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Introduction

On July 7™, 2008, the volcanic island Surtsey and
the surrounding sea was awarded a World Heritage
Site status by UNESCO’s World Heritage Commit-
tee. In the committee’s justification for this deci-
sion it is found important that scientific work has
continuously been carried out on Surtsey from the
start of the eruption. Furthermore, itis emphasized
and found to be of greatest importance that the
island and the surrounding sea has since shortly
after the island appeared been declared a nature
reserve, and thus been protected from humane im-
pact, as far as possible. This being the first Surtsey
Research report after this important recognition,
it seems appropriate to review briefly the history of
Surtsey and the scientific work on the island.

The submarine eruption which started on the
14™ of November, 1963, at Vestmannaeyjar, ap-
proximately 20 miles off the southern coast of Ice-
land aroused great interest among scientists, both
in Iceland and abroad, especially after it became
likely that the island would last. This led to the
National Research Council of Iceland setting up
a committee, the Surtsey Research Committee, to
coordinate and facilitate the scientific work. There
were 11 members, 8 Icelandic scientists, repre-
senting different disciplines, two from the United
States, and the director of the National Research
Council as chairman.

As the scientific interest grew fast, it was felt that
more extensive coordination was needed as well as
financial support. Therefore, in 1964 the Commit-
tee drew up a coordinated plan for scientific work
on and around the island. The participants were
21 Icelandic scientists and 13 from abroad. This
plan was submitted to various foundations that
supported scientific work both in the United States
and in Europe. It was well received, but in order to
make it possible to receive financial support, espe-
cially from abroad, a non-governmental and non-
profit organization had to be created. This led to
the foundation of the Surtsey Research Society,
May 20™, 1965. Founders were Icelandic scientists,
nature enthusiasts and volunteers. Numerous for-
eign individuals became associate members of the
Society. Members are now close to one hundred.

Considerable financial supportwas received from
various institutions and foundations, primarily in
the United States, and from the Icelandic Govern-
ment, as well as important indirect support from
scientific institutions in Iceland, United States and
Europe through the work of scientists from those

institutions on Surtsey. While the activities on Surt-
sey were at its peak, transportation to the island
was mostly by boat from Heimaey, the only inhab-
ited island of Vestmannaeyjar, but after the island
became stable the Icelandic Coast Guard has taken
care of the transport of one or two scientific expe-
ditions to Surtsey by helicopter every summer.

In 1966 the Surtsey Research Society erected a
research station and shelter on the island. It was
located on the northern part, close to the shore.
That site was gradually destroyed by the ocean
breaking down the shore. A new house was built on
the eastern part of the island in 1985. That house
is maintained by the Society. It has been named
“Palsbaer” (The House of Paul) in honor of the
late Professor Paul Bauer of the United States one
of the greatest benefactor of the scientific work on
Surtsey. A helicopter landing platform was made
close to that house in 1993.

In order to protect Surtsey as much as possible
from human impact, the National Research Coun-
cil proposed in 1965 that Surtsey be declared a na-
ture reserve. That was done by the Nature Conser-
vation Council of Iceland and all travel to the island
forbidden without permission from the Surtsey Re-
search Society. This was reiterated in 1973 based
on a new law on nature conservation. To underline
the Government’s decision to nominate Surtsey for
the UNESCO World Heritage List, a new and re-
vised Declaration for the Surtsey Nature Reserve
was issued in January 2006. The boundaries of the
Reserve were expanded to ensure the protection of
the entire Surtsey volcano, both above and below
the sea surface.

After land formed scientists saw a unique oppor-
tunity to observe the beginning and development
of life on a new and sterile land, especially after the
decision was taken to protect it as much as possible
from human impact. In the spring of 1964 a meeting
was held at the Duke University in the United States
to discuss the possibility of extensive scientific stud-
ies on Surtsey with participation by scientists from
Universities and Institutions in the United States.
Participants in that meeting were three from Ice-
land and several scientists from the United States.
The conclusion was that this was not only feasible
but also very important. The number of scientists
of different disciplines multiplied and so did the
activities of the Surtsey Research Society.

Two international conferences have been held.
The Surtsey Biology Conference was held in Reykja-
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vik in April 1965. Participants were 22 from Iceland
and 16 from abroad. At the conference a “Biologi-
cal Outline” for research on and around Surtsey
was presented. It was “evaluated, scrutinized and
accepted”, as stated in the minutes from the con-
ference. The second conference, The Surtsey Re-
search Conference, was held in Reykjavik in June
1967. The participants were 36 from Iceland and
40 from abroad. At this conference 17 papers were
presented and discussed in five special working
groups. Besides those scientific conferences, the
thirty and forty years anniversaries of the Surtsey
eruption were commemorated by open meetings
in Reykjavik where papers were presented on the
development of Surtsey. In the fall of 2005 a con-
ference was held in Vestmannaeyjar where scientist
outlined the development of Surtsey and the fu-
ture of the island was discussed.

On behalf of the Surtsey Research Society Surtsey
aerial photographs have been taken regularly and
maps drawn. This gives a unique record of changes
taking place on the island, especially by ocean ero-
sion. In 1967, when its area was the largest, it was
2.65 km?. It is now close to half that size.

Scientific studies on Surtsey continue with yearly
expeditions to the island organized by the Society.
It is important to continue this work. Surtsey is far
from being fully developed. It yields new knowl-
edge everyyear. During the eruption scientists from
several scientific institutions did work on Surtsey.
Since the eruption ceased the work has been pri-
marely in the hands of scientists from three Ice-
landic institutions, The Icelandic Institute of Natu-
ral History, The Agricultural Research Institute
and The Marine Research Institute. Furthermore,
these institutions, along with the Surtsey Research

Society, have during the last 40 years carried most
of the expenses of the scientific work with support
from the Icelandic Government and the Icelandic
Coast Guard.

The bibliography on Surtsey is extensive. Numer-
ous articles and books have been published on the
island’s development. Of great importance are the
publications of the Surtsey Research Society, the
Surtsey Research Progress Report (later Surtsey
Research). This report, now being published, is the
twelfth. Three scientists, Sveinn P. Jakobsson, geol-
ogy and geophysics, Borgthoér Magnusson, terres-
trial biology, and Karl Gunnarsson, marine biology,
have been in charge of the editing and publishing
of this volume. These twelve reports contain 217
papers by scientists who have worked on Surtsey.
The Surtsey Research Reports contain the most re-
liable and comprehensive information available on
the island’s development and scientific findings.

The Surtsey Research Society has set up a web
site (www.surtsey.is ) with comprehensive informa-
tion about the creation and development of Surt-
sey, its history, the Society, the scientific work on
the island and its conservation as a nature reserve.
Through that site all the reports published by the
Society are accessible.

In historical times several islands have been
created on Earth by submarine eruptions but none
have been protected from human influence as
Surtsey or scientifically observed as thoroughly and
continuously from its birth. This is why Surtsey is
unique. It has already yielded valuable knowledge
about both geological development of a new land
and settlement of life on a sterile rock. With unin-
terrupted scientific work, Surtsey will continue be-
ing a source of new knowledge.

For the Surtsey Research Society,
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Some aspects of the seafloor morphology at Surtsey volcano:
The new multibeam bathymetric survey of 2007

SVEINN P. JAKOBSSON', KJARTAN THORS?, ARNI TH. VESTEINSSON? & LOVISA ASBJORNSDOTTIR?
'Tcelandic Institute of Natural History P.O.Box 5320, 125 Reykjavik, Iceland, sjak@ni.is
Jardfraedistofa, Sudurlandsbraut 16, 108 Reykjavik, Iceland
*Icelandic Coast Guard, Hydrographic Department, Skégarhlid 14, 105 Reykjavik, Iceland
‘Environment Agency of Iceland, Sudurlandsbraut 24, 108 Reykjavik, Iceland

ABSTRACT

A multibeam bathymetric survey in 2007. which included the area around Surtsey, allows a new inter-
pretation to be made of aspects of the seafloor geology. It also provides support for previous observations
and interpretations. The multibeam map brings to light features which the earlier, single beam surveys
missed. Here, we describe the nature of the erosional platform around Surtsey, outline an area of prob-
able pillow lava off southern Surtsey, and describe features in deep water (<120 m) which may have been
formed by erosion. Sand waves in water depths up to 90 metres support the idea of strong bottom cur-
rents. The survey also allows an extrapolation of the known erosion history of Surtsey and surrounding
vents (Jolnir, Syrtlingur, and Surtla). Knolls on the tops of Syrtlingur and Surtla are thought to be due to
palagonitisation in the vicinity of the volcanic vents. Canyons in the northern submarine slope of Surtsey
support previous observations of slope failure and sediment flow to the surrounding seafloor.

INTRODUCTION

A new multibeam bathymetric survey of the Vest-
mannaeyjar archipelago included the area around
Surtsey. The vast improvement in resolution of bot-
tom features displayed by the new dataset offers a
fresh opportunity to look at the sea floor around
Surtsey and use features observed there to add to,
or confirm, the present view of events since No-
vember 1963.

The island Surtsey rose from the sea floor in
a volcanic eruption lasting from November 1963
to June 1967. The island is the subaerial segment
of the complete Surtsey volcano, which forms a
line of volcanic features on the sea floor oriented
southwest-northeast. At the end of the eruption
in June 1967 the length of the volcanic features
was 5.5 km and its base area encompassed some 8
km?. The history of the eruption is well recorded
and several aspects of the morphological changes
of the volcano have been studied extensively, but
in this report we look for fresh information in the
new multibeam chart.

Surtsey Research (2009) 12: 9-20  wwuw.surtsey.is

Surtsey is part of the Vestmannaeyjar archipelago
(Fig. 1) which consists of 18 islands and a number
of skerries, and is located on the insular shelf off
the south coast of Iceland. Vestmannaeyjar con-
stitutes a discrete volcanic system at the southern
end of Iceland’s Eastern Volcanic Zone (Jakobsson
1979). A large part of the volcanic system is subma-
rine and investigations indicate that local subma-
rine as well as subaerial volcanism is the source of
material building up the Vestmannaeyjar marine
shelf (Thors & Helgason 1988). Before we discuss
the new chart, it is useful to look at the history of
Surtsey and briefly mention some of the research
carried out in the area.

BACKGROUND

The Surtsey eruption 1963-1967

The eruption history of the Surtsey volcano is well
known (Thérarinsson 1966, 1967, 1969; Thoérarins-
son et al. 1964). The main milestones of that his-
tory are listed in Jakobsson & Moore (1982).



The visible eruption started with hydromagmatic
explosions along a 300-400 long fissure trending
035° on 14 November 1963. Emerging on 15 No-
vember 1963, the island grew rapidly in size. On 31
January 1964, eruptions ceased in the eastern vent,
and on the following day eruptions broke out in a
northeast-trending fissure at the northwest side of
that crater, where another crescent-shaped tephra
crater formed and finally achieved a maximum
height of 173 m above sea level.

Between 28 December 1963 and 6 January 1964,
explosive submarine activity was visible about 2.0
km east-northeast of Surtsey. This eruption fissure,
estimated 250 m long, created a submarine ridge
called Surtla to over 100 m above the sea floor.

On 4 April 1964, the eruption in the western
crater switched to an effusive Hawaiian-type lava
phase. Effusive lava activity continued in the west-
ern crater until 17 May 1965, and gradually a flat
lava shield was formed southwards from the crater,
while flow-foot breccia was produced at the advanc-
ing frontal slope of the lava below sea level.

On 22 May 1965, explosive activity appeared on
the sea floor 0.6 km east-northeast of Surtsey. A te-
phra island, Syrtlingur, was formed and reached a
height of 70 m and a maximum area of 0.15 km?.
This island was washed away by wave action a few
days after the eruption ceased, on about 17 Oc-
tober 1965. Yet another tephra island, J6lnir, was
created by explosive submarine activity about 1 km
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Figure 1. Simplified geological
map of the Vestmannaeyjar arc-
hipelago. Depth contour lines are
in meters. The Surtsey volcano is
depicted as in 2007. The coastline
of Surtsey island is based on aerial
photographs from July 2007. The
position of the wave buoy of the
Icelandic Maritime Administration
is shown.

southwest of Surtsey beginning on 26 December
1965. This island reached a maximum height of 70
m and an area of 0.28 km®. The eruption ceased on
10 August 1966 and J6lnir had disappeared in late
October the same year.

On Surtsey, a new lava eruption started along a
SW-NE-striking 220-m-long fissure on 19 August
1966 on the floor of Surtsey’s eastern tephra crater.
Lava flowed incessantly from this fissure through-
out late 1966 and early 1967. Between 12 and 17
December 1966, another short fissure became ac-
tive in the northwestern inside wall of the eastern
tephra crater, producing a small lava flow. Then,
during the period of 1-8 January 1967, lava broke
through the eastern tephra cone at four additional
sites (Fig. 2), but the southernmost eruption site is
now covered with sand dunes. Lava was last seen to
flow on Surtsey on 5 June 1967.

At the end of the eruption, the Surtsey island had
reached a size of 2.65 km?, and the total amount
of eruptive material was estimated 1.1 km?, about
70% of which was tephra and 30% lava (Thorarins-
son 1969). The height of the island at that time was
175 m above sea level, and as the seawater depth
before the eruption had been about 130 m, the
total height of the volcano was 305 m.

The structure of Surtsey
The structure of Surtsey island is well known

through the detailed eruption history summarized

Surtsey Research (2009) 12: 9-20  wwuw.surtsey.is



Q' Lava crater B
| Coastal sediment '
Hydrothermal area 1968

- Tephra Nov. 1963 - April 1964
- Palagonite tuff

77 Lava April 1964 - May 1965
" Lava August 1966 - June 1967
I Lava Dec. 1966 - Jan. 1967

Figure 2. Geological map of Surtsey. A. As in 1967, with approximate extent of the hydrothermal area as in 1968; the outline of
the island is based on aerial photographs from August 1967. B. As in 2007; the outline of the island is based on aerial photographs
from August 2007. This diagram also illustrates the enormous change in size of the island during the 40 intervening years.

above, studies of the drill core of 1979 (Jakobsson
& Moore 1982, 1986), geomagnetic measurements
(Sigurgeirsson 1966, 1974) and gravity model stud-
ies (Thorsteinsson & Gudmundsson 1999). Be-
sides, the monitoring of the Surtsey volcano since
1967 has provided important clues to its structure,
e. g. by monitoring of the development of the hy-
drothermal system and the transformation of te-
phra to palagonite tuff within the hydrothermal
area (Jakobsson et al. 2000), the marine abrasion
(Norrman 1980, 1985), and the subsidence of the
volcano (Moore et al. 1992; Sturkell et al. 2009).

Kjartansson (1966) and Thoérarinsson (1966)
suggested, mainly by analogy, that pillow lava had
formed in deep water during the first phase of the
Surtsey eruption and formed the base of the vol-
cano. However, the existence of this basal pillow
lava was never proven (Jakobsson 1978), and the
results of the 1979 drilling operation do not indi-
cate the existence of such a formation (Jakobsson
& Moore 1982).

It should be underlined that the three princi-
pal geological formations of Surtsey, tephra, lava,
and palagonite tuff, react quite differently to ero-
sion (Jakobsson et al. 2000). The Surtsey tephra is
mainly made up of fine glass shards less than 2 mm
in diameter (Sheridan 1972). The tephra forma-
tion is therefore very easily eroded by wind, water
and wave action. The lava flows are mostly multi-
ple pahoehoe flows, but aa flows are also present

Surtsey Research (2009) 12: 9-20  wwuw.surisey.is

(Thordarson 2000). The lavas have proven to be
more easily eroded by marine abrasion than ex-
pected. The porous delta formation below the lava
is also easily eroded. The palagonite tuff, however,
has turned out to be surprisingly resistant to ma-
rine abrasion. In 1980-1982 the sea had eroded
its way to the tuff core in the northwestern side of
the western crater (Fig. 2) and up to 120 m high
tuff cliffs were formed. This cliff profile has not
changed much since that time.

The structure of Surtla, Syrtlingur and Jolnir

Only tephra was observed having formed during
the eruptions of Surtla, Syrtlingur and J6Inir. Scu-
ba divings onto the top platform of Surtla in 1968
(Norrman 1970) and 1981 (Kokelaar & Durant
1983) revealed only loose tephra with angular lava
fragments. However, a geomagnetic measurement
carried out in 1965 indicated that Surtla has a core
of magnetic basalt (Sigurgeirsson 1966). In 1974 a
dredge haul was collected from the southeast slope
of Surtla; it consisted of fresh, dense scoria frag-
ments (Jakobsson 1982).

Diving at Syrtlingur in 1968 revealed that the top
platform was made up of coarse tephra (Norrman
1970). In 1982 two dredge hauls of fresh, dense sco-
ria and vesicular lava fragments were collected on
the east and south slopes of Syrtlingur (Jakobsson
1982). The divings to the top platform of J6Inir in
1968 and 1989 (Norrman & Erlingsson 1992) also
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showed that it was made up of tephra. Although
the magnetic measurements of 1965 may have in-
dicated that the core of Surtla is denser than the
rest of the mound, there is in fact no evidence for
the presence of dense crystalline rock, for example
basal pillow lava, at the base of Surtla, Syrtlingur
or J6lnir.

Wave climate in the Surtsey region

Surtsey is situated in region of extremes in winter
weather and wave climate. Wave data near Surtsey
have been recorded by the Icelandic Maritime Ad-
ministration since 1988. Among other things, the
data show that the largest waves in the area come
from the southwest. Significant wave heights (the
average height of one-third of the waves observed
during a given period of time) of over 16 m have
been recorded and wave peak periods of up to 20
seconds (Baldursson and Ingadéttir 2007). Waves
of these magnitudes obviously have enormous ero-
sion power, and the history of Surtsey reflects this
(see Fig. 2, and discussion below).

Previous bathymetric surveys of the Surtsey area

The history of bathymetric surveys of the area
around Surtsey is presented in a separate report
(Vésteinsson 2009). The first survey was carried
out in July 1964 and since then the Surtsey area
has been surveyed five times. These surveys have
served as a basis for the monitoring of changes of
the sea floor and their interpretaion. The multi-
beam survey of 2007 is the most recent of the sur-
veys, and allows an extrapolation of previous obser-
vations to the present day. This will be done in the
next chapter.

GEOLOGICAL FEATURES OBSERVED
IN THE BATHYMETRIC MAP

Technical notes on map

The new seafloor image of the Surtsey area is
presented as Figure 3. (see inset between p.16
and 17) The image was created using the CARIS
HIPS Multibeam Professional software, a suite of
bathymetry processing tools. CARIS HIPS is used
by the ICG Hydrographic Department for process-
ing and preparing hydrographic survey data.

The resolution of the image is variable. In the
depth range 0-30 m the resolution is 2 m, in the
depth range 30-60 m it is 3 m, 60-95 m it is 5 m
and in the depth range 95+ m the resolution of the
image is 10 m. The reason for this is the fact that
the maximum possible resolution decreases with
depth. To get the most out of the seafloor image,
in terms of feature detection on shallower areas
around Surtsey, this method of variable image reso-
lution was devised. Vertical exaggeration is tenfold
(10). This high vertical exaggeration creates wave-
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like “artifacts” most apparent on smooth surfaces
e.g. like the J6lnir mound. These waves are very
regular and can be distinguished rather easily from
natural features.

Bottom topography through time

The bathymetric surveys of the Surtsey area are
illustrated in Figure 4. The first map shows the
bathymetry of the area in 1964, during the erup-
tion. Two notable features are the Surtla mound
northeast of Surtsey, with a minimum depth of
25 metres, and an appendix extending to the
southwest from Surtsey. As discussed below, this is
thought to represent pillow lava extruded below
sea level.

The 1967 map shows the extent and shape of the
Jolnir (to the southwest), and Syrtlingur (north-
east) mounds by the end of the eruption. Mini-
mum depths of these features are displayed. The
top of Surtla has by now receded by 8 metres.

In 1973 the erosion of the three mounds had
proceeded still further. Similarly, this map indi-
cates a marked retreat of the Surtsey shoreline.
The 1985 map shows a continuing trend with still
increasing depth to J6lnir, Syrtlingur, and Surtla.
During the next 15 years, or until year 2000, the
powerful southwest waves lashed the island and
its submarine siblings to further retreat. The new
map, from 2007, suggests that submarine erosion is
slowing down, while the southwest coast of Surtsey
is still retreating.

Submarine erosion of Surtla, Syrtlinguy, and Jolnir

The erosion of the three submarine mounds
described above has been discussed previously by
Norrman (1970), Jakobsson (1982), Kokelaar &
Durant (1983) and Norrman & Erlingsson (1992).
As the top sections of Surtla, Syrtlingur and J6Inir
are built up of tephra, the submarine erosion has
until now been within unconsolidated tephra, ex-
cluding the knolls on Syrtlingur and Surtla, see be-
low. Both Kokelaar & Durant (1983) and Norrman
& Erlingsson (1992) concluded that the submarine
erosion was due to wave and current activity and
that the erosion was active on all mounds, the sedi-
ments mainly being washed over the sides of the
mounds.

