first step towards mapping the p-wave velocity structure in the area was
taken with the survey of one 13 km long refraction profile. The analysis of these
data have resulted in a model of the structure of the upper crust under the volcano.
The findings of the study can be listed as follows.
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I. Subglacial topography of main caldera an volume of caldera lake.
1.

The main caldera is found to be about 20 km2 in size. The interior areas of
the caldera dip gently towards north and are at an elevation of 1060-1200 m
a.s.l.

2.

The area of the subglacial lake in June 1987 was about 10 km2. The volume
of the water body at the time of the survey was 0.5±0.1 km3.

II.

Bedrock morphology and shallow structure.

3. Subglacial ridges in the area are made of low density hyaloclastites.
predominate, but pillow lavas are abundant in places.

Tuffs

These ridges are the

products of subglacial volcanism.
4.

Parts of the floor of the main caldera are covered by lava flows, considered to
have formed subaqueously. The majority of these flows appear to have formed
in eruptions under the southern caldera wall.

5.

An infill of alternating layers of volcanoclastic sediments and lava flows and
possibly sills is present within the main caldera. Its thickness is at least 100m.

III. Crustal structure.
6.

The uppermost two kilometres of the crust are a region of high gradients in pwave velocity and density. It is inferred that in this region a transition occurs
from hyaloclastites at the surface to intrusions at depth.

7.

An extensive body of intrusions and altered country rock is present below 2 km
depth. Its has a minimum volume of about 500 km3.

8.

A swarm of cone sheets, with a diameter of 8-9 km, may be present. Zones
with high percentage of dykes occur under the western, southern and eastern
margin of the main caldera.

9.

The data indicate that the volume of a magma chamber that may be present
in the upper crust under the main caldera is unlikely to be greater than a few
tens of km3.

IV. The calderas and heat flow.
10.

The main and the north calderas may have subsided by the lateral draining of
a magma chamber during the eruption of the Laki lava in 1783.

This is

194

supported by the number of mounds formed in eruptions within the main
caldera which corresponds to the number of eruptions that have occurred within
it over the last two hundred years.
10.

It is proposed that a large fraction of the observed heat flow over the last
century at least, is due to cooling of the products of subaqueous eruptions as
well as sills and other intrusions emplaced at a shallow depth. The decline in
the heat flow observed in the second part of this century is considered to be
mainly due to the decline in volcanic activity in this period. As a consequence
the heat of these shallow heat sources is now exhausted.

11.

More generally, the exeptionally high heat flow in Gnmsvotn observed over
the last two hundred years at least, is considered to be a transient feature,
related to recent collapse of the main and north calderas.
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APPENDIX A:

FIELD EXPEDITIONS

The field work took place during two expeditions in 1987, two in 1988 and one in
1989. The length of the trips varied from 5 to 15 days and the number of people
taking part in fieldwork varied from 2 to 8. During most of the time spent on the
glacier, good weather conditions were experienced. Delays due to bad weather only
occurred during the second 1988 expedition.

Below, a brief description of each

expedition will be given.

1. June 1987, seismic reflection
Seismic team formed a part of the annual expedition of the Icelandic Glaciological
Society. Total number of people taking part around 50. Seismic team consisted of
Magnus T. Gu5mundsson (UCL), Jdsef Hdlmj^m and Ami Snorrason (NEA) and
6lafur GuQmundsson (Caltec). Two snowmobiles used on the survey. Expedition
diary went as follows:
JUNE 17. Leave Reykjavik in early afternoon, reaching edge of glacier at Jokulheimar at 1900 hours. Expedition leaves glacier edge heading for Gnmsvotn at 2330.
JUNE 18.

Arrive at hut at Svfahnukur Eystri at 0600 hours.

In the evening a

caravan and supplies for seismic and drilling teams is taken down onto the ice shelf.
JUNE 19. Drilling crew starts the drilling of a hole intended to reach the water body
beneath the 250 m thick ice shelf. Seismic party experiments with reflection using
dynamite charges on surface of snow without success.
JUNE 20. Drilling crew joins seismic crew and the drill used to make 30 m deep
shotholes. Good reflections obtained, 960 m surveyed.
JUNE 21. Deep hole completed, two members of drill crew leave for Reykjavik and
the third (OG) joins seismic crew. Drill used solely for seismics for the reminder of
expedition. However, drill breaks down before first shothole can be completed. Wait
for spare parts to be brought in from Reykjavik.
JUNE 22.

Still waiting for spare parts.

Seismic profile 1 traversed with a
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magnetometer. Spare parts collected from edge of glacier by Ami and Josef in the
evening.
JUNE 23. Prospective seismic line 3 is traversed with a magnetometer. Drill fixed
in the meantime. Reflection survey resumed in afternoon, completing western half
of line 1.
JUNE 24. Reinforcements arrive from hut at Sviahnukur with one of the snowcats.
A team of six working on the seismic survey. Eastern part of line 1 and two thirds
of line 2 completed (total length of lines surveyed 4000 m).
JUNE 25. Again a team of six working on the seismic survey. Line 2 completed
and the whole of line 3 surveyed. Caravan and equipment brought up to the hut at
Sviahnukur Eystri.
JUNE 26.

Main group leaves for Jokulheimar at noon.

Seismic team works on

refraction and large explosions during the day. A second group experiment with large
explosions in ice drill holes near the Skafta cauldrons.