In Table 1 the most reliable depth measure-
ments to the top platform of the three mounds
are presented, including the new measurements of
2007. The dates of the disappearance of the islands
of Syrtlingur and J6lnir from the sea surface are
also listed. The data show a particularly fast rate
of erosion (Fig. 5), although the rate is slowly de-
creasing. The erosion has been particularly vigor-
ous at Jolnir which disappeared as an island above
sea level in October 1966; in 2007 the depth to the
top platform of the mound at this site was 43 m.

Surtsey Research (2009) 12: 9-20  wwuw.surtsey.is
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Figure 4. The development of the sea floor topography around Surtsey, 1966-2007. Depth contours at 10 m intervals. See main
text for discussion.

A: depth soundings of July-August 1964 (Kjartansson 1966). The topography of Surtsey is based on aerial photographs from
August 1964. The irregular shape of Surtla, east northeast of Surtsey, is due to unevenly distributed soundings.

1967

500 m

B: depth soundings of July 1967 (Sigurdsson 1968). The topography of Surtsey is based on aerial photographs from August
1967.
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C: depth soundings of July 1973 (Icel. Hydrogr. Service). The topography of Surtsey is based on aerial photographs from July
1975.

1985
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D: depth soundings of June 1985 (Icel. Hydrogr. Service). The topography of Surtsey is based on aerial photographs from August
1985.
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E: depth soundings of July 2000 (Icel. Hydrogr. Service). The topography of Surtsey is based on aerial photographs from August
2000.

2007

500 m

om 20m 40m 60m 80m 100 m

F: depth soundings of July 2007 (Icel. C. G. Hydrogr. Dept.). The topography of Surtsey is based on aerial photographs from
August 2007.
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Table 1. Depth measurements (m) on Surtla, Syrtlingur and J6lnir, 1964-2007. The dates of disappearance of the islands of Syrt-

lingur and J6lnir are also listed. See Fig. 5.

Time Surtla Syrtlingur Jolnir Reference

February 1964 -23 Thorarinsson (1966)

August 1964 25 Kjartansson (1966)

October 1965 0 Thorarinsson (1969)

October 1966 0 Thorarinsson (1969)

July 1967 -33 -20 -14 Sigurdsson (1968), Norrman (1970)
July 1968 -23 —22 Norrman (1970)

July 1973 -40 -25 -28 Icel. Hydrogr. Service (1973)

June 1985 -46 =31 -36 Icel. Hydrogr. Service (1985)

July 1989 47 =32 =37 Norrman & Erlingsson (1992)

July 2000 =50 -33 —42 Icel. Hydrogr. Service (2003)

July 2007 =51 -34 —43 Icel. Coast Guard, Hydrogr. Dept. (this report)

The submarine pillow lava field

The deep seafloor immediately to the south of
Surtsey is particularly rugged (Fig. 6). The surface
is hummocky with small elongated ridges. A hydro-
graphic survey made in July-August 1964 (Fig. 4A)
shows topographic highs southwest of Surtsey, and
our evidence agrees with suggestions that this fea-
ture was formed through submarine extrusion of
lava during a period when the western lava crater
appeared quiet, between 30 April and 9 July, 1964.
This was originally suggested by Einarsson (1965),
Kjartansson (1966) and Thoérarinsson (1966), and
airborne geomagnetic field measurements carried
out in 1965 had indicated a magnetized body at
this site (Sigurgeirsson 1966). The implication was
that the magma had flowed in shallow lava tunnels
below the surface of the island. As it degassed on
its way it could be extruded as lava on the sea bot-
tom without any explosive activity.
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Figure 5. The erosion of the submarine hills of Surtla, Syrtling-
ur and Jolnir, with reference to mean depth of the top plat-
form, cf. Table 1.
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A dredge haul made in 1982 on the flank of the
topographic high (Jakobsson 1982) consisted sole-
ly of fragments of degassed pillows (Fig. 7). This
indicates that the lava was emplaced as pillow lava.
A thin section of the lava indicates similarity to the
extruded subaerial lavas of 1964 and 1965, which
have a higher content of olivine and spinel phe-
nocrysts than the first extrusives of the eruption.
This argues against an alternative possibility that
this degassed pillow lava was formed on the sea-
floor at the beginning of the Surtsey eruption in
November 1963 (cf. Kjartansson 1966, and Thoérar-
insson 1966). A seismic reflection profile (Thors &
Jakobsson 1982), crosses this area and the younger
J6Inir island, showing how the explosive volcanism
of J6lnir and its subsequent erosion (see below)
have subsequently partly buried the mound of pil-
low lava. The field of pillow lava, defined by the
above evidence (age, dredge sample, magnetic sur-
vey), is outlined on Figure 6. It is estimated to have
covered an area of 5 km? at 74-130 m depth. The
pillow lava may possibly reach a thickness of some
60-80 m (see the depth contours of mounds south-
west of Surtsey on Figure 4A), but can be estimated
to be generally some 20-30 m, indicating a volume
of 0.1-0.3 km®.

Several cases have been described where de-
gassed subaerial lava flows into the sea and contin-
ues to flow on the seafloor, in some cases several
hundred meters (cf. Moore et al. 1973, Moore &
Clague 1987). At Thingvellir in the Western Vol-
canic Zone of Iceland, the postglacial Nesjahraun
lava flowed into lake Thingvallavatn and spread
out in deep water (Thors 1992).

The erosional platform of Surtsey
The shallow erosional platform around Surtsey is

seen (Figs. 3 and 6) to have a rough surface. In the
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Figure 6. The submarine pillow lava field according to the new map. A cut-out from Figure 3. The estimated extent of the pillow
lave is indicated along with flow directions of the lava from the western lava crater Surtungur. The site of the dredge haul of 1982
is shown, taken before the J6lnir mound expanded further due to submarine erosion.

south, this is easy to explain. This is the area where
lava flowed into the sea during the eruption, slowly
increasing the size of the island. This will have re-
sulted in an accumulation, below sea level, of brec-
ciated and glassy basalt products, while a solid lava
was formed above sea level. The submarine mate-
rial would be easily eroded compared to the lava,
and as the post-eruptive coastline was cut back by
the enormous waves of winter storms, a spread of
large blocks broken from the lava cliffs would be
expected on the seafloor, intermixed with the re-
mains of the weaker sublayer.

In the north, lava did not reach the sea during
the eruption, so the rough surface of the erosional
platform has to be explained partly by blocks and
boulders carried from the southern side of the is-
land. In addition to a rocky surface, there appear
to be shore-parallel ridge forms in the bottom to
the south of the island. These may represent events
of erosion, or rocks resistant to erosion.

The rocky nature of the erosional platform un-
derlines the high-energy environment at Surtsey.
This is not an area where sediments accumulate in
shallow water.

Surtsey Research (2009) 12: 9-20  wwuw.surtsey.is

5cm

Figure 7. Photograph of a degassed pillow lava fragment,
dredged in 1982, sample NI 8068. The position of the dredge
is shown in Figure 6.
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Slope failure of Surtsey

The northern submarine slope of Surtsey is cut
by a few canyons which are indicative of slope fail-
ure and sediment transport in the form of debris
flow or turbidity currents into deeper water. These
features are clearly displayed in Figure 3, which
shows three major canyons cut far into the slope.
One or two shallower canyons may be identified in
the slope.

Although the resolution of the data does not al-
low one to trace individual sediment flows from
shallow to deep water, it seems clear that a number
of elongate sediment bodies extend from the bot-
tom of slope out onto the flat seafloor north of
Surtsey. This suggests that sediment flow has taken
place over a period of time and probably is an on-
going process on the northern submarine slope.
The shape of the larger canyons suggests that
possibly more than one event of slope failure was
responsible for their formation. The easternmost
canyon, for example, is a wide, open feature, in-
dicating that initially a large area suffered slope
failure. Into the northern part of this feature is cut
a smaller canyon which can be traced all the way
down slope and into deep water. It seems clear that
this is a younger feature, and may serve as a tem-
porary conduit for sediment transport down the
slope.

The concentration of submarine canyons at the
northern slope calls for an explanation. We sug-
gest that this results from the nature of erosion
and resultant sediment transport in shallow water.
The chief forces of erosion in Surtsey are the enor-
mous waves occasionally hitting the island from
the southwest (cf. above). The erosional debris is
washed around the island where some of it goes
to the building up, and maintaining, the northern
spit. The reminder serves to build up a sediment
platform, or terrace. Periods of rapid sedimenta-
tion would make the sediment pile unstable and
liable to slope failure. Similarly, earthquakes, such
as the large ones occurring in southern Iceland in
2000 and 2008 would act as triggers for events of
this nature.

This is not the first indication of slope failure
at Surtsey. Norrman (1970) described depth meas-
urements off northwestern Surtsey that showed
canyons cut into the submarine slope. He also re-
ported on work by a diver, who observed trains of
boulders on the slope embedded in sand at the
angle of repose. The implication is that this was
material waiting for the next event of transport
down slope.

Consolidation of the core of Syrtlingur and Surtla

The new bathymetric map shows two promi-
nent knolls on the top platform of Syrtlingur and
four on the crest of Surtla (Fig. 3). The Syrtlingur

18

knolls have a length of 40-50 m and rise vertically
to a height of 15 m above the surroundings. The
Surtla knolls have a diameter of about 20-25 m
and appear to rise to a height of 4 m above the
surroundings.

The side-scan sonar study of 1989 (Norrman &
Erlingsson 1992) had already revealed the pres-
ence of these knolls on Surtla and Syrtlingur, al-
though they appeared considerably smaller at that
time, due to a lesser degree of erosion of the te-
phra. A small rock sample was collected from the
westernmost knoll on Syrtlingur in 1989 (Norrman
& Erlingsson 1992). The sample is of semi-consoli-
dated palagonite tuff. Judging from the degree of
palagonitization and formation of secondary min-
erals, the rock is at the first stage of alteration and
consolidation of basaltic tephra to palagonite tuff
(Jakobsson 1978, Jakobsson & Moore 1986). The
temperature of alteration of the collected sample
is tentatively estimated to have been at or below 60
°C. This leads us to conclude that the knolls repre-
sent tephra which has undergone palagonitization
in the vicinity of the volcanic conduit, and that the
higher temperatures caused by this setting led to
palagonite-tuff formation to higher level than else-
where.

The presence of palagonite tuff proves that a
hydrothermal system was established in Syrtlingur
and Surtla and strongly indicates that the tephra
in the core section is consolidated and altered.
Norrman & Erlingsson (1992) did not observe any
temperature anomalies at Syrtlingur in 1989, so
presumably the hydrothermal system had already
cooled considerably down at that time. As the oth-
er knolls on Syrtlingur and Surtla are of compara-
ble shape and size, it is reasonable to conclude that
they are also made up of palagonite tuff. Although
no knolls have so far been observed on Jélnir it
cannot be ruled that its core is made up of palago-
nite tuff.

It is of interest to note that an acoustic study in
1989 indicated a prominent seismic reflector in
the central parts of Surtla and J6lnir. Norrman &
Erlingsson (1992) speculated that this reflector is
indicative of a steep temperature gradient, from
ambient temperatures to 50-100 °C, at a depth of
less than 10 m below the surface. Independently,
this could indicate that the lower parts of Surtla
and J6lnir are now made up of palagonite tuff. The
presence of palagonite tuff in the core section of
Syrtlingur, and possibly Surtla and J6lnir, has im-
portant implications for the evaluation of the ori-
gin of other submarine mounds and ridges which
are very common on Vestmannaeyjagrunn (Thors
& Helgason 1988).
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Erosional (?) features in deep water

The seafloor around Surtsey received a rain of
volcanic ash during the eruption and was presum-
ably covered by this material by the end of volcanic
activity. One might therefore expect to see around
Surtseyarelatively flatseafloor of volcanic sediment,
reworked, perhaps, by storm events. The deep bot-
tom (100 to 130 m) illustrated by the bathymetric
map is, on the contrary, characterized by low scarps
separating relatively flat tracts. Although gradients
are very small, some sort of slumping mechanism
might be involved. There is, however, no evidence
of slumped material down slope from the scarps.
Furthermore, the shape of the scarps does not re-
semble slump scarps. We suggest therefore that the
features are erosional in origin.

If the scarps and intervening flat bottom are the
result of erosion, it is worth noting that the fea-
tures appear to be associated with Surtsey, and dis-
appear to the northwest and southeast. This could
be taken to stem from stronger currents near the
island such as might be expected where a water
mass flows around an obstacle.

EVIDENCE OF CURRENT TRANS-
PORT OF SEDIMENT

The new bathymetric map provides evidence of
sediment movement in relatively deep water near
Surtsey. Near the northeast corner of the map (Fig.
3) a field of sand waves is seen with wave crests ap-
proximately transverse to water movements from
the southwest. The sand waves occur in water
depths of less than 70 metres to about 90 metres.

ACKNOWLEDGEMENTS

We are most grateful to the Surtsey Research
Society for logistic support. Critical reviews of the
manuscript by Pdll Einarsson and Sigurdur Stein-
thorsson are greatly appreciated.

References

Baldursson, S. & A. Ingadottir (eds.) 2007. Nomination of Surts-
ey for the UNESCO World Heritage List. Icelandic Institute
of Natural History, Reykjavik, 123 pp.

Einarsson, Th. 1965. Gosid i Surtsey i mali og myndum. Heims-
kringla, Reykjavik, 52 pp.

Icelandic Hydrographic Service 1973. Survey sheet of Surtsey
SV 89, Scale 1:15,000. Reykjavik.

Icelandic Hydrographic Service 1985. Survey sheet of Surtsey
SV 146, Scale 1:10,000. Reykjavik.

Icelandic Hydrographic Service 2003. Nautical chart of Vest-
mannaeyjar No. 321, Scale 1:50,000. Reykjavik.

Jakobsson, S.P. 1978. Environmental factors controlling the
palagonitization of the Surtsey tephra, Iceland. Bull. Geol.
Soc. Denmark 27: 91-105.

Jakobsson, S.P. 1979. Petrology of Recent basalts of the East-
ern Volcanic Zone, Iceland. Acta Naturalia Islandica 26, 103

Pp-
Jakobsson, S.P. 1982. Dredge hauls from Vestmannaeyjagrunn,
Iceland. Surtsey Res. Prog. Rep. 9: 142-148.

Surtsey Research (2009) 12: 9-20  wwuw.surtsey.is

Jakobsson, S.P. & J.G. Moore 1982. The Surtsey Research Drill-
ing Project of 1979. Surtsey Res. Prog. Rep. 9: 76-93.

Jakobsson, S.P. & ].G. Moore 1986. Hydrothermal minerals and
alteration rates at Surtsey volcano, Iceland. Geol. Soc. Amer.
Bull. 97: 648-659.

Jakobsson, S.P., G. Gudmundsson & J.G. Moore 2000. Geologi-
cal monitoring of Surtsey, Iceland, 1967-1998. Surtsey Re-
search 11: 99-108.

Kjartansson, G. 1966. Stapakenningin og Surtsey. (Engl.
summ.: A comparison of tablemountains in Iceland and the
volcanic island of Surtsey off the south coast of Iceland.)
Nattarufraedingurinn 36: 1-34.

Kokelaar, B.P. & G.P. Durant 1983. The submarine eruption
and erosion of Surtla (Surtsey), Iceland. Journ. Volcanol.
Geotherm. Res. 19: 239-246.

Moore, J.G., R.L. Philips, R'W. Grigg. D.W. Peterson & D.A.
Swanson 1973. Flow of lava into the sea, 1969-1971, Kilauea
volcano, Hawaii. Geol. Soc. Amer. Bull. 84: 537-546.

Moore, J.G. & D. Clague 1987. Coastal lava flows from Mauna
Loa Hualalai volcanoes, Kona, Hawaii. Bull. Volcanol. 49:
752-764.

Moore, J.G., S.P. Jakobsson & J. Hélmjarn 1992. Subsidence of
Surtsey volcano, 1967-1991. Bull. Volcanol. 55: 17-24.

Norrman, J.O. 1970. Trends in postvolcanic development of
Surtsey island. Progress report on geomorphological activi-
ties in 1968. Surtsey Res. Progr. Report 5: 95-112.

Norrman, J.O. 1980. Coastal erosion and slope development
in Surtsey island. Zeitschr. Geomorph. Suppl.-Bd. 34: 20—
38.

Norrman, J.O. 1985. Stages of coastal development in Surtsey
island. /n Guttormur Sigbjarnarson (ed.), Proceed., Iceland
Coastal and River Symposium, p. 33—40.

Norrman, J.O. & U. Erlingsson 1992. The submarine morphol-
ogy of Surtsey volcanic group. Surtsey Res. Progr. Rep. 10:
45-56.

Sheridan, MLF. 1972. Textural analysis of Surtsey tephra. A pre-
liminary report. Surtsey Res. Progr. Rep. 6: 150-151.

Sigurdsson, P. 1968. Report on hydrographic surveys at Surtsey
1967. Surtsey Res. Progr. Rep. 4: 171-172.

Sigurgeirsson, Th. 1966. Geophysical measurements in Surtsey
carried out during the year of 1965. Surtsey Res. Progr. Rep.
2: 181-185.

Sigurgeirsson, Th. 1974. Final report on geomagnetic measure-
ments on Surtsey. Surtsey Res. Progr. Rep. 7: 91-94.

Sturkell, E., P. Einarsson, H. Geirsson, E. Tryggvason, ]J.G.
Moore, & R. Olafsdéttir 2009. Precision levelling and geo-
detic GPS observations performed on Surtsey between 1967
and 2002. Surtsey Research 12: 39-47.

Thoérarinsson, S. 1966. Sitt af hverju um Surtseyjargosid. (Engl.
summ.: Some facts about the Surtsey eruption.) Nattdru-
fraedingurinn 35: 153-181.

Thoérarinsson, S. 1967. Surtsey. The new island in the North
Atlantic. Viking Press Inc., New York, 115 pp.

Thoérarinsson, S. 1969. Sidustu thaettir Eyjaelda. (Engl. summ.:
The last phases of the Surtsey eruption.) Nattarufraed-
ingurinn 38: 113-135.

Thoérarinsson, S., Th. Einarsson, G.E. Sigvaldason & G. Elis-
son 1964. The submarine eruption off the Vestmann Islands
1963-64. A preliminary report. Bull. Volcanol. 27: 435-445.

Thoérdarson, Th. 2000. Physical volcanology of lava flows on
Surtsey, Iceland: A preliminary report. Surtsey Research 11:
109-126.

Thors, K. 1992. Bedrock, sediments, and faults in Thingvalla-
vatn. Oikos 64: 69-79.

Thors, K. & S.P. Jakobsson 1982. Two seismic reflection profiles
from the vicinity of Surtsey, Iceland. Surtsey Res. Progr. Rep.
9: 149-151.

Thors, K. & J. Helgason 1988. Jardlog vid Vestmannaeyjar.
Afangaskyrsla um jardlagagreiningu og kénnun nedansjavar-

19



eldvarpa med endurvarpsmaelingum. (In Icelandic.) Haf-  Vésteinsson, A.Th. 2009. Surveying and charting the Surtsey
rannsoknastofnunin, Fjolrit 16, 41 pp. area. Surtsey Research 12: 49-53.
Thorsteinsson, Th. & M.T. Gudmundsson 1999. Gravity model
studies of the volcanic island Surtsey, Iceland. Jokull 47:
89-96.

20 Surtsey Research (2009) 12: 9-20  wwuw.surlsey.is



Xenoliths of exotic origin at Surtsey volcano, Iceland

REYNIR FJALAR REYNISSON! & SVEINN P. JAKOBSSON?

'Norwegian University of Science and Technology, Department of Petroleum Engineering and Applied Geophysics,
S. P. Andersens vei 15A, 7491 Trondheim, Norway, Reynir.Reynisson@NGU.NO
?The Icelandic Institute of Natural History, P.O.Box 5320, 125 Reykjavik, Iceland.

ABSTRACT

Numerous xenoliths of considerable diversity have been collected from the tephra pile of the Surtsey
volcanic island. In total, 102 samples were classified as of foreign origin and studied further. Thin sec-
tions were available of 71 samples and they were analysed with the aid of the petrological microscope.
The other 31 samples were studied by macroscopic observations. Many of the xenoliths display irregular
shapes and have a combination of sharp edges, rough surfaces, and smoothly weathered faces as can be
expected from ice-rafted debris (IRD). In addition, the samples are poorly sorted which further suggests
IRD origin. Iceberg-producing outlet glaciers north of Iceland are primarily in East Greenland and to a
lesser extent on Kvit @Pya, Franz Joseph Land, and Novaya Zemlya. By comparing the rock type classifica-
tion of the samples to bedrock maps of the main iceberg-producing areas, a further indication on origin
was established. At least 90% of the samples could be originated from Daugaard-Jensen glacier which is
the most fertile iceberg producer north of Iceland and therefore has to be considered the most likely

origin of the exotic xenoliths.

INTRODUCTION

Numerous xenoliths have been collected from
the volcanic island Surtsey, most of them by scien-
tists at the Icelandic Institute of Natural History.
The xenoliths are of considerable diversity, varying
from angular basalt rock fragments to well rounded
gneiss. More than 100 of the sampled xenoliths are
of rock types that cannot be of Icelandic origin.

Rocks of foreign origin in Iceland have for
long attracted the attention of nature observers.
In the late 18th century, Sveinn Pdlsson (1945)
noted several rocks around the Iceland coast
that he concluded were of foreign origin. Thor-
valdur Thoroddsen (1958-1960) observed gran-
ite, quartzite and schist on his travel on the North
coast of Iceland in 1895. Several other observa-
tions of foreign rock types have been documented
(Noe-Nygaard 1950, Einarsson 1963, Lindal 1964,
Thoérarinsson 1966b, Einarsson 1969, Kjartansson

Surtsey Research (2009) 12: 21-27  www.surlsey.is

1970, Johannesson 2000) and many samples have
been collected by scientists at the Icelandic Insti-
tute of Natural History (Jakobsson 1982). Clasts of
petrological composition foreign to Iceland have
been noted in Early Pleistocene rocks in Iceland
(e.g. Eiriksson 1981) and in Holocene and Late
glacial marine sediments (e.g. Knudsen & FEiriks-
son 2002, Haflidason et al. 2000). It is commonly
believed that these rocks were brought to Iceland
either as ballast in ships or with icebergs.

This report is based on a B.Sc. thesis submit-
ted at the University of Iceland in the spring 2004
(Reynisson 2004). The aim of the research was to
identify the rock types believed to be of foreign
origin that were found on Surtsey. Petrological
microscopy of thin sections and macroscopical
examination of hand specimens were used to clas-
sify the rocks and observe morphological proper-
ties. The aim was also to propose a likely place of
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Figure 1. The four most prolific collection areas of exotic xe-
noliths on Surtsey. All four locations are in the proximity of the
border of loose tephra and underlying palagonite tuff. Modi-
fied from Jakobsson (2000) and Jakobsson et al. (2000).

origin and way of transport for the foreign rock
types.

The xenoliths were all found in the tephra (Fig.
1) which formed during the submarine explosive
phase of the Surtsey eruption, from November
1963 to April 1964 (Thoérarinsson 1966a). The te-
phra formed two merged crescent-shaped cones.
It has been subject to hydrothermal alteration and
in 1998 some 80-85% of the remaining tephra pile
above sea level had been altered to palagonite tuff
(Jakobsson et al. 2000).

EXOTIC XENOLITHS ON SURTSEY

All xenoliths from Surtsey which are registered
in the rock collection of the Icelandic Institute of
Natural History, Reykjavik, were examined and the
samples likely to be of foreign origin were analysed
further. Coarse-grained rocks apart from gabbro
were considered to be of foreign origin, as well as
all medium and high grade metamorphic rocks and
all sedimentary rocks containing high amounts of
quartz or carbonate. A total of 102 samples were
classified as of foreign origin. Figure 2 shows some
typical samples and variation in kind, shape, and
size.
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The morphological properties of the chosen
samples were examined and classified according to
the classification schemes of the British Geological
Society (Gillespie et al. 1999, Hallsworth & Knox
1999, Robertson 1999). The classification scheme
is based as far as possible on actual, descriptive at-
tributes and is essentially non-genetic. The hierar-
chical approach of the scheme allows a name to
be assigned to a rock at the level of the hierarchy
most appropriate to the rock type and level of in-
formation available. Thin sections were available
of 71 samples and they were analysed with the aid
of the petrological microscope. The remaining 31
samples were studied by macroscopic observation.
Table 1 lists the classification of all the studied sam-
ples.

The first sample was found on Surtsey as early as
in the summer of 1967 and samples are still being
collected. The locations of the findings are very
disperse but four areas have been the most pro-
lific (Fig. 1). Most of the xenoliths have been col-
lected immediately under or on the slopes of the
two prominent tuff cones. Eolian erosion of both
tephra and tuff has been heavy in these areas, leav-
ing xenoliths on the surface.

Sedimentary xenoliths that are believed to be
from the ocean floor prior to the eruption have
also been found on Surtsey. Observations on fossils
from these xenoliths and two carbon age determi-
nations indicate that the xenoliths are Holocene
in age (Alexanderson 1972, Simonarson 1974). In
addition, about one third of the exotic xenoliths
have remnants of a sedimentary coat to some ex-
tent. The coat appears to be of the same compo-
sition as the sedimentary xenoliths, i.e. volcanic
clast. Therefore it is feasible to assume that the
exotic xenoliths studied in this report were part
of young sediment having accumulated on the sea
floor prior to the eruption.

ORIGIN OF THE EXOTIC XENOLITHS

Most of the exotic xenolith samples were classi-
fied as pebbles and a few as cobbles (Fig. 3). One
sample stands out in terms of size (23x23x17 cm)
and is the only exotic xenolith that is big enough
to be assumed to be from ballast. All the other sam-
ples are too small to be potential ballast. Further-
more it is highly unlikely that a high concentration
of ballast is to be found on the ocean bottom in the
Surtsey area as it is not close to any harbor.

Icebergs are the main mechanism by which
coarse-grained terrestrial debris can be transported
to the ocean bottom (Dowdeswell et al. 1998, Co-
faigh et al. 2001). The morphological aspects dis-
played by the majority of the samples suggest that
after they were detached from abraded exposures
they were not modified by subsequent abrasion,
as can be expected from ice-rafted debris (IRD)
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Figure 2. Typical samples of the exotic xenoliths from Surtsey showing the variety in size, shape, and rock type. The top row is a
selection of sedimentary rocks, the middle row contains metamorphic rocks and the bottom row represents igneous rocks. Note
the irregular shapes and the combination of rough, broken faces and smoothly worn faces. It should be noted that some of the
samples have been cut. Numbers are sample numbers of the Icelandic Institute of Natural History, see Table 1.

(Linthout et al. 2000). Many samples are of irregu-
lar shapes and have a combination of sharp edges,
rough surfaces, and smoothly weathered faces. In
addition, range of observed sizes is consistent with
IRD origin (Dowdeswell et al. 1998).

Ocean currents generally control the route
icebergs are transported and the drift speed is
influenced by winds (Bigg et al. 1997). Because
ocean currents have not changed much during
the Holocene (Bond et al. 2001) today’s currents
are indicative of the routes icebergs have travelled
during the Holocene (Fig. 4). Therefore it can be
assumed that the origin of the icebergs that depos-
ited the exotic xenoliths is somewhere up-current
of the deposition site.

Iceberg-producing outlet glaciers north of Ice-
land are primarily in East Greenland and to a
lesser extent on Kvit @ya, Franz Joseph Land, and
Novaya Zemlya (Wadhams 1986). The main con-
tributors to iceberg production in East Greenland
are the fast-flowing Daugaard-Jensen and Vestfjord
glaciers which calve into Scoresby Sund (Cofaigh
et al. 2001). Storstrommen glacier and De Geer
glacier are also significant producers of icebergs
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Figure 3. Size distribution of the exotic xenoliths from Surt-
sey. Most of the samples are pebbles and only a few are cob-
bles. Vertical axis is percentage of total number of samples.
Horizontal axis is the mean diameter of the samples on Phi
scale.
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Table 1. Principal type classification and assigned rock names of the studied samples. Samples that were studied microscopically
have thin section numbers.

Sample No.  Thin Section No. Principal Type Rock Name
7971 N-3826 Igneous Alkali-feldspar-granite
9745 N-1979 Igneous Alkali-feldspar-granite
9748 N-1981 Igneous Alkali-feldspar-granite
22960 N-3831 Igneous Alkali-feldspar-granite
12352 Igneous Granitic-rock
12356 Igneous Granitic-rock
9744 N-1978 Igneous Granodiorite
9753 N-1985 Igneous Granodiorite
9997 Igneous Micro-dioritic-rock
10724 Igneous Micro-dioritic-rock
22877 Igneous Micro-dioritic-rock
22958 Igneous Micro-dioritic-rock
9751 Igneous Micro-granitic-rock
10718 N-3847 Igneous Micromonzogranite
9756 N-1990 Igneous Micro-quartz-rich-granitic-rock
9750 N-1986 Igneous Microsyenogranite
9764 N-1997 Igneous Microsyenogranite
12375 N-3828 Igneous Microsyenogranite
13306 N-3861 Igneous Microsyenogranite
9746 N-3827 Igneous Monzogranite
11587 N-3851 Igneous Monzogranite
15381 N-3862 Igneous Monzogranite
22976 N-3836 Igneous Monzogranite
9747 N-1980 Igneous Quartz-alkali-feldspar-syenite
15379 Igneous Quartz-rich-coarse-grained-crystalline-rock
879 N-1984 Igneous Syenogranite
7970 N-3845 Igneous Syenogranite
9743 N-106 Igneous Syenogranite
9752 N-1983 Igneous Syenogranite
9763 N-1996 Igneous Syenogranite
12226 N-2668 Igneous Syenogranite
13304 N-3859 Igneous Syenogranite
15387 N-3864 Igneous Syenogranite
22883 N-3868 Igneous Syenogranite
22961 N-3835 Igneous Syenogranite
22968 N-3834 Igneous Syenogranite
9758 N-1992 Igneous Tonalite
10723 N-3850 Metamorphic Biotite-chlorite-garnet-bearing schist
9765 N-1998 Metamorphic Biotite-muscovite gneiss
15385 N-3863 Metamorphic Feldspar-amphibole-plagioclase-chlorite-bearing gneiss
20616 N-3865 Metamorphic Feldspar-plagioclace-epidote-chlorite gneiss
9762 N-1995 Metamorphic Feldspar-plagioclase-biotite gneiss
9760 Metamorphic Gneiss
10725 Metamorphic Gneiss
13308 Metamorphic Gneiss
12353 Metamorphic Gneissose granite
10716 N-3828 Metamorphic Gneissose-biotite-amphibole syenogranite
9766 N-3846 Metamorphic Gneissose-biotite-myrmekite syenogranite
10717 N-3829 Metamorphic Gneissose-chlorite-clinopyroxen-muscovite metagranite
9759 N-1993 Metamorphic Granofelsic-chlorite-bearing metafelsic-rock
9735 N-2007 Metamorphic Layered-biotite semipelite
13305 N-3860 Metamorphic Layered-muscovite quartzite
12388 Metamorphic Lineated semipelite
24 Surtsey Research (2009) 12: 21-27  wwuw.surlsey.is



22957
9720
9761

10720

22880
9719

22966
9757
9721

12355

10726

12350

12354

15384

15389

22058

22962
9755

21533

10719

12368
7973
9723
9727

11585

15156

22977

22978

11037

12367

15157
9732
9754
9733
9722
9731

12348

12369
9730

11586
9726
9749
9734

15155
9724

12357

12374

22967
9725

N-3869
N-2001
N-1994
N-3849
N-3867
N-1999
N-3833
N-1991
N-2000
N-3854

N-3866

N-1989

N-3848

N-2320
N-2003

N-3837
N-3870

N-3856

N-2045
N-1987
N-2048
N-2002
N-2006
N-3852
N-3857
N-2005

N-1982

N-2043

N-2044

N-2004

Metamorphic
Metamorphic
Metamorphic
Metamorphic
Metamorphic
Metamorphic
Metamorphic
Metamorphic
Metamorphic
Metamorphic
Metamorphic
Metamorphic
Metamorphic
Metamorphic
Metamorphic
Metamorphic
Metamorphic
Metamorphic
Metamorphic
Metamorphic
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
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Lineated-muscovite semipelite
Lineated-muscovite-biotite semipelite
Metacarbonate-rock
Muscovite-biotite-bearing quartzite
Mylonitic-porphyroclastic-muscovite-chlorite-garnet phyllonite
Phyllitic-garnet-bearing semipelite
Phyllitic-muscovite-chlorite semipelite
Porphyroblastic-garnet amphibolite
Pyllitic-muscovite-rich pelite
Quartz-feldspar-muskovite orthogneiss
Quartzite

Quartzite

Quartzite

Quartzite

Quartzite

Quartzite

Quartzite

Quartz-plagioclace-biotite gneiss
Quartz-rich-medium-grained-crystalline-rock
Slaty-muscovite-epidote semipelite
Dolomite-sparstone

Dolostone

Dolostone

Dolostone

Dolostone

Dolostone

Feldspathic-wacke

Feldspathic-wacke

Feldspathic-wacke

Limestone

Limestone

Lithoclastic feldspathic-arenite
Lithoclastic silicate-mudstone
Organic limestone

Quartz-arenite

Quartz-wacke

Quartz-wacke

Quartz-wacke

Siliciclastic dolostone

Siliciclastic dolomite-sparstone
Siliciclastic dolostone
Subfeldspathic-arenite
Subfeldspathic-wacke

Thin-laminated dolostone
Thin-laminated siliciclastic dolostone
Very-thin-laminated dolomite-sparstone
Very-thin-laminated dolostone
Very-thin-laminated dolostone
Very-thin-laminated siliciclastic dolostone
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Figure 4. Surface currents in the Arctic region. Modified from
AMAP 1998.

in East Greenland (Reeh 2004, Koch 1945). Most
icebergs remain at or near their glaciers of ori-
gin, because of grounding or because of adverse
winds and currents. Fjords which are wide enough
to have a gyral circulation can discharge icebergs
more easily. Thus the most fertile iceberg-produc-
ing fjord in East Greenland is Scoresby Sund. Most
icebergs produced on Kvit @ya, Franz Joseph Land,

and Novaya Zemlya appear to go aground in the
Barents or Kara Seas, and a true iceberg in the ice
drift emerging from the Trans-Polar Drift Stream
into the East Greenland Current is rare (Wadhams
1986).

By comparing the rock-type classification of the
exotic xenoliths from Surtsey to bedrock maps of
areas surrounding the aforementioned glaciers, a
further indication on origin was established (Es-
cher & Pulvertaft 1995, Dallmann et al. 2002, Hjelle
1993, Ministry of Geology of the USSR 1980). The
proportion of the exotic xenoliths that can be ac-
counted for in areas surrounding the glaciers of
interest, is assumed to be indicative of probable
origin of the samples. Figure 5 summarises the
results of the comparison. East Greenland offers
a wide variety of rock types and the full variation
of the samples collected on Surtsey can be traced
to rock units exposed in East Greeland. At least
90% of the samples could have originated from
Daugaard-Jensen glacier which is the most fertile
iceberg producer north of Iceland and therefore
that glacier has to be considered the most likely
origin of the exotic xenoliths.
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Chemical composition of hydrothermal water and water-rock
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ABSTRACT

A continuously cored drill hole was drilled on Surtsey in 1979 in order to study the structure of the
volcano and the hydrothermal alteration of tephra formed during the Surtsey eruption. The drill hole
has provided important insights into the character of the hydrothermal system in the volcano. The basalt
tephra in Surtsey has been observed to alter rapidly within the hydrothermal system, concluding with the
consolidation of the tephra into palagonite tuff. The temperature in the drill hole has been measured
regularly, and samples of water for chemical analysis have been collected occasionally. The composition
of the water in the well is basically that of seawater, but shows slight water-rock interaction. In 2002 a hot
spring with a temperature of 82°C was discovered on the northwestern shore of the island. The chemi-
cal composition of the water in the hot spring shows direct mixing of seawater and rainwater, with some

water-rock interaction.

INTRODUCTION

Surtsey island is a part of the Vestmannaeyjar
archipelago. It was constructed from the sea floor
in a volcanic eruption that lasted from 1963 to
1967 (Thorarinsson 1966, 1969, Thoérarinsson et
al. 1964). During the hydromagmatic explosive
submarine phase of the eruption, from November
1963 to April 1964, basalt tephra was produced.
The tephra layers formed two crescentshaped
cones which merged.

The Surtsey eruption evolved from an explosive
phase into an effusive phase at the western crater
in April 1964. Altogether, seven craters and crater
fissures emitted lava between April 1964 and June
1967. The first major effusive phase (1964-1965)
produced a lava shield reaching 100 m above sea
level, while the second phase (1966-1967) pro-
duced a 70 m high lava shield. Together they form
a lava field that slopes gently to the south and east.
In addition there are five small lava flows on the
slopes of Austurbunki (Fig. 1).

Surtsey Research (2009) 12: 29-38  wwuw.surtsey.is

Apart from Surtsey, eruptions occurred on the
sea floor at three sites. About 2.5 km north-north-
east of Surtsey, a submarine tephra ridge, Surtla,
was built up in December 1963 and January 1964.
At a distance of 0.6 km to the east-northeast of
Surtsey, explosive activity formed the island of Syrt-
lingur in 1965. In 1965-1966 yet another island,
called J6lnir, was formed by explosive activity 1 km
southwest of Surtsey. Today, however, only subma-
rine platforms remain of these two islands.

Due to heavy marine erosion (Jakobsson et al.
2000), the surface area of Surtsey has been reduced
from a maximum of 2.65 km? in 1967 to 1.40 km?
in 2006, and high tuff and lava cliffs have formed.
Marine erosion had worn its way to the tuff core at
the northwestern cliffs of the island by 1980.

DRILL HOLE SE-1 ON SURTSEY

In the summer of 1979 a continuously cored
drill hole was drilled in Surtsey (Jakobsson &
Moore 1982). The drill site (Fig. 1) is located at
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Fig. 2. Water sample collected downhole from drill hole SE-1
at Austurbunki in 1990.
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the southeastern edge of the Surtur tephra crater,
at 58 m above sea level. Figure 2 shows the top
of the drill hole in 1990. The total depth of the
well was 181 m, and it is believed that the bottom
of the hole is only a few meters from the old sea
floor. Drilling had to be terminated at this depth
due to very loose material from which cores could
not be recovered. The well has an steel casing to
165 m depth. The main purpose of the drilling
was to obtain a core for studying the structure of
the island and the hydrothermal alteration of the
tephra formed during the Surtsey eruption. The
core has been described in detail by Jakobsson &
Moore (1982, 1986).

HYDROTHERMAL ANOMALY

In the spring of 1967, a mild hydrothermal
anomaly was discovered at the surface in Austur-
bunki. The extent of this anomaly is clearly related
to the distribution of lava craters (Friedman and
Williams 1970). The hydrothermal area at the
surface continued to expand until approximately
1979, when the expansion ceased, presumably be-
cause tephra consolidation had started to affect
the heat flux through the rock. Since about 1995,
surface temperatures appear to have been on the
decline. Vapour emissions are, however, still vis-
ible from many open fissures. In the tuff cones,
the highest near-surface temperatures within the
hydrothermal area have typically been about 97—

Surtsey Research (2009) 12: 29-38  www.surtsey.is
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Fig. 3. Temperature measurements in the drill hole in Septem-
ber 1980 and August 2004. The seawater level is at a depth of
58 m. The drill hole is cased down to a depth of 165 m.

100°C, indicating how vapour dominates the heat
flux above sea level.

The basalt tephra has been observed to alter
rapidly within the hydrothermal portions of Surts-
ey, concluding with consolidation of the tephra
into palagonite tuff, first observed at the surface
in 1969. During the alteration process, the original
glass shards in the tephra are chemically altered and
hydrated to produce palagonite (Jakobsson 1978).
A number of chemical elements are released from
the original glass in the tephra to form an array of
new secondary minerals, which eventually fill the
voids in the rock and cement its particles togeth-
er (Jakobsson & Moore 1986). It is estimated that
some 85-90% of the volume of the tephra cones
above sea level had been changed to dense palag-
onite tuff by 2006. Because of this alteration and
compaction of the tephra, the rock is considerd

to become gradually impermeable, with heat flux
mainly taking place along fractures in the rock.

The drill hole has provided important insights
into the character of the hydrothermal system
in the volcano. These data, along with studies at
the surface, strongly suggest that the heat in the
hydrothermal system was provided by intrusions
which formed both below and above sea level in
1965 and 1966 at Vesturbunki, and in December
1966 and January 1967 at Austurbunki. Lava extru-
sions in these areas probably contributed as well
(Jakobsson & Moore 1982, 1986, Stefansson et al.
1985, Jakobsson et al. 2000). Temperature logs in
the drill hole, shown in Figure 3, indicate a gen-
eral cooling of the hydrothermal system, with the
maximum temperature at 105-110 m depth declin-
ing from a calculated value of 154°C in 1966 and
1967 to a measured temperature of 130°C in 2004
(Jakobsson et al. 2000).

Figure 4 shows a cross section of Surtsey, from
northwest to southeast. The information on the
geometry of the hydrothermal system and the al-
teration of the tephra is based on observations dur-
ing the eruption, surface geology, sea floor topog-
raphy, and drill hole data. It is inferred that cold
sea water enters the hydrothermal system through
deep porous layers. The water is heated by contact
with dikes and intrusions, produces alteration of
the tephra, and then rises and presumably flows
back into the sea.

In the summer of 2002 a hot spring with a tem-
perature of 78°C was discovered on the northwest-
ern shore (Figs. 5 and 6), where hot water was
flowing from a 15-20 m long fissure with a north-
easterly trend. In 2006 the temperature was 82°C,
but in the summer of 2008 the hot spring proved
to be inaccessible, as it was now below sea level,
due to marine erosion.
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Fig. 4. A cross section through the Surtsey volcano, from northwest to southeast. It is inferred that the tephra within the suggested

hydrothermal system is transformed into palagonite tuff.
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Fig. 5. The hot spring at the northwestern shore of Surtsey
in August 2006. The cliff to the left is made up of palagonite
tuff, originally formed as tephra in hydromagmatic explosions
in 1964.