Both groups leave for

Jokulheimar at midnight.
JUNE 27. Arrive at Jokulheimar at 0400. Leave for Reykjavik at noon.

2. August 1987, magnetics
A group of four people travelling on two snowmobiles took part.

These were

Magnus T. GuSmundsson, Jdsef Hdlmjam, Anna Lrndal and 6lof Nordal. This time
glacier journey began at Skalarfellsjokull near the SE-coast, as that starting point
provided an easy access to the high fim covered parts of the ice cap. Equipment and
provisions were carried on sledges pulled by the snowmobiles.

Diary went as

follows:
JULY 30.

Leave for SE-coast at 0800.

One of the snowmobiles collected at a

National Power Company depot on the way. Arrive at Skalarfellsjokull at midnight.
JULY 31. Rest from 0300 till 0700. Second snowmobile collected at Hofn, 30 km
further east. Equipment packed at glacier edge and headed for Gnmsvotn at 1500
hours. The 75 km traverse to Gnmsvotn negotiated using Loran in fog and mist.
Arrive at hut on Sviahnukur Eystri at 1900.
AUGUST 1. Gnmsvotn explored and elevations of several points measured with a
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barometer. Changes since June noted, most notably the formation of several small
lakes of meltwater on the surface of the ice.
AUGUST 2.

Some barometric surveying.

Three magnetic profiles surveyed in

western part of caldera.
AUGUST 3. Magnetic profiles surveyed covering eastern part of caldera.
AUGUST 4. Leave Gnmsvotn at 1000 hours. A detour made to Kverkfjoll. Arrive
at glacier edge in late afternoon. One snowmobile taken to Hofn.
AUGUST 5. Leave for Reykjavik at 1000 hours, arriving late in the evening.

3. June 1988. Magnetics and seismic refraction
Again, the fieldwork took place during the annual expedition of the Icelandic
Glaciological Society and logistical support and transport of equipment was provided
by the Society. The magnetic team consisted of Magnus T. Gu5mundsson and Josef
Hdlmjam using one snowmoble.

The seismic refraction profile was shot in

collaboration with Bryndis Brandsddttir at the Science Institute and Bill Menke at
Columbia University.
JUNE 4. Leave Reykjavik at 0900 hours. Arrive at glacier edge near Jokulheimar
in the afternoon. Vehicles and equipment prepared for glacier traverse.
JUNE 5. Head for Gnmsvotn at 0000 hours. Arrive at hut on Sviahnukur Eystri at
0600 in zero visibility.
JUNE 6. High winds with fog and drifting snow block all fieldwork most of the day.
One magnetic profile surveyed in late afternoon.
JUNE 7. 35 km of magnetic traverses completed in the area north and northwest of
ice shelf in moderate weather.
JUNE 8. Magnetic coverage of most of the eastern part of the survey area as well
as a traverse around the eastern Skaftti cauldron. A total of 60 km traversed. A line
of benchmarks north of the main caldera is surveyed by Theodorsson (see App. B).
JUNE 9. Very windy in the morning. Planned magnetic traverses completed in late
afternoon.
JUNE 10. A 12 km long seismic refraction profile shot along the line of benchmarks
north of the main caldera.
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JUNE 11.

Expedition leaves for Jokulheimar at 0400 hours, arriving at 0900.

Vehicles, luggage and equipment prepared for transport.
JUNE 12. Jokulheimar-Reykjavik.

4. July/August 1988, gravity
The main purpose of the expedition was to carry out the gravity survey. The team
consisted of John Milsom and Magnus T. GuSmundsson (UCL), Karl Gunnarsson
(NEA) and Torfi Hjaltason. Georg Gu5ni Hauksson replaced John Milsom near the
end of the expedition. Three snowmobiles were used. NEA provided its LaCoste
Romberg G-445 gravity meter for the survey. Due to difficult weather conditions and
snowmobile problems very little magnetic surveying could be done.
JULY 21.

Expedition leaves Reykjavik at 1600.

Gravity bases at Hald and

Jokulheimar occupied. Reach Jokulheimar in late evening.
JULY 22. River and zone of waterlogged mud crossed with difficulty. Snowmobiles
offloaded from trucks about 500 m up the glacier. Passage with snowmobiles and
trailers through fields of ice mounds until midnight, when one snowmobile was halted
by a displaced track. Camp on glacier.
JULY 23.

Difficulties encountered in crossing the fields of ice mounds.

One

snowmobile damaged and has to be abandoned. Camped on glacier about 1000 m
away from first camp.
JULY 24. Fields of ice mounds negotiated and expedition drives to Gnmsvotn on
two snowmobiles. Huts reached in gale force winds and bad visibility. Necessary
to crawl with stores from trailers to huts due to the wind and flying stones.
JULY 25. High winds and zero visibility make survey work impossible.
JULY 26. Survey attempted but abandoned in blizzard conditions.
JULY 27.

Weather improves slightly and one survey loop within main caldera

completed.
JULY 28. Zero visibility. Snowmobiles repaired.
JULY 29.

Weather greatly improved.