WATER SAMPLES

Sample locations

Samples for chemical analysis of water were col-
lected at several locations on Surtsey from 1985 to
2006. On four occasions samples were collected
from drill hole SE-1 (Fig. 2). The samples were

Table 1. Water samples collected on Surtsey 1985 to 2006.

Fig. 6. A closer view of the hot spring.

collected by a downhole sampler at two depth in-
tervals in the drill hole, at 55 to 65 m depth, close
to the water level, and at 167 to 177 m depth, be-
low the well casing. All the samples from the drill
hole are listed in Table 1. Water level monitoring
has revealed that the tidal amplitude in the well is
about 80% of the amplitude in the surrounding
ocean.

Sample id. Date Depth (m) Sample id. Date
Drill hole ~ 55 m depth Dug pit
19850230 1985-08-05 55 19850234 1985-08-06
19850231 1985-08-05 65 19860099 1986-07-17
19850232 1985-08-05 55 19860100 1986-07-18
19860094 1986-07-17 58 19860101 1986-07-18
19880100 1988-08-11
Drill hole ~ 175 m depth Seawater
19860095 1986-07-16 167 19850233 1985-08-05
19860096 1986-07-16 170 19880101 1988-08-10
19860097 1986-07-17 177 Rainwater
19880103 1988-08-10 176 19880102 1988-08-10
19900241 1990-09-24 176 Hot spring
20020204 2002-08-17
20060517 2006-08-12
32 Surtsey Research (2009) 12: 29-38  www.surtsey.is
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Fig. 7. Chloride content of samples from drill hole SE-1 at the
depth intervals 55-65 m and 167-177 m. The concentration
of chloride in coastal seawater at Surtsey is shown for compari-
son.

Samples for chemical analysis were also collect-
ed from a pit that was dug on the flat northern
end of Surtsey. The pit was dug primarily to study
the tidal phase delay and amplitude difference be-
tween Surtsey and the Vestmannaeyjar harbour.
Samples of coastal seawater were also collected,
as were samples of rainwater from the roof of the
Pélsbaer hut. Finally, two samples from a recently
discovered hot spring at Vesturbunki were collect-
ed in 2002 and 2006 (Fig. 4). These samples are
also listed in Table 1.

The water samples collected on Surtsey were
analysed for various elements. Some were analysed
for all major elements including pH and carbon-
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Fig. 8. Magnesium and calcium content of samples from drill
hole SE-1 at the depth intervals 55-65 m and 167-177 m. The
concentration of these elements in coastal seawater at Surtsey
is shown for comparison.

ates, whereas others were only analysed for salinity
and a few other components.

Samples from drill hole SE-1

Water samples for chemical analysis were col-
lected from the drill hole with a downhole sampler
in 1985, 1986, 1988 and 1990. Four samples were
collected at the depth interval 55 to 65 m, a few
meters below the water level in the well. The water
at this level is not in any direct contact with the
rock, since the drill hole is cased to 165 m, as pre-
viously stated. These samples are thus not thought
to participate in any water-rock interaction, and
they were only collected because of difficulties with

Table 2. Chemical composition of water samples from the drill hole SE-1 at 55 to 65 m depth (ppm).

Sample id. 19850230 19850231 19850232 19860094
Date 1985-08-05 1985-08-05 1985-08-05 1986-07-17
Depth (m) 55 65 55 58

SiO, 11.4 10.2 11.0 7.47

B 5.0

Li 0.27

Na 10940 10970 11033 11210

K 475 493 494 530

Mg 835 861 861 810

Ca 3927 346 340 395

Sr 7.34

F 0.69 0.70 0.70 0.63

cl 19003 19440 19732 19980

Br 68.9 69.9 70.2

SO, 1460 1407 1436 1342

Fe 1.04

TDS 35760 36574 36634 36650
8'50 %o 6.72
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Table 3. Chemical composition of water samples from the drill hole SE-1 at 167 to 177 m depth (ppm).

Sample id. 19860095 19860096 19860097 19880103 19900241
Date 1986-07-16 1986-07-16 1986-07-17 1988-08-10 1990-09-24
Depth (m) 167 170 177 176 176

pH / °C 8.59/24.1 8.56/23.9 8.12/24.5 8.34/22.6 8.31/23.8
CO, (total carbonate) 15.8 15.8 46.5 14.9 8.8

H,S (total sulphide) <0.03 <0.03 <0.03 < 0,03 <0.03
Sio, 0.99 1.10 9.54 2.47 8.40

B 4.36 4.42 4.54 4.10

Li 0.22 0.20 0.20 0.24

Na 13291 13426 13245 12715 12337

K 662 679 695 564 520

Mg 1091 1120 1134 1052 1010

Ca 1226 1261 1156 1162 1127

Sr 12.1 11.7 10.1

F 0.37 0.36 0.48 0.39 0.40

Cl 24322 24745 24296 23250 23440
SO, 2972 3097 3057 2581 2726

Br 78.9 79.3

Fe 0.20 0.17 0.14 0.025

TDS 48310 49390 48610 42950 43730
880 %o 1.37 1.13 1.38 1.25

sampling the well at deeper levels. However, five
samples were collected in the depth interval of 167
to 177 m. The temperature in the upper depth in-
terval is approximately 100°C but the temperature
at 167 to 177 m depth is approximately 50 to 70°C,

as shown in Figure 3. The results of the chemical
analyses from the drill hole are presented in Tables
2 and 3.

The thermal water from the drill hole is seawa-
ter with a chloride concentration similar to that of

Table 4. Chemical composition of water samples from the dug pit (ppm).

Sample id. 19850234 19860099 19860100 19860101 19880100
Date 1985-08-06 1986-07-17 1986-07-18 1986-07-18 1988-08-11
pH / °C 8.30 / 23.9 8.33 / 22.2
CO, (total carbonate) 87.5 46.1

H,S (total sulphide) <0.03 <0.03
Sio, 4.97 5.41 6.89 6.89 6.38

B 3.30

Li 0.13 0.04 0.04 0.05

Na 7037 6899 1380 1462 2207

K 319 321 69.8 75.5 106

Mg 847 771 154 154 209

Ca 258 260 46.9 49.1 75.6

Sr 3.92 0.80 0.80

F 1.22 0.80 1.43 1.43 2.52

Cl 12555 12432 2501 2638 3553

SO, 1822 1615 342 358 838

Br 44.3 12.1

NO, 2.13

Fe 0.30 0.025
TDS 24737 24630 4965 5265 7141
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Table 5. Chemical composition of samples of seawater and
rainwater collected on Surtsey (ppm).

Table 6. Chemical composition of water samples from the hot
spring (ppm).

Sample id. 19850233 19880101 19880102 Sample id. 20020204 20060517
Date 1985-08-05  1988-08-10  1988-08-10 Date 2002-08-17 2006-08-12
seawater seawater rainwater Flow rate (L/s) ~0.1 ~0.1

pH / °C 8.25/233  8.22/22.1 Temp. (°C) 780 824

CO, (total carbonate) | 102 103 pH / °C 7.53 / 23.9

H,S (total sulphide) <0.03 <0.03 CO, (total carbonate) 30.5

SiO, 0.03 0.27 0.52 H,S (total sulphide) <0.03

Li 19.0 TDS 22410

Na 10757 10836 153 Sio, 43.8 25.9

K 452 452 6.28 Na 3035 6730

Mg 1820 1807 17.9 K 184 327

Ca 410 417 7.26 Mg 55.3 261

F 0.86 0.63 0.017 Ca 386 726

Cl 20130 19530 281 Sr 4.66

SO, 2684 2738 34.9 F 6.51 2.12

Br 70.6 68.1 0.83 Cl 3160 11360

NO, 0.28 SO, 3120 2160

Fe 0.17 < 0.025 Br 10.2

TDS 39512 38040 503 Fe 0.0296
Al 0.111

the seawater at the island shore. The samples show Ba 0.0528

that the concentration of the major elements at Co 0.00006

these two depth intervals is relatively stable over Cr 0.00041

the period studied. Figure 7 shows the chloride Cu 0.00105

concentration in the water, and Figure 8 shows the =~ Mn 0.0454

magnesium and calcium content of the water. The Mo 1.03

content of these elements in seawater at Surtsey  Ni 0.00051

are also shown for comparison. Pb 0.00033
Zn 0.00211

Samples from the dug pit

During the expeditions to Surtsey in 1985, 1986,
and 1988, pits were dug into the central part of
the peninsula extending north from the main part
of the island. The main purpose of the pits was
to study differences in tidal amplitude and phase
between Surtsey and the Vestmannaeyjar harbour.
The pits were deep enough to collect water for
chemical analysis, and the results are shown in
Table 4. The water samples collected from the pit
had chloride content ranging from 2500 to 12500
ppm, which indicated direct mixing between rain
water and seawater as discussed below.

Samples of coastal seawater and rainwater

Two samples of seawater were collected on the
eastern shore of Surtsey, one in 1985 and another
one in 1988. A sample of rainwater was collected
from the roof of the Palsbaer hut in 1988. The
results are shown in Table 5. The chloride con-
tent of the seawater at Surtsey is slightly higher
than that of standard mean ocean water (SMOW),
which has a chloride content of 19400 ppm. The
rainwater samples displayed a high concentration
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of dissolved solids, indicating the influence of sea-
water spray.

Samples from the hot spring at Vesturbunki

In the summer of 2002, a hot spring with a tem-
perature of 78°C was discovered at sea level at the
nortwestern shore of Vesturbunki. The spring is
shown in Figs. 4 and 5. A water sample was collect-
ed from the spring, see Table 6. In the summer of
2006, another sample was collected from the same
spring. At this time the temperature was found to
be 82°C, and the flow rate was estimated as 0.1 L./s.
The sampling was difficult, and the chemical analy-
ses show the mixing of seawater and spring water.
In the summer of 2008 the hot spring was inacces-
sible, as it was then below sea level.

CHEMICAL COMPOSITION
OF THE WATER SAMPLES

The thermal waters collected on Surtsey are
of seawater origin. The chemical composition of
some samples can best be explained by the direct
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Fig. 11. The relationship between chloride and sodium in all
water samples. The line indicates direct mixing of rainwater
and seawater.

mixing of seawater and rainwater. Other samples,
however, show evidence of ion exchange with the
host rock. This is especially true of the higher tem-
perature waters.

The salinity of the water at the upper depth level,
close to the water level in the drill hole, is almost
identical to that of the coastal seawater, whereas
the samples collected at lower temperature and
close to the bottom of the well have approximately
20% higher salinity (Fig. 7).

This increase in salinity is probably an indirect
consequence of the palagonitization of the tephra.
During the alteration process, hydration of the
basaltic glass removes some of the water from the
pore fluid, leaving the chloride still dissolved. This,
in effect, increases the chloride concentration in
the fluid that is in contact with the tephra at the
deeper level. The water at the upper depth level is
unaffected, however, because it is wholly contained
within the casing and has no direct contact with
the tephra.
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The relationship between chloride and some
other major elements in the water samples is shown
in Figs. 9 to 14. It is evident from these figures that
the chemical composition of waters from the dug
pits can best be explained by direct mixing of sea-
water with rainwater. Waters from drill hole SE-1
and from the hot spring at Vesturbunki show water-
rock interactions, however.

The silica content shown in Figure 9 is slightly
elevated with respect to seawater in samples from
the drill hole, butitis below 10 ppm in all other sam-
ples expect the ones from the hot spring. The hot
spring samples display an increase in the sulphate
concentration, in contrast to the samples from the
drill hole (Fig. 10), whose sulphate concentration
falls below the mixing line. The concentration of
sodium in all water samples (Fig. 11) falls directly
on a mixing line between seawater and rain water.
Samples from the hot spring and from the drill hole
all show a decrease in Mg content (Fig. 12), most
likely due to the formation of Mg-rich clays as an
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alteration product in the surrounding rock. There
is a slight increase in potassium content compared
to direct mixing as shown in Figure 13. The water
samples from the lower depth interval in the drill
hole and the hot spring samples all have a greatly
increased concentration of calcium (Fig. 14).

The saturation index for anhydrite (CaSO,) cal-
culated for the samples from the lower depth in-
terval in the drill hole is shown in Figure 15. The
reference temperature is 50°C, which was approxi-
mately the temperature at 170 m depth in 1985.
The calculations indicate that the water is very
close to equilibrium with anhydrite in the rock.

Anhydrite is found scattered throughout the
drill core of hole SE-1, and is most abundant near
the bottom of the hole where the average altera-
tion temperature of the tephra between 1967-1979
was < 40°C (Jakobsson & Moore 1986). The anhy-
drite apparently precipitated directly when inflow-
ing sea water was heated, thus lowering the sulfate
solubility. Comparable deposition of anhydrite oc-
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Fig. 15. Saturation index for anhydrite in water samples from
167 to 177 m depth in drill hole SE-1. Reference temperature
for calculations is 50°C.

curs in the Reykjanes thermal brine (Témasson &
Kristmannsdottir 1972).
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ABSTRACT

A continuously cored drill hole was drilled on Surtsey in 1979 in order to study the structure of the
volcano and the hydrothermal alteration of tephra formed during the Surtsey eruption. The drill hole
has provided important insights into the character of the hydrothermal system in the volcano. The basalt
tephra in Surtsey has been observed to alter rapidly within the hydrothermal system, concluding with the
consolidation of the tephra into palagonite tuff. The temperature in the drill hole has been measured
regularly, and samples of water for chemical analysis have been collected occasionally. The composition
of the water in the well is basically that of seawater, but shows slight water-rock interaction. In 2002 a hot
spring with a temperature of 82°C was discovered on the northwestern shore of the island. The chemi-
cal composition of the water in the hot spring shows direct mixing of seawater and rainwater, with some

water-rock interaction.

INTRODUCTION

Surtsey island is a part of the Vestmannaeyjar
archipelago. It was constructed from the sea floor
in a volcanic eruption that lasted from 1963 to
1967 (Thorarinsson 1966, 1969, Thoérarinsson et
al. 1964). During the hydromagmatic explosive
submarine phase of the eruption, from November
1963 to April 1964, basalt tephra was produced.
The tephra layers formed two crescentshaped
cones which merged.

The Surtsey eruption evolved from an explosive
phase into an effusive phase at the western crater
in April 1964. Altogether, seven craters and crater
fissures emitted lava between April 1964 and June
1967. The first major effusive phase (1964-1965)
produced a lava shield reaching 100 m above sea
level, while the second phase (1966-1967) pro-
duced a 70 m high lava shield. Together they form
a lava field that slopes gently to the south and east.
In addition there are five small lava flows on the
slopes of Austurbunki (Fig. 1).

Surtsey Research (2009) 12: 29-38  wwuw.surtsey.is

Apart from Surtsey, eruptions occurred on the
sea floor at three sites. About 2.5 km north-north-
east of Surtsey, a submarine tephra ridge, Surtla,
was built up in December 1963 and January 1964.
At a distance of 0.6 km to the east-northeast of
Surtsey, explosive activity formed the island of Syrt-
lingur in 1965. In 1965-1966 yet another island,
called J6lnir, was formed by explosive activity 1 km
southwest of Surtsey. Today, however, only subma-
rine platforms remain of these two islands.

Due to heavy marine erosion (Jakobsson et al.
2000), the surface area of Surtsey has been reduced
from a maximum of 2.65 km? in 1967 to 1.40 km?
in 2006, and high tuff and lava cliffs have formed.
Marine erosion had worn its way to the tuff core at
the northwestern cliffs of the island by 1980.

DRILL HOLE SE-1 ON SURTSEY

In the summer of 1979 a continuously cored
drill hole was drilled in Surtsey (Jakobsson &
Moore 1982). The drill site (Fig. 1) is located at
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the southeastern edge of the Surtur tephra crater,
at 58 m above sea level. Figure 2 shows the top
of the drill hole in 1990. The total depth of the
well was 181 m, and it is believed that the bottom
of the hole is only a few meters from the old sea
floor. Drilling had to be terminated at this depth
due to very loose material from which cores could
not be recovered. The well has an steel casing to
165 m depth. The main purpose of the drilling
was to obtain a core for studying the structure of
the island and the hydrothermal alteration of the
tephra formed during the Surtsey eruption. The
core has been described in detail by Jakobsson &
Moore (1982, 1986).

HYDROTHERMAL ANOMALY

In the spring of 1967, a mild hydrothermal
anomaly was discovered at the surface in Austur-
bunki. The extent of this anomaly is clearly related
to the distribution of lava craters (Friedman and
Williams 1970). The hydrothermal area at the
surface continued to expand until approximately
1979, when the expansion ceased, presumably be-
cause tephra consolidation had started to affect
the heat flux through the rock. Since about 1995,
surface temperatures appear to have been on the
decline. Vapour emissions are, however, still vis-
ible from many open fissures. In the tuff cones,
the highest near-surface temperatures within the
hydrothermal area have typically been about 97—
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Fig. 3. Temperature measurements in the drill hole in Septem-
ber 1980 and August 2004. The seawater level is at a depth of
58 m. The drill hole is cased down to a depth of 165 m.

100°C, indicating how vapour dominates the heat
flux above sea level.

The basalt tephra has been observed to alter
rapidly within the hydrothermal portions of Surts-
ey, concluding with consolidation of the tephra
into palagonite tuff, first observed at the surface
in 1969. During the alteration process, the original
glass shards in the tephra are chemically altered and
hydrated to produce palagonite (Jakobsson 1978).
A number of chemical elements are released from
the original glass in the tephra to form an array of
new secondary minerals, which eventually fill the
voids in the rock and cement its particles togeth-
er (Jakobsson & Moore 1986). It is estimated that
some 85-90% of the volume of the tephra cones
above sea level had been changed to dense palag-
onite tuff by 2006. Because of this alteration and
compaction of the tephra, the rock is considerd

to become gradually impermeable, with heat flux
mainly taking place along fractures in the rock.

The drill hole has provided important insights
into the character of the hydrothermal system
in the volcano. These data, along with studies at
the surface, strongly suggest that the heat in the
hydrothermal system was provided by intrusions
which formed both below and above sea level in
1965 and 1966 at Vesturbunki, and in December
1966 and January 1967 at Austurbunki. Lava extru-
sions in these areas probably contributed as well
(Jakobsson & Moore 1982, 1986, Stefansson et al.
1985, Jakobsson et al. 2000). Temperature logs in
the drill hole, shown in Figure 3, indicate a gen-
eral cooling of the hydrothermal system, with the
maximum temperature at 105-110 m depth declin-
ing from a calculated value of 154°C in 1966 and
1967 to a measured temperature of 130°C in 2004
(Jakobsson et al. 2000).

Figure 4 shows a cross section of Surtsey, from
northwest to southeast. The information on the
geometry of the hydrothermal system and the al-
teration of the tephra is based on observations dur-
ing the eruption, surface geology, sea floor topog-
raphy, and drill hole data. It is inferred that cold
sea water enters the hydrothermal system through
deep porous layers. The water is heated by contact
with dikes and intrusions, produces alteration of
the tephra, and then rises and presumably flows
back into the sea.

In the summer of 2002 a hot spring with a tem-
perature of 78°C was discovered on the northwest-
ern shore (Figs. 5 and 6), where hot water was
flowing from a 15-20 m long fissure with a north-
easterly trend. In 2006 the temperature was 82°C,
but in the summer of 2008 the hot spring proved
to be inaccessible, as it was now below sea level,
due to marine erosion.
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Fig. 4. A cross section through the Surtsey volcano, from northwest to southeast. It is inferred that the tephra within the suggested

hydrothermal system is transformed into palagonite tuff.
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Fig. 5. The hot spring at the northwestern shore of Surtsey
in August 2006. The cliff to the left is made up of palagonite
tuff, originally formed as tephra in hydromagmatic explosions
in 1964.

WATER SAMPLES

Sample locations

Samples for chemical analysis of water were col-
lected at several locations on Surtsey from 1985 to
2006. On four occasions samples were collected
from drill hole SE-1 (Fig. 2). The samples were

Table 1. Water samples collected on Surtsey 1985 to 2006.

Fig. 6. A closer view of the hot spring.

collected by a downhole sampler at two depth in-
tervals in the drill hole, at 55 to 65 m depth, close
to the water level, and at 167 to 177 m depth, be-
low the well casing. All the samples from the drill
hole are listed in Table 1. Water level monitoring
has revealed that the tidal amplitude in the well is
about 80% of the amplitude in the surrounding
ocean.