Two gravity loops completed, to east and

northeast of caldera.
JULY 30. Weather warm and sunny. Two gravity loops completed. Three Toyota
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4-wheel drive vehicles arrive with third snowmobile, additional spares and Georg
Gu5ni Hauksson.
JULY 31. Milsom leaves for Reykjavik with Toyota party. Gravity loops completed
to the west and northwest of caldera and some magnetic data acquired in same areas.
AUGUST 1. Gravity loop completed to southwest of caldera. Some magnetic data
collected. Equipment prepared for transport to Jokulheimar.
AUGUST 2. Leave for Jokulheimar at 0200. One snowmobile has a damaged clutch
and a second has a faulty engine. Fim line reached without incident at 0700. Two
snowmobiles and most of equipment left behind due to displaced tracks, shortly after
reaching the 8 km wide zone of ice mounds.

Edge of glacier reached by one

snowmobile and rest of party on foot at 1400.

Jokulheimar reached at 1800 and

gravity base at Jokulheimar occupied.
AUGUST 3. Equipment recovered using trucks, which cross ice mound fields without
undue difficulty.
AUGUST 4. Trucks and trailers with snowmobiles cross river at 0830 when river
flow is near minimum. Equipment packed and sorted in Jokulheimar. JokulheimarReykjavfk.

5. June/July expedition 1989, magnetics
In this expedition the gaps in the magnetic data, mainly in the western part of the
area were filled. The magnetics group consisted of Magnus T. GuSmundsson and
Bjami Kristinsson (NEA), using one snowmobile. The group took part in a trip to
Gnmsvotn by an informal gathering of members of the Scouts Rescue Group in
Reykjavik.
JUNE 28. Leave Reykjavik at 2000.
JUNE 29.

Reach Jokulheimar at 0500.

Continue to Gnmsvotn in clear weather.

Reach hut by 1000.
JUNE 30. Clear weather. Magnetic data obtained in the western part of the area.
JULY 1. Bad visibility. Magnetic data collected to the southeast of Grfmsfjall.
JULY 2. Magnetic surveys completed. Leave Gnmsvotn at 1000, at Jokulheimar at
1600 and in Reykjavik at 2300.
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APPENDIX B: BAROMETRIC LEVELLING
The method of barometric levelling has been widely used in gravimetric surveys.
With care, an accuracy of 1-2 m can be achieved (Torge 1989). The method makes
use of the vertical pressure gradient of the atmosphere and elevation differences are
calculated from the observed pressure difference between survey points. The formula
used here to calculate elevation differences between base stations and survey points
is
h=To/B[l-(p/por /g].

(B.l)

Here h is the elevation difference between base and survey point, p0 and T0 are
pressure and temperature at base and p is the pressure at survey point. 6 is the lapse
rate, assumed to be 0.0065 °K m'1, g is the gravitational attraction of the earth, (9.82
m s'2) and R is the gas constant (287.1 J kg'1 K'1).

Formula (B.l) is derived by

integrating the hydrostatic formula for the atmosphere
dp=-pgdh

(B.2)

where p is density of air. Ideal gas behaviour is assumed, i.e.
p=pRT

(B.3)

as well as uniform lapse rate,
T=T0+Bh.

(B.4)

The effects of humidity on the density of the atmosphere are ignored in (B.l) and the
equation is strictly valid for dry air only. However, it can be shown that for the
temperature range observed on the survey (0±3°C) the error introduced in elevation
differences is not more than 0.2%. For most stations in the survey h<100 m and the
maximum difference is 166 m. The maximum error introduced is therefore not more
than 0.3 m and considerably less for most stations.
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Instrumentation and field procedures
One Baromec barometer (range 670-1060 mbars) and two Wallace-Tieman altimeters,
WT1 and WT9 (range -1000-6000 feet) were used on the survey. A calibration of
the meters was carried out in a pressure chamber at the Meterological Office in
Reykjavik a few days before they were taken out into the field.

The Baromec

performed particularly well, with deviations from linearity less than 0.1 mbar over the
tested pressure range (800-1000 mbar). WT1 showed highly consistent behaviour over
the pressure range, with deviations corresponding to 0.1-0.15 mbars. WT9 performed
less well, showing deviations corresponding to 0.2-0.4 mbars.

In the light of the

performance of the meters, the Baromec was chosen as the principal field meter while
WT1 and WT9 were used as base barometers.
The maximum distance between field station and base was 11 km and the maximum
elevation difference was 166 m, as stated earlier. About 136 out of a total of 181
stations were located within 5 km of the base and all but 11 were located within 8
km (Fig. 3-7). Moreover, the elevation differences between stations and base were
less than 100 m for 135 stations and the difference was more than 120 m for only
14 stations.
The barometric determination of station elevations was carried out at the same time
as the gravity readings. The loops were traversed by two persons using a snowmobile
and while a gravity reading was taken the second operator read the atmospheric
pressure.
At most field stations two pressure readings were taken and if a difference of 0.1
mbar or greater was observed a third reading was taken. The need for three readings
arose only at a few stations.

A notable exception to the stability of the readings

occurred at a station on Grfmsfjall near the edge of the 250 m high southern caldera
wall. Repeated readings taken over an interval of a few minutes showed pressure
differences of 0.5 mbar. As the meter had not experienced mechanical shock and as
this sort of behaviour was not observed elsewhere, the cause may have been a
genuine local disturbance in the air pressure.
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Fig. B-l. Recorded air pressure at Base 1. On July 27 a moderate wind was
blowing while on July 31 conditions were very calm. A pressure difference o f 1 mbar
is equal to 9-10 m in elevation.