Sample id. Date Depth (m) Sample id. Date
Drill hole ~ 55 m depth Dug pit
19850230 1985-08-05 55 19850234 1985-08-06
19850231 1985-08-05 65 19860099 1986-07-17
19850232 1985-08-05 55 19860100 1986-07-18
19860094 1986-07-17 58 19860101 1986-07-18
19880100 1988-08-11
Drill hole ~ 175 m depth Seawater
19860095 1986-07-16 167 19850233 1985-08-05
19860096 1986-07-16 170 19880101 1988-08-10
19860097 1986-07-17 177 Rainwater
19880103 1988-08-10 176 19880102 1988-08-10
19900241 1990-09-24 176 Hot spring
20020204 2002-08-17
20060517 2006-08-12
32 Surtsey Research (2009) 12: 29-38  www.surtsey.is
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Fig. 7. Chloride content of samples from drill hole SE-1 at the
depth intervals 55-65 m and 167-177 m. The concentration
of chloride in coastal seawater at Surtsey is shown for compari-
son.

Samples for chemical analysis were also collect-
ed from a pit that was dug on the flat northern
end of Surtsey. The pit was dug primarily to study
the tidal phase delay and amplitude difference be-
tween Surtsey and the Vestmannaeyjar harbour.
Samples of coastal seawater were also collected,
as were samples of rainwater from the roof of the
Pélsbaer hut. Finally, two samples from a recently
discovered hot spring at Vesturbunki were collect-
ed in 2002 and 2006 (Fig. 4). These samples are
also listed in Table 1.

The water samples collected on Surtsey were
analysed for various elements. Some were analysed
for all major elements including pH and carbon-
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Fig. 8. Magnesium and calcium content of samples from drill
hole SE-1 at the depth intervals 55-65 m and 167-177 m. The
concentration of these elements in coastal seawater at Surtsey
is shown for comparison.

ates, whereas others were only analysed for salinity
and a few other components.

Samples from drill hole SE-1

Water samples for chemical analysis were col-
lected from the drill hole with a downhole sampler
in 1985, 1986, 1988 and 1990. Four samples were
collected at the depth interval 55 to 65 m, a few
meters below the water level in the well. The water
at this level is not in any direct contact with the
rock, since the drill hole is cased to 165 m, as pre-
viously stated. These samples are thus not thought
to participate in any water-rock interaction, and
they were only collected because of difficulties with

Table 2. Chemical composition of water samples from the drill hole SE-1 at 55 to 65 m depth (ppm).

Sample id. 19850230 19850231 19850232 19860094
Date 1985-08-05 1985-08-05 1985-08-05 1986-07-17
Depth (m) 55 65 55 58

SiO, 11.4 10.2 11.0 7.47

B 5.0

Li 0.27

Na 10940 10970 11033 11210

K 475 493 494 530

Mg 835 861 861 810

Ca 3927 346 340 395

Sr 7.34

F 0.69 0.70 0.70 0.63

cl 19003 19440 19732 19980

Br 68.9 69.9 70.2

SO, 1460 1407 1436 1342

Fe 1.04

TDS 35760 36574 36634 36650
8'50 %o 6.72
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Table 3. Chemical composition of water samples from the drill hole SE-1 at 167 to 177 m depth (ppm).

Sample id. 19860095 19860096 19860097 19880103 19900241
Date 1986-07-16 1986-07-16 1986-07-17 1988-08-10 1990-09-24
Depth (m) 167 170 177 176 176

pH / °C 8.59/24.1 8.56/23.9 8.12/24.5 8.34/22.6 8.31/23.8
CO, (total carbonate) 15.8 15.8 46.5 14.9 8.8

H,S (total sulphide) <0.03 <0.03 <0.03 < 0,03 <0.03
Sio, 0.99 1.10 9.54 2.47 8.40

B 4.36 4.42 4.54 4.10

Li 0.22 0.20 0.20 0.24

Na 13291 13426 13245 12715 12337

K 662 679 695 564 520

Mg 1091 1120 1134 1052 1010

Ca 1226 1261 1156 1162 1127

Sr 12.1 11.7 10.1

F 0.37 0.36 0.48 0.39 0.40

Cl 24322 24745 24296 23250 23440
SO, 2972 3097 3057 2581 2726

Br 78.9 79.3

Fe 0.20 0.17 0.14 0.025

TDS 48310 49390 48610 42950 43730
880 %o 1.37 1.13 1.38 1.25

sampling the well at deeper levels. However, five
samples were collected in the depth interval of 167
to 177 m. The temperature in the upper depth in-
terval is approximately 100°C but the temperature
at 167 to 177 m depth is approximately 50 to 70°C,

as shown in Figure 3. The results of the chemical
analyses from the drill hole are presented in Tables
2 and 3.

The thermal water from the drill hole is seawa-
ter with a chloride concentration similar to that of

Table 4. Chemical composition of water samples from the dug pit (ppm).

Sample id. 19850234 19860099 19860100 19860101 19880100
Date 1985-08-06 1986-07-17 1986-07-18 1986-07-18 1988-08-11
pH / °C 8.30 / 23.9 8.33 / 22.2
CO, (total carbonate) 87.5 46.1

H,S (total sulphide) <0.03 <0.03
Sio, 4.97 5.41 6.89 6.89 6.38

B 3.30

Li 0.13 0.04 0.04 0.05

Na 7037 6899 1380 1462 2207

K 319 321 69.8 75.5 106

Mg 847 771 154 154 209

Ca 258 260 46.9 49.1 75.6

Sr 3.92 0.80 0.80

F 1.22 0.80 1.43 1.43 2.52

Cl 12555 12432 2501 2638 3553

SO, 1822 1615 342 358 838

Br 44.3 12.1

NO, 2.13

Fe 0.30 0.025
TDS 24737 24630 4965 5265 7141
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Table 5. Chemical composition of samples of seawater and
rainwater collected on Surtsey (ppm).

Table 6. Chemical composition of water samples from the hot
spring (ppm).

Sample id. 19850233 19880101 19880102 Sample id. 20020204 20060517
Date 1985-08-05  1988-08-10  1988-08-10 Date 2002-08-17 2006-08-12
seawater seawater rainwater Flow rate (L/s) ~0.1 ~0.1

pH / °C 8.25/233  8.22/22.1 Temp. (°C) 780 824

CO, (total carbonate) | 102 103 pH / °C 7.53 / 23.9

H,S (total sulphide) <0.03 <0.03 CO, (total carbonate) 30.5

SiO, 0.03 0.27 0.52 H,S (total sulphide) <0.03

Li 19.0 TDS 22410

Na 10757 10836 153 Sio, 43.8 25.9

K 452 452 6.28 Na 3035 6730

Mg 1820 1807 17.9 K 184 327

Ca 410 417 7.26 Mg 55.3 261

F 0.86 0.63 0.017 Ca 386 726

Cl 20130 19530 281 Sr 4.66

SO, 2684 2738 34.9 F 6.51 2.12

Br 70.6 68.1 0.83 Cl 3160 11360

NO, 0.28 SO, 3120 2160

Fe 0.17 < 0.025 Br 10.2

TDS 39512 38040 503 Fe 0.0296
Al 0.111

the seawater at the island shore. The samples show Ba 0.0528

that the concentration of the major elements at Co 0.00006

these two depth intervals is relatively stable over Cr 0.00041

the period studied. Figure 7 shows the chloride Cu 0.00105

concentration in the water, and Figure 8 shows the =~ Mn 0.0454

magnesium and calcium content of the water. The Mo 1.03

content of these elements in seawater at Surtsey  Ni 0.00051

are also shown for comparison. Pb 0.00033
Zn 0.00211

Samples from the dug pit

During the expeditions to Surtsey in 1985, 1986,
and 1988, pits were dug into the central part of
the peninsula extending north from the main part
of the island. The main purpose of the pits was
to study differences in tidal amplitude and phase
between Surtsey and the Vestmannaeyjar harbour.
The pits were deep enough to collect water for
chemical analysis, and the results are shown in
Table 4. The water samples collected from the pit
had chloride content ranging from 2500 to 12500
ppm, which indicated direct mixing between rain
water and seawater as discussed below.

Samples of coastal seawater and rainwater

Two samples of seawater were collected on the
eastern shore of Surtsey, one in 1985 and another
one in 1988. A sample of rainwater was collected
from the roof of the Palsbaer hut in 1988. The
results are shown in Table 5. The chloride con-
tent of the seawater at Surtsey is slightly higher
than that of standard mean ocean water (SMOW),
which has a chloride content of 19400 ppm. The
rainwater samples displayed a high concentration
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of dissolved solids, indicating the influence of sea-
water spray.

Samples from the hot spring at Vesturbunki

In the summer of 2002, a hot spring with a tem-
perature of 78°C was discovered at sea level at the
nortwestern shore of Vesturbunki. The spring is
shown in Figs. 4 and 5. A water sample was collect-
ed from the spring, see Table 6. In the summer of
2006, another sample was collected from the same
spring. At this time the temperature was found to
be 82°C, and the flow rate was estimated as 0.1 L./s.
The sampling was difficult, and the chemical analy-
ses show the mixing of seawater and spring water.
In the summer of 2008 the hot spring was inacces-
sible, as it was then below sea level.

CHEMICAL COMPOSITION
OF THE WATER SAMPLES

The thermal waters collected on Surtsey are
of seawater origin. The chemical composition of
some samples can best be explained by the direct
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Fig. 11. The relationship between chloride and sodium in all
water samples. The line indicates direct mixing of rainwater
and seawater.

mixing of seawater and rainwater. Other samples,
however, show evidence of ion exchange with the
host rock. This is especially true of the higher tem-
perature waters.

The salinity of the water at the upper depth level,
close to the water level in the drill hole, is almost
identical to that of the coastal seawater, whereas
the samples collected at lower temperature and
close to the bottom of the well have approximately
20% higher salinity (Fig. 7).

This increase in salinity is probably an indirect
consequence of the palagonitization of the tephra.
During the alteration process, hydration of the
basaltic glass removes some of the water from the
pore fluid, leaving the chloride still dissolved. This,
in effect, increases the chloride concentration in
the fluid that is in contact with the tephra at the
deeper level. The water at the upper depth level is
unaffected, however, because it is wholly contained
within the casing and has no direct contact with
the tephra.
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The relationship between chloride and some
other major elements in the water samples is shown
in Figs. 9 to 14. It is evident from these figures that
the chemical composition of waters from the dug
pits can best be explained by direct mixing of sea-
water with rainwater. Waters from drill hole SE-1
and from the hot spring at Vesturbunki show water-
rock interactions, however.

The silica content shown in Figure 9 is slightly
elevated with respect to seawater in samples from
the drill hole, butitis below 10 ppm in all other sam-
ples expect the ones from the hot spring. The hot
spring samples display an increase in the sulphate
concentration, in contrast to the samples from the
drill hole (Fig. 10), whose sulphate concentration
falls below the mixing line. The concentration of
sodium in all water samples (Fig. 11) falls directly
on a mixing line between seawater and rain water.
Samples from the hot spring and from the drill hole
all show a decrease in Mg content (Fig. 12), most
likely due to the formation of Mg-rich clays as an
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alteration product in the surrounding rock. There
is a slight increase in potassium content compared
to direct mixing as shown in Figure 13. The water
samples from the lower depth interval in the drill
hole and the hot spring samples all have a greatly
increased concentration of calcium (Fig. 14).

The saturation index for anhydrite (CaSO,) cal-
culated for the samples from the lower depth in-
terval in the drill hole is shown in Figure 15. The
reference temperature is 50°C, which was approxi-
mately the temperature at 170 m depth in 1985.
The calculations indicate that the water is very
close to equilibrium with anhydrite in the rock.

Anhydrite is found scattered throughout the
drill core of hole SE-1, and is most abundant near
the bottom of the hole where the average altera-
tion temperature of the tephra between 1967-1979
was < 40°C (Jakobsson & Moore 1986). The anhy-
drite apparently precipitated directly when inflow-
ing sea water was heated, thus lowering the sulfate
solubility. Comparable deposition of anhydrite oc-
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Fig. 15. Saturation index for anhydrite in water samples from
167 to 177 m depth in drill hole SE-1. Reference temperature
for calculations is 50°C.

curs in the Reykjanes thermal brine (Témasson &
Kristmannsdottir 1972).
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ABSTRACT

The load on the crust from the ~ 0.8 km?® of eruptive products of the Surtsey eruption is expected to
lead to subsidence of the Surtsey island by sagging of the lithosphere, compaction of material, and slump-
ing of the volcanic edifice. Immediately after the eruption ended in the summer of 1967 a levelling line
was established across the island to monitor this expected subsidence. The line originally contained 42
benchmarks. As Surtsey is subjected to extensive erosion, in particular in the western and southern parts
of the island, the western section of the line has been lost to the sea. In the year 2002 the line ended
with benchmark 28. Additional benchmarks were installed 1979, 1982, 1985 and 2002, to fill in gaps in
the original line and another profile was installed through the Surtur I crater. Between 1967 and 2002
levelling has been performed eleven times. One benchmark was surveyed with geodetic GPS in 1992. The
benchmark was resurveyed in 2000 and 2002 and the GPS network has been extended to comprise four
points. In this report we have compiled the levelling data collected on Surtsey so far. Furthermore we
present coordinates for the GPS-benchmarks. Continuing subsidence of Surtsey is observed with a decay-
ing rate. The area around the Surtur I crater is the most stable part with a subsidence rate of 0.7 cm/yr in
the period 1991-2002. The largest subsidence is observed at the flanks of the island with rates up to 1.4

cm/yr. The excess rate here is most likely caused by slumping of the sides of the island.

INTRODUCTION

The new island Surtsey (Fig. 1), formed in an
eruptive episode off the south coast of Iceland in
1963-1967, experiences continuous changes, from
its creation during the eruption to the decline
by erosion after the termination of the eruption
(Jakobsson et al. 2000). Compaction of the island
started immediately as it was formed, but during the
eruption it was not possible to follow this closely. In
the summer 1967, shortly after the cessation of the
eruption, a levelling line was installed across the is-
land. Repeated levelling has been performed mak-
ing it possible to monitor the subsidence at Surtsey.
In addition, geodetic GPS measurements were ini-
tiated on Surtsey in 1992 with the main purpose of
tying the vertical displacement of the levelling line
to a reference frame outside the island. Levelling
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has been performed on eleven occasions and geo-
detic GPS observation has been done three times.
The geodetic measurements on Surtsey show con-
tinuing subsidence, at a decreasing rate with time.
This report gives a complete record of all geodetic
measurements performed on Surtsey since 1967.

THE SURTSEY ERUPTION

The eruption was detected on November 14,
1963, at the ocean surface at the southern tip of the
Eastern Volcanic Zone but may have started a few
days earlier (e.g. Thoérarinsson et al. 1964, Thoérar-
insson 1967, Thorarinsson 1964, 1965, 1966, 1969).
The water depth was 130 m but a new island, Surts-
ey, was formed the following day. Four craters were
active on a 500 m long, SW-NE striking fissure. The
activity gradually concentrated on one crater, Surtur
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Fig. 1. Map covering the
south-western part of
Iceland. The hexagons show
the location of the GPS
points occupied as reference
stations during the three
geodetic GPS-surveys on
Surtsey.

I, and phreato-magmatic activity continued with lit-
tle changes until the end of January 1964 when it
stopped temporarily. A second eruption site was ac-
tive during this first phase of the eruption, about 2.5
km ENE of Surtsey, producing a submarine ridge,
Surtla, almost extending to sea-level. On February 1
anew crater, Surtur II, began erupting. Phreato-mag-
matic activity continued until April 4, 1964. Then
the magma conduit got isolated from the sea water
and the activity changed into lava effusion. A lava
shield was formed during a period of lava effusion
that ended in the middle of May 1965. On May 23,
1965 a new submarine eruption site became active
0.6 km east of Surtsey, building an island in 5 days.
The new island, Syrtlingur, had attained an area of
0.15 km? and height of 70 m by September 1965.
This eruption site became inactive in the middle of
October and the island was eroded away in a week.
No eruptive activity was spotted for 2 months, but
in late December 1965 an eruption began on the
ocean bottom 0.8 km SW of Surtsey. The eruption
built an island, Jélnir, in about a week. By July 1966
the new island had an area of 0.4 km? and a maxi-
mum height of 70 m. This eruption ended on Au-
gust 10, 1966 and by September 20 this new island
had also disappeared. On August 19, 1966 a new
eruptive fissure opened up within the crater Surtur
I. Three craters were active in the beginning but a
few days later only one remained. Lava was erupted
from this crater until June 5, 1967, building up a flat
lava shield and extending the Surtsey island to the
east. The eruptive fissure was temporarily extended
to the north side of the island on January 1, 1967,
producing a small patch of lava. The total volume of
erupted material is estimated ~ 0.8 km? of solid rock
equivalent, all of it basaltic (Jakobsson et al. 2000).

40

LEVELLING

The data from all the eleven levelling campaigns
are given in Table 1. The original levelling line that
was installed across the new island (Fig. 2) in 1967
consisted of 42 benchmarks (Tryggvason 1968)
spaced approximately 50 m apart. The erosive forc-
es of the sea have shortened this original levelling
line by 14 benchmarks. Several benchmarks that
are still on land are lost in the drifting sand and
have been lost for years. However, some have been
found again and their coordinates have now been
determined by GPS measurements.

The reference point for the levelling on Surtsey
was at first tied to mean sea level. A pond was lo-
cated in the north part of Surtsey close to the first
research hut, which was demolished in the 1980’s
as the sea erosion had moved the coastline close to
the hut. The station HD was at the doorway in the
old hut (Fig. 2). The surface of this pond was as-
sumed to be very close to the mean sea level (Tryg-
gvason 1968). The water level in the pond was out
of phase with the predicted ocean tide and a delay
of more than two hours relative to the predicted
ocean tide in Heimaey was observed (Tryggvason
1968). This pond had disappeared in 1969, but,
the ground water table was close to the surface and
a pit was dug to observe the water table (Tryggva-
son 1972). The water level corrected for the ocean
tide was used as the reference level for the levelling
campaigns made in 1967 to 1991. In the 1979 sur-
vey Moore (1982) estimated that the average water
level in the dug pit was 3215 cm above the mean
sea level. The water level in the pond and dug pits
is named WP in Tables 1 & 2 and in Figure 2.

The levelling line was complemented with new
points in 1979 (Moore 1982) as the sand drift on
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Table 1a. Data for the levelling performed across Surtsey, including 1967 to the 2002 survey. All values are given in meters. The
1967 to 1991 surveys are referenced to the WP point. As the WP point could not be located in 2002, benchmark 621 was used as

reference. The 621 benchmark is the GPS point SURS.

Site 1967A 1967B 1968 1969 1970 1979 1982 1985 1988 1991 2002
WP 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

601 8.7880 8.9050 8.9050 8.6090 8.5280 8.2950

602 10.8996  11.0115  10.9983  10.6910  10.6025

603 12.4895  12.5993 12.2636  12.1710

604  15.4782  15.5832

605 18.7406  18.8434  18.7995  18.4696  18.3664

606  21.0478  21.1506  21.1037  20.7723  20.6679  20.3160  20.2100  20.0590  19.9500 20.0170 -30.4137
607  23.7212  23.8137 23.7398 234001 23.2908 22.8920 22.7720 22.6200 22.5140 22.5780 -27.8517
608  23.3581  23.4407  23.3378 229884  22.8741

609  24.3543 244492  24.3739 24.0334  23.9214 235090  23.3970 23.2330 -27.1674
610  25.6973  25.8029  25.7742  25.4493  25.3457

611 28.6667  28.7754  28.7499  28.4305  28.3343 -22.5233
612  30.9279  31.0358 31.0113  30.6897  30.5926 30.2300  30.1220  30.0270 30.1130 -20.2579
613  33.2649  33.3642  33.3360  33.0097  32.9115

614  34.1049 34.2112 34.1893  33.8667 33.7723

615  35.1394  35.2459  35.2169

616  42.3743 424681 424285  42.0971  41.9940 -8.7601
617  43.9742  44.0339  43.8992  43.5699  43.4588 -7.2849
618  47.1692  47.2624  47.0210  46.6601  46.5523

619  48.8669  48.9049  48.6913  48.3211  48.1996

620  51.3190 51.4262 51.3971 51.0743  50.9791

621 51.1409  51.2333  51.1750  50.8494  50.7541 50.4970  50.4130  50.3060 50.3910  0.0000
622 521904 52.2887  52.2346  51.8928  51.7902 51.4410  51.3330 51.4160 1.0359
623  52.4808 52.5728  52.4782  52.1057  51.9911 51.6250  51.5130 51.6000  1.2247
624  53.6409 53.7266  53.5830  53.1882  53.0606 52.6690  52.5580 52.6460  2.2748
625  56.3717  56.4421  56.1665  55.7002  55.5426 55.1020  54.9970 55.0810 4.7078
626  55.1859  55.2680  55.0945  54.6815  54.5441 54.0770  53.9660 54.0520  3.6750
627  46.8897 46.9858  46.8916  46.5231 = 46.4004 45.9180 45.8930  -4.4940
628  38.9433  39.0473  38.9879  38.6328  38.5142 38.0000  37.8690 37.9700 -12.6068
629  32.2679 323762  32.3373  31.9936 31.8784 31.3320  31.1860  31.2990

630  30.9129  31.0229 30.9944  30.6573  30.5450 29.9860  29.8390  29.9430

631 30.6739  30.7840  30.7594  30.4282  30.3215 29.7960

632  32.1005  32.2099 32.1832  31.8525  31.7475 31.1960

633  33.3989  33.5086  33.4820  33.1517  33.0472 32.4800

634  33.2734  33.3819 33.3511 33.0155  32.9085

635  37.2355  37.3432  37.3114  36.9699  36.8604

636  33.2752  33.3811  33.3322 329901  32.8798

637  31.7889  31.8949 31.8562  31.5224  31.4127

638  30.3638  30.4712  30.4409  30.1092  30.0016

639  26.7511 26.8596  26.8369  26.5095 = 26.4062

640  22.3683 224780 22.4598  22.1383  22.0399

641 20.6012  20.7121  20.7003  20.3848  20.2936

642 15.8768  15.9931  15.9519  15.6581

Surtsey had buried some of the original bench-
marks. The levelling in 1979 tied the drill hole
(SHD-1) with a water-level pit (WP). Also a new loop
containing 10 benchmarks (512-520) through the
Surtur I crater, and two benchmarks (510 and 511)
in the beginning of the original levelling line (Fig.
2) were installed by J. G. Moore in 1982.

During the levelling in 2002 two new benchmarks
(NEO9 and NE10; Fig. 2) were installed in the line
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because benchmarks 618 and 619 were not found.
To bridge the 250-m gap, two new benchmarks
were installed. Also a benchmark (NE07) was in-
stalled in the centre of the helicopter landing plat-
form and this was tied to the levelling line.

In addition to the precision levelling performed,
several control points (white paintings on rocks)
were installed in 1968 and levelled for a detailed
photogrammetric mapping of the island (Norrman
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Table 1b. Data for the levelling performed across Surtsey, including 1979 to the 2002 survey. All values are given in meters. The
1979 to 1991 surveys are referenced to the WP point. As the WP point could not be located in 2002, benchmark 621 was used as

reference.

Site 1979 1982 1985 1988 1991 2002
WP 0.0000 0.0000 0.0000 0.0000 0.0000

510 14.7830 14.6440 14.5430 14.6180 -35.8001
511 15.8350 15.6890 15.5800 15.6530 -34.7775
512 61.9490 61.8820 61.7910 61.8770 11.5149
513 66.5630 66.4960 66.4070 66.4880 16.1256
514 70.2780 70.2100 70.1210 70.2010 19.8338
515 70.9210 70.8570 70.7670 70.8480 20.4786
516 70.7470 70.6800 70.5890 70.6700 20.3002
517 65.5100 65.4390 65.3410 65.4240 15.0473
518 67.9900 67.9200 67.8270 67.9080 17.5320
519 61.7790 61.7050 61.6040 61.6850 11.3074
520 53.7760 53.6960 53.5930 53.6770 3.2922
P-1 4.8870

S-1 27.1570 27.0720 26.9560 26.8670 26.9550

S-2 34.8270 34.7320 34.6320 34.5390 34.6300 -15.7358
S-3 41.1830 41.0800 40.9880 40.9020 40.9910 -9.3649
S-4 57.3390 57.2140 57.1360 57.0460 57.1340 6.7705
S-6 3.3410 3.3060

S-7 4.1660 4.1310 4.0150 3.9150 4.0280

SDH-1 58.7540 58.6290 58.5560 58.4590 58.5470

SDH-2 5.6910 6.1670 6.4890

NEO7 -16.1630
NE09 -0.6930
NE10 -0.1400
ALP 10.3810

HD 7.0570

1S 8.7300 8.6850

LMI 3.387

SW 15.9050

™ 49.4420 49.3290 49.2480 49.1570 49.2460

1970). During the kinematic GPS-survey in Surtsey
1992 three new benchmarks were installed to com-
plement the net of ground control points for aerial
photography and mapping purposes (Einarsson et
al. 1994).

COORDINATES FOR THE LEVEL-
LING POINTS ON SURTSEY

The original levelling line was installed in the
summer of 1967 by Tryggvason (1968), and the co-
ordinates for the benchmarks were presented by
Tryggvason (1970). In 1994 a kinematic GPS-sur-
vey was performed (Einarsson et al. 1994) of 14 of
the originally 42 benchmarks. Twelve benchmarks
(631 to 642) had been destroyed by coastal erosion
in 1992. Sixteen benchmarks were not found dur-
ing the 1992 survey as the drifting sand had buried
them. In the 2002-survey cracks around bench-
mark 628 indicated that it was the next one to be
lost into the sea (Figs. 2 & 3). In this survey fifteen
benchmarks were found in the original Tryggvason
levelling line, three in addition to what was found
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in 1992 as the sand continuously changes. The co-
ordinates were measured with a hand-held GPS in
2002. The coordinates presented by Tryggvason
(1970) were used to calculate the positions for the
benchmark, which had not been positioned by GPS
in 1992 and 2002. The coordinates from Tryggvason
have the origin at benchmark 601. The GPS-survey
presented by Einarsson et al. (1994) gave positions
in longitude and latitude, which were transferred
to UTM coordinates. Point 621 was chosen as the
origin in both nets (the net from Tryggvason 1970,
Einarsson et al. 1994) and the co-ordinates of point
621 were set to 0,0. Benchmark 621 was chosen
to be the origin because of its central location in
the line and because it is the benchmark used for
geodetic GPS measurements. Thirteen points were
measured both by Tryggvason (1970) and Einars-
son et al. (1994), which were used to determine the
rotation angle between the two co-ordinate sets.
The average angle was 0.4° anticlockwise so the
co-ordinates given by Tryggvason (1970) had to be
rotated —0.4° around point 621. After the rotation
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Fig. 2. Map of Surtsey with
the 1968 coastline adapted
from Norrman (1970) and
the coastline 2002 (Sveinn
Jakobsson pers. com. 2008).
The benchmarks with coor-
dinates (Table 2) are marked
with filled circles. The bench-
marks lost due to sea erosion
are marked with crosses. The
benchmark HD was located
in the doorway of the first
hut. Markings and bench-
marks (S-1, S-6, ALP, SW and
TW) not found or without
any documented coordinates
are marked with stars The
GPS benchmarks are shown
with hexagons. The levelling
line is connected to the GPS
measurements at BM 621

by the GPS site SURS. The
topography is shown by 20 m
elevation contours (Sveinn
Jakobsson pers. com. 2008).

Fig. 3. Levelling performed
in 2002, with the invar rod at
benchmark 628. This is pro-
bably the last picture of that
benchmark as the ground is
cracked and the sea erosion
will consume it.
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Table 2. Measured and calculated coordinates for all bench-
marks found and with reported coordinates. The prefix PE
indicates that the coordinates (+lm) originate from Einars-
son et al. (1994), the HG prefix indicates coordinates (+3m)
obtained in 2002, and the remanding are coordinates (+1m)
ET/ES calculated (marked ET/ES) from Tryggvason (1970).
These coordinates are only for locating the points and should

not be used for geodetic purposes.

Site Longitude Latitude Origin
601 -20.59396 63.30470 ET/ES
602 -20.59384 63.30423 ET/ES
603 -20.59386 63.30388 ET/ES
604 -20.59374 63.30326 ET/ES
605 -20.59370 63.30278 ET/ES
606 -20.59376 63.30266 PE
607 -20.59363 63.30229 PE
608 -20.59359 63.30192 ET/ES
609 -20.59442 63.30170 PE
610 -20.59522 63.30158 ET/ES
611 -20.59591 63.30148 ET/ES
612 -20.59617 63.30132 ET/ES
613 -20.59668 63.30106 ET/ES
614 -20.59734 63.30096 ET/ES
615 -20.59798 63.30076 ET/ES
616 -20.59855 63.30061 PE
617 -20.59936 63.30048 ET/ES
618 -20.60032 63.30033 ET/ES
619 -20.60196 63.30008 ET/ES
620 -20.60462 63.30018 ET/ES
621 -20.60556 63.30022 PE
622 -20.60689 63.30024 PE
623 -20.60788 63.30027 PE
624 -20.60854 63.30030 PE
625 -20.60960 63.30019 PE
626 -20.61058 63.30019 PE
627 -20.61117 63.29998 PE
628 -20.61213 63.29968 PE
629 -20.61329 63.29963 PE
630 -20.61407 63.29969 ET/ES
631 -20.61518 63.29959 ET/ES
632 -20.61571 63.30001 ET/ES
633 -20.61632 63.30027 ET/ES
634 -20.61693 63.30056 ET/ES
635 -20.61757 63.30080 ET/ES
636 -20.61844 63.30108 ET/ES
637 -20.61874 63.30143 ET/ES
638 -20.61943 63.30172 ET/ES
639 -20.62010 63.30193 ET/ES
640 -20.62068 63.30236 ET/ES
641 -20.62104 63.30269 ET/ES
642 -20.62209 63.30302 ET/ES
642 -20.62209 63.30302 ET/ES
510 -20.59283 63.30360 HG
511 -20.59322 63.30330 HG
512 -20.60081 63.30165 HG
513 -20.60167 63.30154 HG
514 -20.60250 63.30177 HG
515 -20.60348 63.30192 HG
516 -20.60380 63.30187 HG
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517 -20.60381 63.30140 HG
518 -20.60325 63.30107 HG
519 -20.60409 63.30082 HG
520 -20.60441 63.30036 HG
WP -20.60408 63.30824 PE
P-1 -20.60206 63.30728 PE
S-2 -20.59702 63.30137 HG
S-3 -20.59843 63.30106 HG
S-4 -20.60011 63.30132 HG
S-7 -20.60184 63.30728 PE
RH9205 -20.60536 63.30328 PE
RH9206 -20.59695 63.29887 PE
RH9207 -20.60176 63.29582 PE
NEO09 -20.60184 63.30016 HG
NE10 -20.60256 63.30017 HG

Table 3. Description of lost stations from Moore (1982).

Site Notes
ALP  Base of bent aluminium peg (not found recently)
HD Threshold in the doorway of the old hut (destroyed)

IS Iron stake in a small tuff hill, which is eroded today
(destroyed)

LMI  Iron stake north of the former small tuff hill
(destroyed)

SW White painted square with a yellow inner circle (not

found recently)

™ White triangle painted on the lava (not found
recently)

SDH-2 The top of pipe at the WP site (not found recently)

the difference between co-ordinate pairs from the
two sets was 1 meter or less. Finally the generated
UTM co-ordinates for the “missing” points were
transferred to longitude and latitude form and
are presented together with the positions given by
Einarsson et al. (1994) in Table 2.

This work presents co-ordinates for all bench-
marks except three, which might surface in the fu-
ture as the windblown sand is ever shifting. Those
are benchmarks S-1, S-6 and ALP. They are indi-
cated in Figure 2 with stars, as their position is not
well known.

In the 1979 survey (Moore 1982) only a few of
the original benchmarks were found (Table 1), and
the drill-hole elevation was determined relative to
a five days average of the water level in the pit (WP
in Fig. 2). In this survey several new benchmarks
were installed and other markers with less long-
term stability were also used. Most of these are lost
forever but the two stations that were painted on
lava might be re-discovered (Table 3).

GPS MEASUREMENTS
Three campaigns with geodetic GPS measure-
ments have been performed on Surtsey, in 1992,
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Table 4. The sites surveyed in the 1992 Surtsey GPS campaign.

Site Start End Receiver

SURS 221 222 Trimble 4000 SST
HEIM/0S24 221 222 Trimble 4000 SST
ISAK/0S13 213 229 Trimble 4000 SST
ARNA 205 216 Trimble 4000 SST

Table 5. The sites surveyed in the 2000 Surtsey GPS campaign.

Site Start End Receiver
SURS 195 197 Trimble 4000 SSI
SURN 197 198 Trimble 4000 SSI

Table 6. The sites surveyed in the 2002 Surtsey GPS campaign.

Site Start End Receiver

SURS 228 230 Trimble 4000 SSI
SURN 228 230 Trimble 4000 SSI
SURG 230 231 Trimble 4000 SSI
SURP 230 231 Trimble 4000 SSI

2000 and 2002. In the 1992 survey kinematic GPS
was also carried out at a number of points, see Ein-
arsson el al. (1994). Geographic descriptions of the
GPS points are given by Olafsdottir et al. (2003),
who also include a complete list of the major cam-
paigns in which some of the GPS measurements on
Surtsey were included. In the first GPS-measure-
ments, in 1992, only benchmark number 621 was
occupied, now called SURS and it was re-measured
in the year 2000. A new GPS-point was measured
on benchmark RH9205 named SURN and it is situ-
ated in palagonite tuff in the saddle between the
two main peaks (Fig. 2). During the 2002 survey
SURS and SURN were re-occupied and two new
points were added, one in palagonite tuff on the
crest of the western mountain, called SURG, with
the inscription NEO8 (Fig. 4), and a second in the

Fig. 4. Measurements of the GPS station SURG.
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Antenna Slant height [m]
TRM 14532.00 1.247
TRM 14532.00 1.142
TRM 14532.00 1.025
TRM 14532.00 1.059

Antenna Slant height [m]
TRM 33429.20 0.931
TRM 33429.20 0.987
Antenna Slant height [m]
TRM 33429.20 1.032
TRM 33429.20 1.038
TRM 33429.20 1.028
TRM 33429.20 0.995

centre of the helicopter platform (SURP, inscrip-
tion NEO7). The purpose of a GPS-point in the
helicopter platform is mainly for aerial photogra-
phy as the concrete plate makes an excellent aerial
marker.

In Tables 4-6 we list the measured sites for each
campaign, the start and end day (UTC days), receiv-
er type, antenna type and the slant antenna height.
Naming conventions of receiver and antenna type
are according to the manufacturer. The original
GPS point SURS (benchmark 621) has three differ-
ent names throughout time: In 1992 it was called
S621, in 2000 SURM and in 2002 SURS.

GPS DATA PROCESSING

GPS-data were processed with the Bernese GPS
software package (Beutler et al. 2000), versions 3.5,
4.0 and 4.2. The data were collected at 15-second
intervals during three 8 hours sessions at each site
during the 1992 and 2000 campaigns and in the
2002 campaigns the session length was 24 hours.
The processing procedure is described by Stur-
kell et al. (2003). Geocentric coordinates for the
points in the three different surveys are presented
in Tables 8-10.

A slight matter of complication arises from the
choice of reference stations for the Surtsey cam-
paigns. In 1992 station ISAK was intended as the
reference station, in 2000 REYK was intended as
the reference station and ISAK not observed si-
multaneously, and in 2002 both ISAK and REYK
were running during the Surtsey campaign as parts
of the continuous GPS network in Iceland (Geirs-

45



Table 7. Tie coordinates between ARNA and REYK (after

Hreinsdéttir 1999, p. 59).

Station name  x(m) y(m) z(m)
REYK  2587384.501 -1043033.496 5716563.974
ARNA  2587441.511 -1042831.287 5716573.510

Table 8. Geocentric coordinates for the Surtsey sites in 1992
(campaign SUD92).

Station name  x (m) y (m) z (m)
ISAK 2627583.7742 -943252.6850 5715821.0363
ARNA  2587441.6610 -1042831.2440 5716573.5550
0S24 2684307.3194 -990924.4230 5681354.0879
SURS  2689701.8356 -1011290.2930 5675194.9495

Table 9. Geocentric coordinates for the Surtsey sites in 2000
(campaign SURT00).

Station name x (m) y (m) z (m)
HOFN  2679690.2241 -727951.2181 5722789.1977
REYK  2587384.6616 -1043033.4437 5716564.0364
SURS  2689701.8852 -1011290.1472 5675194.8866
SURN  2689453.8128 -1011186.0329 5675421.3052
THEY 2681807.1338 -957239.1215 5688292.0480
VMEY  2683329.9906 -992250.9465 5681548.1928

Table 10. Geocentric co-ordinates for the Surtsey sites in 2002
(campaign SURT02).

Station name  x (m) y (m) z (m)
ISAK 2627583.7742 -943252.6850 5715821.0363
HOFN  2679690.2241 —727951.2181 5722789.1977
REYK  2587384.5923 -1043033.4748 5716563.9524
SURS  2689701.8430 -1011290.1442 5675194.7997
SURN  2689453.7723 -1011186.0243 5675421.2133
THEY 2681807.0966 -957239.1163 5688291.9778
VMEY  2683329.9532 -992250.9413 5681548.1164
SURG  2689228.7345 -1011198.5186 5675527.3505
SURP  2689831.5096 -1010904.3236 5675183.9268

son et al. 2006). Ultimately we would like to have a
single reference station for all the campaigns. To
achieve this goal we note that in 1992 station ISAK
was observed between days 213 and 229 and sta-
tion ARNA was observed between days 205 and 216
(Table 4). Therefore, we can make ties between
ARNA and ISAK and effectively use ARNA as the
reference site for the 1992 survey. In 1998 a tie
was made between ARNA and REYK (Hreinsdot-
tir 1999; Table 7) and this tie we use to effectively
have the 1992 results referred to the REYK station.
Therefore, we can compare the reuslts from 1992,
2000 and 2002 as if the same reference station,
REYK, had been used for all campaigns. The REYK
station is known to follow well the movements of
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the North-American plate and it is subsiding by a
rate of about 3 mm/yr in a global reference frame
(Sella et al. 2002, Geirsson et al. 2006). It is there-
fore straightforward to obtain the absolute hori-
zontal and vertical motions of the Surtsey points.
For future reference we recommend that the con-
tinuous GPS station on Heimaey (VMEY) will be
used as a reference site. VMEY was included in the
processing of the 2000 and 2002 data.

CONCLUSIONS

The vertical displacement signal gives most in-
formation on the processes that are currently ac-
tive on Surtsey. A levelling dataset, extending back
to 1967, and the later GPS data are compiled and
gives good opportunity to unravel the different
processes currently active on the island. The GPS
data improve the possibility to tie the vertical dis-
placements to a reference frame outside the island
and thus reduce the uncertainties in the absolute
height determinations.

The data presented here are used to assess differ-
ent processes responsible for vertical displacements
in Surtsey in particular during the 1991-2002 pe-
riod (Sturkell et al. 2009). The main conclusions
are the following: Surtsey subsided rapidly during
the first 10-15 years and later with a decaying rate.
This decay was confirmed by GPS during 1992 to
2002. In the period 1992-2000 the rate was ap-
proximately 1 cm/yr, and for the 2000-2002 period
approximately 0.5 cm/yr. The deformation proc-
esses currently active on Surtsey are compaction of
the volcanogenic material, slumping of the flanks
of the island, lithosphere sagging due to load of
the erupted material and possible compaction of
the seabed sediments. Palagonitization of the te-
phra causes consolidation by growth of secondary
minerals and thereby counteracts the compaction.
During the first years, thermal contraction of the
lava fields may have contributed to the subsidence
signal, but probably decayed away in less than 20
years. Between 1991-2002 largest amount of sub-
sidence is observed (15 cm in 11 years) along the
sides of the tuff cones where the lava overlays the
delta and the central part of the island has sub-
sided by 8-10 cm during the same period.

Because of the current magnitude of the vertical
deformation signal and its decay with time, we sug-
gest that in the future the GPS sites and the level-
ling line be reoccupied at 5-10 year intervals.
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Surveying and charting the Surtsey area from 1964 to 2007

ARNI TH. VESTEINSSON
Icelandic Coast Guard, Hydrographic Department, Skégarhlid 14, 105 Reykjavik, Iceland, arni@lhg.is

ABSTRACT

The history of hydrographic surveys in the area around Surtsey reveals considerable submarine erosion.
The first survey was carried out in July 1964. Since then the Surtsey area has been resurveyed five times.
The latest one, a multibeam survey, was carried out in July 2007 by the Hydrographic Department of the
Icelandic Coast Guard (ICG). The 1967 survey was carried out after volcanic activity had stopped. The
least depth on the J6lnir shoal at that time was 15 m. In 2007 it was 43 m. Depth had increased by 28 m

in 30 years.

ERUPTION OFF THE SOUTH COAST

The November issue of Icelandic Notices to Mari-
ners in 1963 is a rare one, if not unique, in the his-
tory of NMs worldwide. Notice No. 19 carried the
information that a submarine volcanic eruption had
started on 14 November SW near Geirfuglasker off
the south coast of Iceland and that on 22 Novem-
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Figure 1. Surtsey as depicted on the latest edition (2002) of the
chart Vestmannaeyjar, No. 321, scale 1:50,000.
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ber an island had emerged from the sea 700-800
m in diameter and rising to 80 m above sea level
(Fig. 1). Mariners were warned to keep clear of the
area between 63°17.8'N - 63°18.2’N and 20°36.1'W
—20°36.9’W, southwest of the Heimaey island.

In the early morning of 14 November 1963 at
approx. 07:15, fishermen from the Heimaey island
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Figure 2. The Surtsey island was first shown on the Icelandic
chart Dyrhélaey — Reykjavik, No. 31, scale 1:250,000, printed
in January 1964
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Figure 3. Part of the 1964 NM block for chart No. 33 — scale
1:100,000

saw black smoke not far from where they were fish-
ing. The eruption site was a place of rich fishing
grounds with depths of 120-130 m. At daybreak
they saw that the sea was muddy and bubbling.
This was the first sight of the Surtsey volcanic erup-
tion.