Throughout the survey two barometric base stations were operated. One station was
located at the hut on Sviahnukur Eystri (the permanent gravity base) and the second
station was at the temporary gravity base for the loop being surveyed (Fig. 3-7). At
the temporary base pressure readings were taken every 5 minutes (using WT1) and
temperature readings every 15 minutes. At Sviahnukur pressure readings were taken
every 10-15 minutes (WT9). Weather conditions were good most of the time with
only light wind. Figure B-l shows pressure variations at Base 1 on July 27 and July
31.
It soon became apparent that the base on Sviahnukur was reliable only during very
calm weather. If there was any appreciable wind blowing, the pressure readings at
Sviahnukur were too low due to the increased wind speed over the Grfmsfjall ridge.
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As a consequence, only the secondary bases were used as reference stations.
However, both Base 2 and Sviahnukur were used on the loop which included the
stations on Grfmsfjall.
The high sensitivity of the base at Sviahnukur Eystri to wind was not unexpected.
The site was mainly chosen as a base for logistical reasons and as a consequence the
control from the field data on the horizontal pressure gradient was somewhat limited.
Additional data on regional changes in the air pressure were therefore obtained from
the weather charts of the Meteorological Office in Reykjavik, which are based on
three hourly meteorological observations at weather stations all over the island. Shifts
in elevation of the order of 0.5-1.5 m were applied to parts of some loops to correct
for horizontal pressure gradients inferred from the charts. A decrease in misties at
stations occupied more than once was observed after the correction had been applied.

Elevation control and accuracy
Fixed points for elevation reference were available at the two nunataks at Grfmsfjall,
Sviahnukur Eystri and Vestri. However, an even more important source of elevation
reference was a line of benchmarks left by the expedition of the Glaciological Society
six weeks prior to the gravity survey.

The line was 10 km long, directed N20°E and

was levelled on June 8 1988 by The<5d6r Thedddrsson, surveyor with the Icelandic
National Power Company, using a Wild theodolite and an electronic distance
measuring instrument (Thedddrsson 1988). The profile extends from the centre of the
ice shelf to the ice divide between Grfmsvotn and Dyngjujokull (Fig. 3-7).

Nine

points on the line were marked with poles driven into the snow. Changes in surface
elevation over the six week period due to melting and compaction were checked by
measuring the change in the height of the top of each pole above the snow surface.
Lowering of the snow surface from June 8 until July 29 varied from 20 cm to 60 cm.
A further correction to the elevation of the snow surface at the bench marks has to
be applied because of glacier flow over the six week period. If the gradient of the
glacier surface is sufficiently large and the velocity of glacier flow sufficiently high,
the elevation change due to flow will be significant.
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Fig. B-2. Effects of glacier flow on elevation a f a stake. The position of a stake at
two times during the melting season. Melting and compaction has lowered the
surface and glacier flow has brought the stake downslope.

Estimates of glacier flow velocity can be made from mass balance considerations
(Paterson 1981, Bjomsson 1988).

The velocity estimates give 10 m/year at

benchmark 8, 40 m/year at benchmark 5 and 140 m/year at benchmark 2. Once the
ice velocity, V, at each benchmark has been estimated, the vertical movement, dz, of
the benchmarks can be calculated as,
dz=-VAt tana

(B.5)

where At is time, V ice flow velocity and a is the slope of the ice surface (Fig. B2).

Application of (B.5) to the benchmarks shows, as expected that the vertical

displacement is greatest for the benchmarks located on the slope immediately above
the ice shelf.

This is both due to high velocity and steep slopes.

The greatest

displacement occurred at benchmark 2, dz=1.0 m, declining to 0.2 m at benchmark
5. The vertical displacement at benchmarks 6-9 was not significant.
Secondary base 1 was located at benchmark 4 and its elevation was determined by
applying the corrections due to flow and melting to Theodorsson’s (1988) results.
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The error relative to the fixed points at Sviahnukur Eystri should not be more than
0.5 m.

The elevation of base 1 is therefore determined as 1529.0±0.5 m.

The

elevations of secondary bases 2 and 3 had to be determined from barometric levelling.
These were obtained from repeated ties to fixed points or benchmarks. The elevation
of base 2 was determined as 1535.5±0.9 m and that of base 3 as 1665.7±1.3 m (95%
confidence intervals).
The best indicator of the accuracy of elevations at field stations is provided by the
magnitudes of the misties at stations occupied more than once.
misties have been analysed.

In Table B.l the

The number of points is limited and the scope for

statistical fluctuations is therefore considerable. However, the results indicate a clear
correlation between size of mistie and distance from base.
TABLE B.l. Mistie at reoccupied stations

All stations
0-5 km from base
5-10 km from base

number
of St.

mean

17
8
9

1.05
0.54
1.50

mistie (m)
std. dev.
1.78
0.78
2.56

The errors in the elevations of the field stations would be cautiously estimated as two
standard deviations. This gives the error relative to the base stations as 1.6 m within
5 km from the bases but rising to about 5 m for the stations near the margins of the
survey area.

This implies an absolute error in elevations of 2.0-2.5 m for most

stations but 5.5-6 m at the margins. In reality this high error value applies only on
the western margin of the area surveyed. All the field stations furthest away from
the bases are located there, and the westernmost stations are also located outside the
Gnmsvotn depression.

Stations at the northern margins are tied directly to the

benchmarks and the easternmost stations are only 5-6 km away from base 2.
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APPENDIX C: DIGITAL TERRAIN MODELS

Figures C-l to C-6 show the digital terrain models used in the reduction of the
gravity data.