FIRST NAUTICAL CHART SHOWING SURTSEY
The Surtsey island was first shown on an Icelan-
dic nautical chart printed early 1964 (Fig 2.), only
some two months after the eruption started.
Hydrographic surveys, in Table 1, around Surt-
sey island have been carried out five times by the
Icelandic Hydrographic Service (IHS).! A further
survey was made in 1967 by the United Kingdom
Hydrographic Office (UKHO). The surveys are:

Survey No. Sheet scale Date

SV-055 1:40,000 1964, July, August
SV-060 1:10,000 1967, July

SV-089 1:15,000 1973, July

SV-146 1:10,000 1985, June, July
SV-172d 1:10,000 2000, July

SV-216 Multibeam survey 2007, July

FIRST HYDROGRAPHIC SURVEY

After the first survey was carried out in July
and August 1964 a Notice to Mariners was issued,
including chart inserts (Fig. 3) for the different
scale charts covering the area, showing the new
island.

The 1964 survey (Fig. 4) was the first echo
sounder survey of the area SW of the Heimaey is-
land. The existing lead line survey dated back to
1901. The scale of the survey sheet is 1:40,000, giv-
ing survey line spacing of approx. 400 m (not very
detailed depth information).

! Icelandic Coast Guard — Hydrographic Department from
2005
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Figure 4. The 1964 survey showing depths around Surtsey.

NEW NAUTICAL CHART

Early in 1966 the chart Vestmannaeyjar — Sel-
vogsbanki, No. 33, scale 1:100,000, was updated
and printed showing the current status (Fig. 5) in
the area around Surtsey island. Volcanic activity
was ongoing close SW of Surtsey island where the
small island J6Inir existed for a while. The chart
bears a note: GOS (Vol), “gos” meaning a volcanic
eruption. Chart No. 33 is the first and only Icelan-
dic chart (to date) to carry a note of this kind.

In October 1966 a new Icelandic chart (Fig. 6)
Selvogur — Vestmannaeyjar, part of the Coastal
Chart series at scale 1:100,000, was published.
Volcanic activity at Jolnir had ceased. The small
island had been washed away leaving a shoal of
uncertain depth shown in blue bounded by a
black line.
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Figure 5. Volcanic activity close southwest of Surtsey as shown
on the chart Vestmannaeyjar — Selvogsbanki, No. 33, in 1966.
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Figure 6. A cut-out from the first edition of the new chart Sel-
vogur — Vestmannaeyjar, No. 16, published in October 1966.

FIRST SURVEY AFTER ERUPTION ENDED

The Surtsey volcanic eruption came to an end
in June 1967. The area was surveyed (Fig. 7) the
following month by the UKHO. The 1967 survey
had a varying line spacing of 40-200 m because the
survey was planned in this circular star radiating
manner. This gave a good picture of the configura-
tion of the seafloor around the island.

LATER HYDROGRAPHIC SURVEYS

The 1973 survey (Fig. 8) was again carried out in
July which is high summer in Iceland and the most
likely time of the year to give a favourable weather
and sea state for hydrographic surveying. The den-
sity of depth data collected was considerably less
than in the 1967 survey but gives very valuable in-
formation on submarine erosion around Surtsey
island between 1967 and 1973. Least depth on the
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Figure 7. The 1967 survey was carried out by the crew of HMS
Hecla, a UKHO survey vessel.
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Figure 8. The 1973 survey. Least depth on the J6lnir shoal had
increased from 13 m in 1967 to 28 m in 1973.

J6lnir shoal had by then increased by 15 m to a
striking 28 m.

The next time Icelandic hydrographic survey-
ors paid the island a visit (Fig. 9) was in 1985. The
elements had shaped the island and its surround-
ings for almost 20 years. It became evident, when
the soundings were plotted on the survey sheet
and compared to previous survey of 1973 that the
submarine erosion had continued as expected.
Least depth on the J6lnir shoal had increased to
37 m.

Fifteen years passed but in July 2000 surveyors
came to the island once again. The survey (Fig. 10)
was planned in a circular manner similar to the
1967 survey. Least depth on the J6lnir shoal had
now increased by 5 m to 42 m.

FIRST MULTIBEAM SURVEY

The latest survey (Fig. 11) was carried out in
July 2007. It was the first multibeam echo sounder
survey around Surtsey island (seafloor coverage

SURTSEY

Malikvordi 1110000

ol
Dypi i met: térstroums
Wit mb Krstin VE 1 jii 1985
SIOMELINGAR isLANDS |

stioru

Figure 9. The 1985 survey of the Surtsey area.
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Figure 10. The July 2000 survey has a certain technical beauty,
because of its circular shape.

100%) and it revealed details of underwater land-
scape never seen before.

The sea floor image of the Surtsey area (Fig. 12)
was created using the CARIS HIPS Multibeam Pro-
fessional software (a suite of bathymetry processing
tools). ICG Hydrographic Department uses CARIS
HIPS for processing hydrographic survey data.

The resolution of the image ranges from 2 m to
10 m in four depth zones (0-30 m, 2 m, 30-60 m,
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3 m, 60-95 m, 5 m and 95 m+, 10 m). The rea-
son for this is the fact that as depth increases the
maximum possible resolution decreases. To get the
most out of the sea floor image, in terms of fea-
ture detection on shallower areas around Surtsey
island, this method of variable image resolution
was used.

Vertical exaggeration is tenfold (10). This large
vertical exaggeration creates wavelike “artefacts”
most apparent on smooth surfaces e.g. like the
Jolnir shoal. These artificial waves are very regular
and can be differentiated rather easily from natu-
ral features. Erosion on the J6lnir shoal seemed to
be slowing down as the least depth was 43 m, an
increase of only 1 m the past 7 years.
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ABSTRACT

Plant immigration on Surtsey continued during 1999-2008 and 69 vascular plant species had colonized
the island by 2008. That year 63 species were recorded, of which 32 had formed viable populations. Birds
were considered the main agents of seed dispersal to the island, having dispersed 75% of the species, while
16% were wind dispersed and 9% by sea from 1965.

Plant succession was studied in permanent plots. Barren areas were starkly distinct from a gull colony
area affected by breeding seagulls from 1985. Average breeding density by plots within the gull colony
was 4 nests 1000 m*® during 2003-2008. Species richness, plant cover and biomass remained low in the
barrens. Here two communities, a Honckenya peploides community on tephra sand and a gravel flats com-
munity with Silene uniflora as the indicator species, had developed. Carbon and nitrogen content of soil in
barrens was very low and pH relatively high. By 2008, plant species richness in the gull colony was consid-
erably higher than in the barrens and average plant cover and biomass was from 10 to 40 times greater.
Soil within the colony area had a relatively high C and N content, and pH was lower than in the barren
area. Two forb-rich grassland communities had developed within the colony. On lava, a Puccinellia distans/
Sagina procumbens community composed mainly of ruderal species, and a community with the perennial
grasses Poa pratensis, Leymus arenarius and Festuca richardsonii as dominants on sand and lava. With the clos-
ing of the grassland sward, species richness had declined, reflecting developing dominance.

In 2008 the forb-rich grassland of the gull colony had expanded to about 10 ha in area. It had become
a foundation of an abundant invertebrate life and a small community of land birds developing on the
island from 1996. Seabirds (primarily gulls) have become increasingly important in shaping and driving
the ecosystem development on Surtsey through their nutrient transfer from sea to land and by dispersal
of seeds to the island. Puffins have recently started breeding on the island and they are expected to affect
further development of the ecosystem.

INTRODUCTION

Colonization by vascular plants on Surtsey has
been followed since the formation of the island.
In the early years studies focused mainly on dis-
persal to the island, and the establishment and
spread of the pioneer species (Einarsson 1967a,b,
1973, Fridriksson & Johnsen 1968, Fridriksson
1978, 1982, 1992). Special attention was paid
to the flora and fauna of the neighbouring vol-
canic islands that may give an indication of the

Surtsey Research (2009) 12: 57-76  wwuw.surtsey.is

long-term development on Surtsey (Fridriksson &
Johnsen 1967, Fridriksson et al. 1972). A study of
colonization and species distribution continues to
the present day. As species richness and plant cov-
er increased over the last two decades, permanent
plots were established to monitor development in
more detail (Magnusson et al. 1996, Magnusson
& Magnusson 2000). These plots have also been
used for studies of the invertebrate fauna and
ecosystem functions (Olafsson & Ingimarsdottir
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2009, Sigurdsson 2009, Sigurdsson & Magnusson
2009).

The importance of seabirds in ecological func-
tions has been increasingly acknowledged in re-
cent years. They can be viewed as chemical and
physical engineers that affect terrestrial vegetation
through nutrient transport from sea to land, seed
dispersal and physical disturbance (Ellis 2005, El-
lis et al. 2006, Sekercioglu 2006). Breeding seagulls
have had great influence on plant colonization
and vegetation development on Surtsey since 1985
(Magnusson & Magnusson 2000, Magnusson &
Olafsson 2003).

In the present paper, we provide an account of
plant colonization and succession on Surtsey over
the last 10 years and the changes that have oc-
curred from earlier years. To our previous study in
permanent plots (Magnusson & Magnusson 2000)
we have added regular measurements of plant bio-
mass and gull nesting density and their results are
presented. We summarise main steps in ecosystem
development on the island.

STUDY AREA

Surtsey formed during a volcanic eruption that
lasted from November 1963 to June 1967. At the
end of the eruption, the island had reached 2.7
km?in total area. During the eruption, large tephra
cones were built up on the middle of the island
by the two main craters. The cones were gradually
transformed into denser palagonite tuff as years
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Fig. 1. Surtsey and the
Vestmannaeyjar islands on
an infra-red SPOT 5 image
from July 16, 2003. Areas
with dense vegetation appear
in red colour, note the gull
colony area on southern
Surtsey. The Eldfell-volcano
and the dark lava from the
1973 eruption give a striking
contrast on Heimaey.
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passed. The highest point on the island is 155 m
above sea level. The southern part of Surtsey was
formed by lava flows that descended from the cra-
ters. The rough lava has, to a large extent, been
filled in by drifting tephra and sand from the hills
above. The lava on the south-eastern-most part of
the island remains mostly free of sand but airborne
dust has filled hollows and fissures. The northern-
most part of Surtsey is a low spit formed by eroded
coastal sediments deposited leeward of the island.
In occasional heavy winter storms, the spit has
been flooded by extreme surf. Coastal erosion has
taken its toll of the island and by 2004 it had been
reduced to 1.4 km? (Jakobsson et al. 2007).
Surtsey is the southern-most of the Vestmannaey-
jar islands, which are 7-33 km off the south coast
of Iceland (Fig. 1). The climate in the area is mild

Table 1. Mean annual temperature and mean total precipi-
tation at Heimaey weather station (Storhofdi) during 1961
—2006 (Icelandic Meteorological Office).

Period Temperature ("C) Precipitation (mm)
1961-1970 5,0 1455
1971-1980 4,8 1713
1981-1990 4,7 1598
1991-2000 5,0 1473
2001-2006 5,8 1718
1961-2006 5,0 1580

Surtsey Research (2009) 12: 57-76  www.surtsey.is



and oceanic. At the Heimaey weather station, 19
km from Surtsey, the mean annual temperature
during 1961-2006 was 5.0 °C and the mean annual
precipitation 1580 mm (Icelandic Meteorological
Office). A warming trend has been experienced in
the area over the last few years as in other parts
of Iceland, while precipitation has remained rela-
tively high (Table 1). The Vestmannaeyjar area is
generally frost free from the first week of May until
the middle of October (Einarsson 1976).

METHODS

Plant colonization and survival

During the study period covered in this paper,
annual visits to the island during mid-July contin-
ued. During each visit, all portions of the island
were thoroughly searched to update survival and
colonization of vascular plant species. Since 1998,
the location of the first individuals of species new
to Surtsey was recorded by GPS. It has also been
useful to mark locations of earlier colonists that
are limited to a single or very few individuals. Field
markers have been left next to plants that are hard
to relocate. From this work, an unbroken record
on colonization and survival of vascular plant spe-
cies on Surtsey exists from 1965 when the first
plant was found.

Permanent plots study

The study of plant succession in permanent
plots that began in 1990 on the island has been
continued. Twenty-five plots, 10x10 m in size, were
initially established and completed by 1995. The
location of the plots was chosen subjectively with
respect to substrate type and influence of gulls on
vegetation development on the island (Magnusson
et al. 1996, Magnusson & Magnusson 2000). A few
of the plots have been decommissioned and new
ones established because of plot destruction or re-
vision of the sampling method. After establishment
the whole set of plots was sampled for the first time
in 1996 and every second year after that. In 2008,

Fig. 2. Location of permanent plots on Surtsey, infra-red SPOT
5 image, July 16, 2003. Gull colony area on the southern island
appears in red colour.

there were 25 plots in active sampling on the is-
land (Fig. 2, Table 2). In all years, the sampling has
been carried out in the middle of July.

Vegetation

The permanent plots were sampled with line-
transects (Magnusson & Magnusson 2000). Five 10
m transects were laid across each plot, parallel at
1, 3,5, 7 and 9 m from their reference edge. Plant
cover was determined by line-intercept method. All
vascular plant species intercepting the line were re-
corded separately for each meter along the line, as
well as the total cover of mosses, lichens and bare
ground. Additional vascular species within the plots
not intercepted by the line were also recorded. In
the analysis, they were given the lowest possible in-
tercept value of 1 cm equivalent to 0.02% cover.

Table 2. Permanent plots on Surtsey in use in 2008, year of establishment, substrate type, number of sampling and relative influ-

ence of breeding gulls.

Plot no. First sampled Substrate type No. of samples Influence of gulls
1,3,4 1990 sand-filled sheet lava 10 high

6-10 1994 sheet lava 8 high

11-14, 16, 18,19 1994 sand-filled sheet lava 8 low

15,17 1994 tephra hill site 8 low

20,21 1995 sand-filled sheet lava 8 low

22,23 1995 sheet lava 8 moderate

29,30 2005 coastal sand 3 low

31,32 2008 block lava 1 low

Surtsey Research (2009) 12: 57-76  wwuw.surtsey.is
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In 2008, soil sampling was carried out in the
plots as in 1998 (Magnusson & Magnusson 2000).
Four random samples were taken in each plot with
a 7 cm wide soil corer down to a 10 cm depth. The
samples were mixed in the field to make a com-
posite sample for each plot. In the laboratory,
the samples were dried at room temperature and
sieved through a 2 mm mesh, for determination of
pH, carbon (C) and nitrogen (N). pH was meas-
ured in a mixture of 5 g of dried soil and 25 ml
of deionzied water after 2 hours shaking, following
the methods of Blakemore et al. (1987). C and N
content of soils was measured in a Vario MAX CN
— Macro Elementar Analyzer (Elementar Analysen-
systeme GmbH), using 1.5—4 g samples depending
on the organic matter content. The samples were
ground in a ball mill and dried at 105 “C before the
analysis. All soil analyses were done by the Keldna-
holt chemical laboratory. The analytical methods
differed and the limits of quantification were lower
for C and N than in 1998 (Magnusson & Magnus-
son 2000).

Plant biomass

In 1999, vegetation was harvested for the first
time at the permanent plots for determination of
plant biomass. The sampling was repeated in 2003
and 2007. As the sampling was destructive, it was
carried out in a 10x10 m area adjacent to each
permanent plot. Four samples were harvested at
random coordinates within the plots. The vegeta-
tion was cut at ground level along a 2 m line, using
electric grass clippers with a 7.5 cm wide cut. All
vegetation, live and standing dead, was collected.
In the laboratory, the samples were dried at 60 "C
to a constant oven dry weight.

Density of gull nests

To get an indication of the influences of the
breeding seagulls on plant succession on the is-
land a nest count in and around the permanent
plots was started in 2003 and then repeated annu-
ally. This was done by inspecting carefully a 1000
m? circular plot with a centre in the middle of a
permanent plot. A team of 4-5 researchers, spread
out a long the 17,85 m long radius line, walked
in a circle within the nest-counting plot. All gull
nest bowls that appeared to have been occupied
in the current season were counted. A record was
also kept of older nests. Itis the great black-backed
gull (Larus marinus), herring gull (L. argentatus)
and lesser black-backed gull (L. fuscus) that breed
in great numbers upon the island (Magnusson &
Magntsson 2000, Magnisson & Olafsson 2003, Pe-
tersen 2009). Their nests have been counted but
they were not separated to a species as the chicks
had left the nests when the counting was carried
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out (mid July). A few fulmar nests (Fulmarus gla-
cialis) were also encountered within the surveyed
plots and they were also included.

Data analysis

We used DECORANA-ordination (Hill 1979a)
to investigate vegetation similarity between indi-
vidual plots and trends in plant succession. Data
from the different sampling years was included for
all the 25 plots in use in 2008, which gave a total
of 182 plots and 26 plant species for the different
sampling years. A square root transformation was
performed on the cover data and downweighting
of rare species was selected in the ordination pro-
cedure. A TWINSPAN-classification (Hill 1979b)
was also carried out using only the 2008 data from
the plots. This left 23 plant species in the analysis.
The square root values were also used and the cut
levels were set as 0, 1, 2, 4 and 7. The ordination
and classification were run in the PC-ORD 5-pack-
age (McCune & Mefford 2006).

RESULTS

Plant colonization and survival

In 2008, the number of vascular plant species
found on Surtsey from the first colonization in
1965 had risen to 69. Of those species 63, or 91%,
were found alive in that season (Fig. 3, Appendix
1). The first decade of plant colonization on the
island was characterised by shore plants. Survival of
entering species was high and most of them formed
viable populations within a few years. This period
was in comparison followed by a relative stagnation
during the next decade, 1975-1984, when relative-
ly few new species entered the island and survival
dropped. This was to change after 1985, following
the sharp increase in number of gulls and forma-
tion of a dense breeding colony on the southern
part of the island. The gulls facilitated a wave of
new plant invasion and survival on the island that
is still in force. From 1990-1998 there was a steady
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Figure 3. Number of vascular plant species found on Surtsey
during 1965-2008.
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Table 3. Vascular plants recorded on Surtsey from 1965 and their status in 2008. Species were considered to have formed viable
populations if they had spread on the island and were found in at least 5 locations.

Species status in 2008

First Alive Viable Within
colonization population permanent plots
Pterydophytes
1 Equisetum arvense 1975 X
2 Cystopteris fragilis 1971 X X
3 Gymnocarpium dryopteris 2007 X
4 Polypodium vulgare 1996 X
Monocots
grasses
5 Agrostis capillaris 1992 X X X
6 Agrostis stolonifera 1987 X X X
7 Agrostis vinealis 1993 X
8 Alopecurus geniculatus 1992 X X
9 Alopecurus pratensis 2007 X
10 Anthoxanthum odoratum 1996 X
11 Calamagrostis stricta 2007 X
12 Deschampsia beringensis 1993 X
13 Festuca richardsonii 1973 X X X
14 Festuca vivipara 2006 X
15 Leymus arenarius 1966 X X X
16 Phleum pratense 1994 X
17 Poa annua 1987 X X X
18 Poa glauca 1994 X
19 Poa pratensis 1975 X X X
20 Puccinellia distans 1972 X X X
sedges and rushes
21 Carex maritima 1972 X X
22 Eleocharis quinqueflora 1993 X
23 Juncus alpinus 1995 X X
24 Juncus arcticus 1991 X
25 Luzula multiflora 1990 X
26 Luzula spicata 1997 X
orchids
27 Platanthera hyperborea 2003
Dicots
forbs
28 Achillea millefolium 2007 X
29 Alchemilla vulgaris 1990 X
30 Angelica archangelica 1972 X
31 Armeria maritima 1986 X X X
32 Atriplex longipes 1977
33 Atriplex sp. 2006 X
34 Cakile arctica 1965 X X
35 Capsella bursa-pastoris 1990
36 Cardaminopsis petraea 1978 X X X
37 Cerastium fontanum 1975 X X X
38 Cochlearia officinalis 1969 X X X
39 Epilobium collinum 2007
40 Epilobium palustre 1990 X
41 Euphrasia frigida 2001 X X
42 Galiwm normanii 1995
43 Galium verum 2003 X
44 Honckenya peploides 1967 X X X
45 Leontodon autumnalis 1996 X X
46 Matricaria maritima 1972 X X X
47 Mertensia maritima 1967 X X X
48 Montia fontana 1994 X X
49 Myosotis arvensis 1997 X
50 Oxyria digyna 1998 X
51 Plantago lanceolata 2004 X
52 Plantago maritima 2002 X
53 Polygonum aviculare 1991
54 Polentilla anserina 1996 X X
55 Ranunculus acris 1992 X X
56 Rhodiola rosea 2006 X
57 Rumex acetocella 1978 X X X
58 Rumex acetosa 1991 X X X
59 Rumex longifolius 1996 X X
60 Sagina procumbens 1986 X X X
61 Saxifraga caespitosa 2006 X
62 Silene uniflora 1991 X X X
63 Stellaria media 1970 X X X
64 Taraxacum spp. 1991 X X X
shrubs
65 Empelrum nigrum 1993 X X X
66 Salix herbaceae 1995 X X
67  Salix lanata 1999 X
68 Salix phylicifolia 1998 X
69 Thymus praecox 2006 X X
63 32 23
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Figure 4. Probable route of dispersal by colonizing species
found on Surtsey in 1965-2008.

increase with 2-5 new species entering every year.
During 1999-2005, colonization declined to 0-3
species per year indicating that it was levelling off.
This was however followed by a sharp increase in
2006 and 2007 with 5 new species found on the
island each year. In addition, a few species, which
had been unsuccessful colonizers on the island in
the past, have invaded the island again (Fig. 3).
The colonization sequence and location of
first encounter of the different species indicates
that about 9% were brought by sea currents to
the island, 16% by wind and 75% by birds (Fig.
4. Appendix 1). The six species brought in by the
sea are all coastal plants adapted to sea dispersal,
e.g. Cakile arctica, Leymus arenarius and Honckenya
peploides. They were the first species appearing on
the sandy, northern shores. The eleven species
considered wind dispersed are all adapted to that
mode of transportation. They have small spores or
light, hairy seeds easily carried by wind. Examples
of these are the fern Cystopteris fragilis, Taraxacum
sp., the three Salix species found on the island and
the first orchid Platanthera hyperborea. The remain-
ing 52 species were probably brought by birds to
the island, either internally or externally. The first
encounter of most of these species has been upon
the island within or at the edge of the gull colony
indicating birds as carriers. The first species con-

Table 4. Viable plant populations within the main plant taxo-
nomic groups on Surtsey in 2008 in proportion to the number
of colonizing species of each group.