The data sources are shown on fig. 3-10.

As regards the bedrock

topography in the sparsely surveyed and unsurveyed areas to the south and southeast
of Gnmsvotn, the models may be in error locally by several hundred meters. These
models are therefore not maps of the bedrock topography. However, for the purposes
of topographic reduction at stations in the Gnmsvotn area they are considered to be
sufficiently accurate.
The coordinates are from the Lambert conical conformal system (see Section 3.3.).
The units are kilometres.

223

439

429
4 80

Fig. C-l.

470

Ice surface. 100 m grid spacing.

Bti
439

W

i>

ch%

&

429
480

Fig. C-2.

470

Bedrock. 100 m grid spacing.

460

224

444

434

424

486

Fig. C-3.

476

456

-4 6 6

Ice surface. 200 m grid spacing.

444

a
434

Sc

486

Fig. C-4.

476

Bedrock. 200 m grid spacing.

466

456

505

Fig. C-5.

485

465

445

Ice surface. 1000 m grid spacing.

465

465

445

445

6*3

425

3

405
505

Fig. C-6.

425

405
485

46 5

Bedrock. 1000 m grid spacing.

445

226

APPENDIX D:
Lat.
64 26.68
64 25.93
64 25.70
64 25.53
64 25.33
64 25.15
64 24.99
64 24.82
64 24.65
64 24.47
64 24.31
64 24.14
64 24.00
64 24.92
64 24.83
64 24.86
64 24.87
64 24.84
64 24.84
64 24.87
64 24.91
64 24.91
64 24.90
64 24.91
64 24.04
64 24.26
64 24.36
64 24.52
64 24.69
64 24.88
64 25.01
64 25.18
64 25.32

Long.
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17

18.55
21.41
21.29
21.45
21.55
21.57
21.53
21.58
21.62
21.68
21.74
21.80
21.87
22.95
22.60
22.04
21.69
21.30
20.91
20.48
20.02
19.68
19.36
18.95
19.46
19.37
19.37
19.36
19.39
19.35
19.36
19.39
19.37

Gravity stations occupied in 1988 survey
Lambert
X
Y
466734
469012
468911
469038
469116
469127
469090
469130
469156
469201
469246
469291
469346
470231
469950
469497
469218
468904
468591
468244
467879
467604
467348
467016
467408
467340
467342
467341
467368
467338
467350
467378
467361

438268
436851
436417
436103
435735
435400
435099
434787
434463
434128
433838
433514
433257
434954
434790
434850
434875
434822
434826
434885
434967
434970
434950
434976
433355
433757
433947
434248
434560
434917
435151
435474
435731

Elev.
(m)
1529
1425
1431
1431
1432
1428
1429
1430
1428
1425
1434
1450
1472
1416
1418
1426
1429
1432
1432
1430
1430
1431
1429
1431
1408
1419
1425
1427
1431
1431
1433
1434
1428

FA
112.07
100.33
100.80
99.35
98.59
98.32
98.56
98.74
98.92
99.50
101.05
104.05
107.83
107.27
102.91
99.27
98.88
99.07
99.39
99.27
99.49
99.98
99.67
100.41
109.40
105.23
103.71
101.67
101.22
100.70
101.01
101.19
101.33

T1
55.96
52.10
52.37
52.35
52.36
52.25
52.32
52.33
52.21
52.08
52.31
52.85
53.66
51.49
51.62
52.09
52.27
52.41
52.44
52.36
52.31
52.38
52.29
52.37
50.96
51.74
52.05
52.16
52.34
52.36
52.43
52.51
52.24

T2
53.74
49.40
49.83
49.65
49.40
49.51
49.76
50.27
50.98
51.94
52.98
54.63
56.06
56.61
53.23
50.82
50.22
50.00
49.73
49.37
49.07
49.07
49.02
49.05
55.32
52.90
51.75
50.40
49.61
49.10
48.93
49.07
49.67

Bouguer
Anomaly
2.37
-1.17
-1.40
-2.65
-3.17
-3.44
-3.52
-3.86
-4.27
-4.52
-4.24
-3.43
-1.89
-0.83
-1.94
-3.64
-3.61
-3.34
-2.78
-2.46
-1.89
-1.47
-1.64
-1.01
3.12
0.59
-0.09
-0.89
-0.73
-0.76
-0.35
-0.39
-0.58

Latitude and longitude in degrees and minutes.
Lambert coordinates in metres
FA: Free air anomaly.
T l: Topographic reduction due to ice surface, p=0.9 Mg m*3 (down to sea level).
T2: Topographic reduction due to bedrock, p=2.0-0.9=1.1 Mg m'3.
All gravity values are in mGals.

Lat.

VO' OVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVO' OVOVOVOVOVOVOVOVOVO' OVOVOVOVO

64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64
64

25.50
25.63
25.76
26.24
26.68
24.58
25.33
25.24
25.12
25.11
25.09
25.11
25.10
25.10
25.07
25.06
25.02
24.99
24.97
24.93
25.38
25.52
25.68
25.73
26.01
25.82
25.66
25.47
25.30
26.20
26.68
27.26
27.50
28.28
28.92
29.38
27.87
27.35
26.78
26.28
26.11
25.78
25.18
24.90
24.58
24.58
26.20
27.03

Long.

17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17

19.36
19.36
19.47
18.90
18.55
12.93
12.26
13.33
14.76
15.08
15.50
15.86
16.26
16.70
17.07
17.45
17.81
18.20
18.63
20.12
19.36
19.40
19.38
19.44
18.40
18.44
18.47
18.46
18.41
18.97
18.55
18.05
17.82
17.14
16.58
16.17
16.70
16.72
16.72
16.49
16.87
16.27
16.20
16.14
12.93
12.93
14.33
14.40

Lambert
X
Y

467360
467363
467452
467004
466734
462173
461651
462511
463656
463911
464248
464538
464860
465212
465510
465814
466102
466415
466762
467956
467358
467389
467378
467427
466600
466625
466645
466637
466590
467061
466734
466341
466163
465636
465197
464880
465271
465279
465267
465069
465373
464884
464814
464760
462173
462173
463333
463409

436065
436310
436544
437440
438268
434419
435819
435641
435405
435379
435342
435372
435346
435342
435283
435268
435187
435128
435090
435000
435842
436098
436399
436488
437021
436664
436374
436017
435706
437373
438268
439343
439791
441247
442445
443307
440493
439522
438463
437540
437224
436617
435502
434979
434419
434419
437416
438953

Elev.
(m)

1424
1434
1446
1501
1529
1536
1546
1550
1532
1527
1519
1507
1484
1442
1422
1426
1433
1433
1431
1430
1427
1421
1436
1446
1493
1476
1464
1432
1424
1502
1529
1574
1595
1632
1657
1669
1617
1600
1550
1520
1513
1501
1492
1493
1536
1536
1551
1572

FA

104.31
107.37
107.84
109.42
112.07
109.20
104.59
109.00
112.07
111.96
113.61
114.61
113.76
110.67
107.27
103.82
102.39
101.45
100.36
99.58
103.09
104.22
107.15
107.85
109.13
110.66
109.68
106.46
103.28
109.81
111.99
115.76
115.09
108.93
104.88
103.52
112.70
115.92
115.50
110.29
108.93
108.82
114.13
117.41
109.20
109.20
110.52
111.70

T1

52.10
52.47
52.92
54.94
55.96
56.22
56.58
56.72
56.04
55.86
55.54
55.12
54.24
52.58
51.91
52.11
52.40
52.43
52.42
52.32
52.25
52.03
52.54
52.93
54.67
54.03
53.56
52.37
52.07
55.01
55.96
57.58
58.30
59.65
60.55
60.96
59.13
58.47
56.70
55.68
55.37
54.90
54.57
54.48
56.22
56.22
56.74
57.51

T2

51.39
53.02
54.35
54.22
53.74
54.51
52.01
51.74
52.64
53.19
53.77
53.70
53.67
52.78
51.30
50.34
49.79
49.39
49.15
49.06
50.15
51.57
53.58
54.05
53.48
53.90
53.67
53.09
51.39
54.47
53.74
52.74
51.06
48.14
48.42
48.89
48.79
51.65
53.53
52.10
52.30
50.94
52.81
55.45
54.51
54.51
50.88
52.27

Bouguer
Anomaly

0.82
1.88
0.57
0.26
2.37
-1.53
-4.00
0.54
3.39
2.91
4.30
5.79
5.85
5.31
4.06
1.37
0.20
-0.37
-1.21
-1.80
0.69
0.62
1.03
0.87
0.98
2.73
2.45
1.00
-0.18
0.33
2.29
5.44
5.73
1.14
-4.09
-6.33
4.78
5.80
5.27
2.51
1.26
2.98
6.75
7.48
-1.53
-1.53
2.90
1.92

Lat.

Long.

64 27.51 17 14.62
64 28.09 17 14.65
64 28.66 17 14.78
64 29.20 17 14.90
64 28.41 17 13.28
64 28.11 17 11.08
64 28.32 17 9.16
64 28.00 17 10.14
64 27.62 17 11.17
64 27.28 17 12.16
64 26.94 17 13.12
64 26.62 17 14.11
64 26.20 17 14.22
64 26.34 17 12.94
64 26.40 17 11.71
64 26.50 17 10.41
64 26.61 17 9.26
64 26.19 17 7.56
64 25.58 17 6.20
64 25.58 17 7.29
64 25.49 17 8.45
64 25.88 17 8.52
64 25.46 17 9.63
64 25.39 17 10.96
64 24.56 17 12.96
64 24.40 17 16.05
64 24.33 17 15.35
64 24.34 17 14.16
64 24.58 17 12.93
64 24.62 17 11.63
64 24.43 17 10.50
64 23.93 17 9.48
64 23.61 17 11.11
64 24.14 17 11.34
64 24.58 17 12.93
64 23.84 17 14.66
64 23.44 17 15.37
64 23.14 17 16.64
64 22.97 17 17.86
64 22.89 17 18.83
64 22.76 17 20.00
64 22.47 17 21.19
64 22.54 17 22.46
64 22.65 17 23.27
64 22.75 17 21.96
64 22.97 17 20.87
64 23.31 17 19.63
64 23.57 17 19.57

Lambert
X
Y

463598
463635
463749
463857
462540
460773
459238
460015
460833
461619
462382
463169
463246
462223
461237
460195
459273
457899
456790
457667
458594
458662
459543
460611
462197
464677
464111
463156
462173
461128
460217
459385
460689
460885
462173
463545
464111
465122
466103
466879
467817
468772
469792
470446
469396
468521
467534
467491

439843
440924
441982
442984
441528
440993
441404
440802
440078
439444
438799
438198
437417
437686
437809
438012
438225
437463
436342
436329
436149
436873
436081
435944
434374
434055
433927
433961
434419
434499
434165
433240
432632
433610
434419
433020
432277
431708
431373
431220
430965
430420
430543
430737
430937
431348
431993
432473

Elev.
(m)

FA

T1

T2

Bouguer
Anomaly

1609 113.83 58.84 52.54 2.45
1637 112.10 59.83 52.01 0.26
1652 108.11 60.36 51.11 -3.36
1658 105.70 60.61 51.22 -6.13
1661 110.72 60.64 52.30 -2.22
1685 109.89 61.56 57.38 -9.05
1688 103.99 61.64 51.58 -9.23
1693 109.16 61.77 54.98 -7.59
1675 112.65 61.12 59.49 -7.96
1639 116.63 59.88 60.05 -3.30
1587 111.67 58.03 53.04 0.60
1568 109.73 57.39 50.71 1.63
1551 109.72 56.74 50.73 2.25
1568 107.57 57.36 52.36 -2.15
1600 111.55 58.48 56.53 -3.46
1622 108.34 59.27 56.49 -7.42
1632 104.32 59.61 54.58 -9.87
1610
98.35 58.82 50.70 -11.17
1588
96.59 58.05 50.03 -11.49
97.05 57.89 50.36 -11.20
1583
1582
99.26 57.88 51.31 -9.93
1597 100.28 58.37 52.19 -10.28
1573 102.23 57.52 53.67 -8.96
1552 103.63 56.81 52.13 -5.31
1536 109.23 56.17 54.79 -1.73
1722 134.23 61.00 68.80 4.43
1666 129.96 60.19 67.55 2.22
1588 122.05 57.86 63.98 0.21
1536 109.22 56.22 54.51 -1.51
98.44 55.64 48.30 -5.50
1519
1506
95.18 55.19 48.20 -8.21
1483
97.27 54.26 52.12 -9.11
1461
91.10 53.56 47.04 -9.50
1491
93.73 54.57 47.74 -8.58
1536 109.25 56.22 54.51 -1.48
1569 118.37 57.16 61.98 -0.77
1553 119.24 56.48 60.65 2.11
1566 120.04 56.82 60.41 2.81
1588 121.98 57.61 60.62 3.75
1587 124.72 57.61 61.03 6.08
1588 124.10 57.81 62.02 4.27
1582 120.96 57.63 61.11 2.22
1628 124.35 59.30 61.38 3.67
1666 125.69 60.57 62.00 3.12
1627 125.80 59.27 62.32 4.21
1619 >126.98 58.90 64.20 3.88
1646 128.36 59.64 66.10 2.62
1671 130.03 59.95 68.27 1.81

229

Lat.
64 23.57
64 23.50
64 23.78
64 24.14
64 24.40
64 26.68
64 26.15
64 26.17
64 26.20
64 26.18
64 26.12
64 26.09
64 26.04
64 26.01
64 26.07
64 26.02
64 26.10
64 26.06
64 26.05
64 26.52
64 26.49
64 26.68
64 26.68
64 26.16
64 26.17
64 26.18
64 26.00
64 26.51
64 26.59
64 26.54
64 26.52
64 26.57
64 26.60
64 26.44
64 26.86
64 26.56
64 26.53
64 26.68
64 26.68
64 27.27
64 27.88
64 28.08
64 27.98
64 28.06
64 27.53
64 27.99
64 27.90
64 27.58

Long.
17 19.57
17 18.52
17 17.53
17 16.49
17 16.05
17 18.55
17 18.02
17 19.31
17 20.57
17 21.79
17 23.01
17 24.23
17 25.43
17 26.71
17 27.97
17 29.22
17 30.46
17 31.73
17 32.88
17 29.99
17 28.71
17 18.55
17 18.55
17 18.11
17 19.31
17 21.72
17 26.68
17 28.75
17 27.41
17 26.16
17 24.89
17 23.63
17 22.41
17 21.49
17 21.50
17 21.18
17 19.85
17 18.55
17 18.55
17 19.15
17 19.21
17 18.92
17 20.32
17 21.51
17 21.63
17 22.66
17 23.95
17 24.71

Lambert
Y
X
467491
466645
465855
465023
464677
466734
466294
467330
468342
469325
470301
471279
472241
473272
474284
475286
476284
477300
478225
475910
474883
466734
466734
466367
467330
469267
473247
474917
473840
472837
471816
470805
469828
469089
469101
468841
467771
466734
466734
467227
467287
467056
468179
469134
469220
470056
471089
471690

432473
432360
432882
433560
434055
438268
437281
437314
437359
437305
437183
437118
437020
436955
437058
436961
437098
437012
436994
437881
437834
438268
438268
437302
437314
437305
436933
437867
438032
437940
437916
438015
438080
437798
438578
438023
437979
438268
438268
439356
440492
440863
440661
440808
439814
440665
440487
439891

Elev.
(m)
1671
1660
1663
1672
1722
1529
1512
1495
1455
1447
1469
1513
1583
1618
1636
1624
1605
1591
1576
1619
1636
1529
1529
1512
1495
1445
1619
1642
1640
1614
1544
1504
1471
1444
1455
1443
1490
1529
1529
1531
1601
1607
1600
1605
1566
1589
1616
1618

FA

T1

129.99
129.23
129.12
131.70
134.23
112.07
109.87
110.34
104.40
100.28
100.07
105.69
109.83
107.84
105.05
102.73
97.85
91.98
86.87
99.48
103.86
112.07
112.07
109.85
110.18
99.52
108.00
105.53
108.11
111.90
108.72
104.55
101.96
101.49
106.61
102.90
108.97
112.07
112.07
116.88
113.01
111.16
111.54
112.64
113.81
110.86
110.56
111.10

59.95
60.08
60.21
60.44
61.00
55.96
55.32
54.70
53.27
52.91
53.73
55.26
57.80
59.11
59.76
59.33
58.65
58.16
57.60
59.15
59.75
55.96
55.96
55.31
54.70
52.86
59.14
59.95
59.87
58.93
56.37
55.00
53.79
52.85
53.16
52.78
54.51
55.96
55.96
55.95
58.57
58.74
58.46
58.67
57.25
58.05
59.06
59.11

T2
68.27
65.47
66.89
67.83
68.80
53.74
52.74
54.98
51.14
49.27
51.04
55.54
58.83
56.53
56.03
55.68
54.51
48.72
45.75
56.48
58.59
53.74
53.74
52.71
54.98
49.28
56.47
58.54
57.85
61.17
57.11
53.01
51.06
50.06
54.79
51.42
54.10
53.74
53.74
53.80
52.45
51.25
54.05
54.54
58.15
54.94
55.34
58.72

Bouj
Ano:
1.77
3.68
2.02
3.43
4.43
2.37
1.81
0.66
-0.00
-1.90
-4.70
-5.11
-6.80
-7.80
-10.74
-12.28
-15.31
-14.90
-16.48
-16.15
-14.48
2.37
2.37
1.83
0.50
-2.62
-7.61
-12.96
-9.61
-8.20
-4.76
-3.46
-2.89
-1.42
-1.34
-1.30
0.36
2.37
2.37
7.13
1.99
1.17
-0.97
-0.57
-1.59
-2.13
-3.84
-6.73

Lat.

Long.

64 28.02 17 25.14
64 28.00 17 26.38
64 28.89 17 25.39
64 28.91 17 24.17
64 28,56 17 21.77
64 29.06 17 21.64
64 29.03 17 20.45
64 28.66 17 19.18
64 28.45 17 18.20
64 27.98 17 17.72
64 26.68 17 18.55
64 22.64 17 23.25
64 22.93 17 23.08
64 23.30 17 24.03
64 23.63 17 24.94
64 24.25 17 24.35
64 24.10 17 23.09
64 24.34 17 24.76
64 24.91 17 25.23
64 25.43 17 25.23
64 24.94 17 26.22
64 24.84 17 27.44
64 24.98 17 28.76
64 24.92 17 29.97
64 24.95 17 31.30
64 24.96 17 32.41
64 24.40 17 30.48
64 23.85 17 29.18
64 23.62 17 28.19
64 23.67 17 26.86
64 23.84 17 25.61
64 22.64 17 23.25

Lambert
X
Y

472044
473040
472261
471280
469350
469258
468301
467279
466486
466091
466734
470431
470301
471071
471810
471343
470327
471677
472063
472072
472859
473836
474899
475872
476942
477834
476274
475219
474420
473354
472349
470431

440701
440659
442316
442359
441731
442657
442611
441942
441560
440684
438268
430715
431263
431936
432542
433706
433437
433870
434926
435884
434974
434776
435024
434904
434952
434967
433942
432925
432508
432606
432927
430715

Elev.
(m)

1643
1660
1680
1672
1636
1668
1654
1648
1636
1614
1529
1666
1662
1660
1659
1563
1501
1580
1620
1623
1645
1653
1625
1604
1580
1567
1577
1587
1597
1649
1667
1666

FA

109.07
106.46
104.47
105.11
108.62
104.71
103.34
106.86
107.75
111.20
112.07
125.81
125.29
124.24
124.04
117.07
113.38
116.19
113.41
115.31
115.02
111.28
105.64
99.09
93.17
88.99
96.64
100.79
107.32
116.99
120.99
125.81

T1

59.98
60.63
61.31
61.04
59.70
60.89
60.43
60.19
59.75
58.98
55.96
60.58
60.47
60.35
60.36
57.00
54.75
57.60
59.13
59.25
60.02
60.28
59.37
58.61
57.77
57.26
57.67
58.02
58.37
60.10
60.65
60.58

T2

Bouguer
Anomaly

54.94 -5.85
53.42 -7.59
50.00 -6.84
50.66 -6.59
53.72 -4.80
50.88 -7.06
50.32 -7.41
51.35 -4.68
49.41 -1.41
48.63 3.59
53.74 2.37
61.95 3.28
62.46 2.36
61.89 2.00
63.07 0.61
60.28 -0.21
56.78 1.85
61.83 -3.24
59.85 -5.57
58.69 -2.63
57.65 -2.65
56.94 -5.94
55.16 -8.89
52.85 -12.37
49.87 -14.47
47.26 -15.53
51.86 -12.89
54.33 -11.56
55.92 -6.97
60.94 -4.05
64.23 -3.89
61.95 3.28