Plant group Viable populations %
Pterydophytes 25
Grasses 56
Sedges & rushes 17
Forbs 51
Shrubs 60
62
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Figure 5. Cumulative curves of dispersal routes to Surtsey con-
sidered used by the different vascular plant species during
1965 — 2008. Based on dispersal-mode spectra of the flora and
sites of establishment on the island (see also Appendix 1).

sidered carried by birds to the island was Cochlearia
officinalis (Appendix 1). During the first decade
dispersal by sea was most important but has not
added significantly to the flora after that. Bird dis-
persal became important a few years later and has
continued as the main gateway. Wind dispersal has
on the other hand gained increasing importance
after 1990 (Fig. 5).

Of the 69 colonizing species during 1965-2008,
there were 4 pterydophytes, 16 grasses, 6 sedges
and rushes, 1 orchid, 37 dicot forbs and 5 shrubs
(Table 3). All species of these groups were alive
in 2008 except the orchid and 5 species of dicot
forbs, which was by far the largest group. Of the
colonizing species, 32 had spread on the island
and formed viable populations in 2008 (Table
3). Looking at the assemblage of plants in 2008
grasses, forbs and shrubs were relatively successful
in establishing on the island while pterydophytes
and the sedges and rushes met greater obstacles
(Table 4). Thus, C. fragilis was the only pterydo-
phyte widely distributed in 2008 and of the sedges
and rushes, only Carex maritima had a viable popu-
lation (Table 3).

The key players in plant colonization on Surt-
sey during the first two decades were mainly spe-
cies adapted to relatively infertile habitats along
the sandy shores and barren inland areas. Exam-
ples of these species are H. peploides, L. arenarius,
Mertensia maritima, C. maritima, Festuca richardsonii
and Rumex acetosella, which all became established
and started spreading within a few years of first
colonization. All are clonal perennials and stress
tolerant species with relatively large seeds. The
species assemblage changed considerably after
1985. With improved soil conditions came denser
vegetation in the area affected by gulls. Plant spe-
cies that were more nutrient demanding or had
more complex requirements for establishment
came to dominate. Thus Poa annua, P. pratensis, Sa-
gina procumbens, Stellaria media, Rumex acetosa, Ra-
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Table 5. Results of analysis of soil samples taken in permanent plots in Surtsey in 2008. Plots 1-10 and 23 were within the gull
colony but plots 11-22 and 29-32 were outside it. Averages + se. are shown below for each set of plots. C and N: total content in

oven dry wt.

Plot pH C% N % C/N
1 7.25 1.26 0.098 12.93
3 7.31 0.56 0.051 10.84
4 7.40 0.49 0.047 10.49
6 6.43 4.28 0.302 14.16
7 6.51 4.72 0.400 11.81
8 7.14 2.28 0.189 12.06
9 7.33 1.79 0.163 10.94
10 7.40 0.95 0.076 12.42
11 8.64 0.03 0.004 7.63
12 8.55 0.05 0.006 7.62
13 8.25 0.03 0.005 5.19
14 8.14 0.02 0.004 4.74
15 7.92 0.02 0.004 4.36
16 7.87 0.06 0.007 7.57
17 8.52 0.03 0.005 5.47
18 8.15 0.03 0.004 6.25
19 7.83 0.03 0.006 5.82
20 8.62 0.03 0.005 6.00
21 8.39 0.02 0.004 3.81
22 6.84 0.27 0.028 9.57
23 7.07 0.24 0.025 9.64
29 8.95 0.01 0.001 8.33
30 9.39 0.03 0.003 8.67
31 7.59 0.08 0.009 9.01
32 7.73 0.19 0.019 10.05
Average:

1-10 & 23 7.09 +0.12 1.84 +0.55 0.150 + 0.043 11.7+ 0.46
11-22, 29-32 8.24+0.15 0.05 +0.02 0.007 + 0.002 6.88+0.48

nunculus acris, and Taraxacum sp. became firmly es-
tablished in the wake of the gull invasion. Among
latecomers into the developing plant community
in the last 15 years were a hemiparasitic species,
Euphrasia frigida, and an orchid, Platanthera hyper-
borea. The recent invasion of shrubs to the island
(Table 3) is also of interest. The three Salix species
that occur, all wind dispersed, reached the island
in 1995-1999.

PERMANENT PLOT STUDY

Density of gull nests

Gull nests were found at 9 of the 25 permanent
plots from 2003 (Fig. 6). Most of the plots with
nests were within the gull colony on the southern
part of the island (plots 1-10) or at its expanding
fringe (plot 23) (Fig. 2). In 2006 a nest was also
encountered at plot 16 that was outside the main
gull colony. A few scattered nests of the great black-
backed gull have been on that part of the island
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and out to the northern spit since 1974. At plot 7
within the gull colony, 1-2 fulmar nests were found
in 2003-2008 and they were included with the gull
nests.

A total of 27-50 nests were found at the plots in
the different years, with a low in 2003 and a high in
2008. The average number was 3.0-5.6 nests 1000
m? in a year and 4.1 nests 1000 m* over the whole
period, by plots where they were encountered. The
highest nest density throughout the period was at
plots 9 and 10 (Fig. 6) that were at the fringe of
the gull colony when they were set up. In the older
part of the colony (plots 1-7), nest density was on
the other hand lower.

Soil

A considerable difference was found in soil
pH, C and N between plots in 2008. The pH was
determined in the range of 6.4-9.4, C content
0.01-4.72%, N content 0.001-0.400 and C/N ratio
4.5-14.2 (Table b). The soil was poorly developed
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Figure 6. Average number of gull nests counted at permanent
plots in 2003-2008. Nests were counted in a 1000 m? circle area
around each plot. Plots are grouped according to location,
from the gull colony on the southern lava, south eastern lava,
area around the western crater, eastern crater, eastern part of
the island to the northern spit, see also Fig. 2.

in the barrens outside the gull colony and had a
very low C and N contents, and C/N ratio and a
relatively high pH (Table 5). In this area the soil
was poorest (C < 0,02%) in plots 14, 15, 21 and 23,
which all had a very sparse cover of H. peploides on
coarse sand substrate. Soil from plots within the
gull colony had distinctly lower pH and higher C
and N contents and C/N-ratio (Table 5). In that
area the soil from plots 6 and 7 was highest in C
and N content and had the lowest pH. Both plots
were on sheet lava and had dense grass cover and
root mats. In plots 1-4, which were also in the cen-
tre of the gull colony, the soil had, on the other
hand, higher pH and a lower C and N contents
although their vegetation cover and biomass was
comparable. These plots were in an area of sand-
filled lava with high content of coarse ash in the
upper soil.

Species richness and plant cover

Twenty-three vascular plant species were record-
ed within the permanent plots in 2008. The most
frequent species were H. peoploides, S. procumbens,
Cerastium fontanum and L. arenarius, all found in
over 10 plots (Fig. 7). There was a great difference
between plots as species richness varied from 1 to
16 (Fig. 8). In the barrens outsite the gull colony
area 1-7 species were found per plot. There spe-
cies richness was highest in plots 18 and 19, by the
western crater (Fig. 2, 8), where species like Arme-
ria maritima, Cardaminopsis petraea, Rumex acetosella
and Silene uniflora had spread during the study
period. The poorest plots (17 and 21) of the bar-
rens still contained only one species in 2008. They
were covered in tephra sand and had a very sparse
cover of H. peploides. Within the gull colony area
(plots 1-10, 23) species richness was relatively high
by comparison, or 4-16 species per plot. In plots
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Cerastium fontanum | 1
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Figure 7. Relative frequency of vascular species in the 25 per-
manent plots in Surtsey in 2008. Species occurring in = 2 plots
are shown, other species occurring were Rumex acetosa, Agrostis
stolonifera, A. capillaris, Armeria maritima, Empetrum nigrum, fun-
cus alpinus and Montia fontana.

(1-6) in the centre of the colony species richness
had declined in the last few years as their vegeta-
tion had become very dense. In plots (7-10, 23)
along the edge of the colony, species richness had
on the other hand increased. Species richness was
highest in plot 10 (Fig. 8), which had a mixture of
rough lava surfaces and sandy depressions within
it, creating more diverse conditions than generally
found in the other plots.

There was almost a two hundred-fold difference
in plant cover between plots with the lowest and
highest cover in 2008, as the cover range was 0.6—
116% (Fig. 9). Development of cover in plots in
the barren areas was very limited and in most of
them it remained extremely low. In all the plots
cover was less 30% in 2008, but the average cover
was 7%. In the barrens cover was highest in plots
(29 and 30) on the northern spit that had large
patches H. peploides. In the two plots (31 and 32)
set up in the block lava on the eastern part of the
island in 2008, vascular plants were very scarce.
There Stereocaulon lichens and Racomitrium mosses
were most prominent and made up the cover (Fig.
9). In plots within the gull colony the average cov-
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Figure 8. Species richness of vascular plants in permanent plots
in 2008.
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Figure 9. Total cover of vascular species, mosses and lichens in
permanent plots in 2008.

er had reached 83% in 2008. In plots (1-7) in the
centre of the colony the cover had reached 100%
or more while it was lower in plots (8-23) at the
fringe where the vegetation development had not
gone as far (Fig. 9).

Plant biomass

In 2007 plant biomass within the permanent
plots ranged from 0.3 to 856 g m®. Biomass was very
low in plots in the barren areas and a trend in its
development was not observed during 1999-2007.
The average biomass of the barrens was 10 g m®
and 9 g m?in 1999 and 2007 respectively, for plots
measured in both years. In 2007 biomass in these
areas was highest in plots (29, 30) on the northern
spit which reflected their relatively high cover (Fig.
9, 10). Plant biomass was high in plots within the
gull colony and there was a steady increase from
the first sampling in 1999 (Fig. 10). This reflected
the development in plant cover (Fig. 9). In 1999
the average biomass in plots within in the colony
was 146 ¢ m?and it had risen to 401 g m*by 2007.
The biomass was highest in plots 1-6 (Fig. 9) in the
centre of the colony where lush grassland had de-
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Figure 10. Average plant biomass (+ s.e.) within permanent
plots in 1999, 2003 and 2007. Living green and standing dead
material, dry weight.
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veloped. The biomass was markedly lower in plots
near the fringe of the colony (Fig. 10).

Plant succession and communities
— multivariate analysis

Ordination

The indirect ordination results revealed the rela-
tive vegetation changes which had occurred in the
permanent plots since they were set up. On the first
axis (eigenvalue 0.627) there was a separation of
plots with sand as main substrate to the left of the
axis and lava plots without sand on the right (Fig.
11). In the middle of the axis was plot 10 that had
both types of substrate as previously described. The
second axis (eigenvalue 0.371) was related to tem-
poral vegetation change and indicated the main
trends in the plant succession. At the bottom of the
axis were the oldest bare lava plots representing
the first stages of colonization whereas plots with
more developed vegetation were higher up on the
axis. Sitting highest on the second axis was plot 6
that had become an outlier in the last sampling
years indicating a relatively abrupt change in veg-
etation composition.

The main cluster of plots to the left of the ordi-
nation diagram represented sand plots outside the
gull colony. In these plots plant colonization and
succession was very slow over the sampling period
and limited changes in vegetation composition oc-
curred. All the plots to the right of the cluster on
the diagram were from the gull colony where sig-
nificant changes occurred both on sand and lava
substrate (Fig. 11). The difference and changes in
species composition, plant cover and species rich-
ness of the plots in space and time explained the
main trends further (Fig. 12, 13).

The key species in colonization of tephra sand
areas, Honckenya peploides, was present in all plots
in the main cluster, in most cases in a low abun-
dance (Fig. 12, 16). With the influence of gulls in
these areas H. peploides responded by increasing
greatly in cover. This change was followed in plots
1-4 from 1990 and onward (Fig. 11,12). H. peploides
continued increasing in cover until 2000 but de-
clined thereafter with increased abundance of
other species colonizing the plots. The first follow-
ers were the annuals Poa annua and Stellaria media
along with Cerastium fontanum. These species also
declined after 2002 when the perennial grasses Poa
pratensis and Leymus arenarius became dominant in
these plots (Fig. 12, 13, 18). Matricaria matitima in-
creased in the gull colony after 2000 both on sand
and lava. It had a rather scattered distribution and
its abundance was relatively low within permanent
plots (Fig. 7, 12). Mertensia maritima, a shore species
and early colonizer of Surtsey, as H. peploides and
L. arenarius, did not respond to the gull invasion.
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Its abundance has remained low and distribution
limited (Fig. 7, 12). With the gradual rise in plant
cover following the gull invasion, species richness
in the sand plots increased to start with and peaked
around 2000 (plots 1-4). After that it has declined
with the closing of bare ground and dominance of
the perennial grasses in recent years (Fig 13, 14).
On the lava within the gull colony area the key
species of the first colonizing stages were different
from the sand areas (Fig. 17). There Sagina procum-
bens was the first colonizer followed by Puccinellia
distans and Cochlearia officinalis (Fig. 12). The spe-
cies were able to grow on the sheet lava and did
not require deep soil for root establishment. In the
centre of the gull colony, where changes had gone
furthest (plots 6-9), the abundance of these spe-
cies declined with the colonization and increase of
the grasses P. pratensis and Festuca richardsonii (Fig
12, 14). P. annua, C. fontanum and Matricaria mar-
itima also colonized these plots (Fig. 12) and a few
other species in low abundance. Plot 6 was posi-
tioned in the centre of the gull colony, at the site
where the first small patch of vegetation was found
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in the breeding area in 1986. At the time a crust
of moss (Bryum argentewm) with S. procumbens was
found in the patch. When the plot was set up in
1994 there were 8 species recorded within it and P,
distans and P. annua were dominant with 26% and
15% cover respectively. In that year E richardsonii
was found within the plot and was registered with
the lowest cover of 0.02%. From that time the cover
increased year by year by vegetative expansion and
it formed a dense, continuous mat. In 2000 E rich-
ardsonii had become dominant in the vegetation
and gained 49% cover, and in 2006 the cover had
reached 99% that the species maintained in 2008
(Fig. 12, 14, 19). A decline in abundance and a loss
of other species occurred at the same time in the
plot. The species richness peaked at 9 species in
1996-2000 but in 2008 it had declined to 4 species
with the gradual overtaking by perennial grasses in
the lava plots as in the sand plots. These changes
were evidentin the ordination results (Fig. 11-13.).
Examples of species changes within selected plots
occurring under the different substrate conditions
and gull influence are given in Fig. 14.
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In a divisive polythetic classification (i.e. Twin-
span) of the permanent plots data from 2008, four
groups were formed (Fig. 15), and further classifi-
cation is not shown. In the first division all lava plots
and plots within or at the edge of the gull colony
area (groups I & II) were separated from the sand
plots outside the area (groups III & IV). Poa praten-
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the division and present in plots in groups I and
II. Honckenya peploides was the most abundant spe-
cies in plots in groups III and IV but was not con-
fined to them. In the second division lava plots at
an early succession stage (group I) separated from
plots at a later stage and positioned in the centre
of the gull colony area (group II). P. distans was the
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main indicator for group I but Festuca richardsonii,
Leymus arenarius and Poa pratensis for group II. In
the third division of plots outside the gull colony,
a separation of plots occurred with the pioneer H.
peploides as the only or dominant species (group
III) and plots with more diverse vegetation (group

IV). Silene uniflora was the indicator species of the
division and it occurred in plots in group IV. Car-
daminopsis petraea, Rumex acelosella and Armeria mar-
itima were also among the species in the group.
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Figure 14. Examples of changes in species cover in selected permanent plots (14, 3, 8 and 6) over the study period 1990/1994—
2008. Plots 14 and 3 were on sand-filled lava outside and inside the gull colony area respectively. Plot 8 and 6 were on lava pave-
ments inside the gull colony are. Only species with > 1% cover area shown on the diagrams.
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Figure 15. A TWINSPAN-classification of permanent plots
based on vegetation composition in 2008. Species most deci-
sive (indicators) of each division are shown.

DISCUSSION

Colonization
The second wave of invasion on Surtsey by vas-
cular plant that followed the formation of a gull

Fig. 16. Honckenya/Leymus-community on tephra sand in 2008,
plot 14.

Fig. 17. Puccinellia/ Sagina-pioneer community on lava in 2008,

plot 22.
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colony in 1985 (Magnusson & Magntusson 2000)
was still in progress during this study period. In
2008 there were 63 plant species found alive on
the island. Most of the species are common else-
where on Vestmannaeyjar islands, the likely source
of most species colonizing Surtsey (Fig. 1). The
Icelandic mainland has every plant species that has
been found on Surtsey. While Surtsey is the south-
ernmost island of Iceland and in the pathway of
migratory birds, there has been no indication of
species colonizing the island from distant sources.
The vascular flora of Heimaey, the largest of the
Vestmannaeyjar islands (13,4 km?), contains some
160 species (Eythor Einarsson, personal communi-
cation). Other islands, on the other hand, harbour
only 2-30 species, corresponding to their area,
which ranges from 0.01-0.46 km? (Fridriksson &
Johnsen 1967). All the species recorded on the
smaller islands with the exception of two (Ranun-
culus repens and Saxifraga rivularis), had colonized
Surtsey by 2008 and most of them had formed vi-
able populations. Two species (Eleocharis quingue-
Jflora and Gymmocarpium dryopteris) present on Surts-
ey in 2008 have not been recorded elsewhere on
the islands but are both found upon the mainland

WANNY % i R S R
A e REEN N

Fig. 18. Leymus/Poa-grassland on sand within gull colony in
2008, plot 3.

Fig. 19. Festuca-grassland on lava within gull colony in 2008,
plot 6.

69



(Kristinsson 1986). The number of species growing
on Surtsey has long surpassed that of the smaller
neighbouring islands. This may be explained by
Surtsey’s considerably larger size and its greater di-
versity of habitats compared to the other volcanic
islands, which are much older and more eroded.
It is likely that total species richness of Surtsey will
continue increasing during the next few decades
and peak at about 80-100 species, after which it
is expected to decline with the continual erosion,
shrinking of the island and increasing dominance
by a few species.

Our study indicates that transport of birds has by
far been the most important pathway of new vascu-
lar plant introductions to Surtsey. The lesser black-
backed gull and the herring gull in particular ap-
pear to have played a major role as can be seen
by the sudden rise in new colonization after their
invasion of the island (Magnusson & Magnusson
2000, Magnusson & Olafsson 2003). These species
visit and feed more frequently in inland areas than
the great black-backed gull does, which depends
more on marine food (Gotmark 1982). The lesser
black-backed gull and the herring gull are there-
fore more likely to carry seeds. Dispersal of seeds
by gulls and other birds to islands and other dis-
tant areas has been reported in several other stud-
ies (Gilham 1956, Morton & Hogg 1989, Nogales et
al. 2001, Ellis 2005, Abe 2006) and it has also been
demonstrated that predatory birds may act as sec-
ondary seed dispersers (Nogales et al. 2002). Snow
buntings (Plectrophenax nivalis) have bred on Surt-
sey since 1996. The species feeds mostly on insects
during summer when insects are abundant but on
seeds during the rest of the year. The snow buntings
may therefore have carried new plants to Surtsey
(Fridriksson & Sigurdsson 1968). In addition, the
graylag goose (Anser anser) bred on the island for
the first time in 2002 and may be in a position to
import new species. Ravens (Corvus corax) have fre-
quented Surtsey from the early years and may have
dispersed seeds of upland species as well.

Other factors than increased visits by birds on
Surtsey have probably also played part in maintain-
ing the high rate of plant colonization and survival
on the island in recent years. The gradual warming
in Iceland in the last 10 years and relatively high
precipitation (Bjornsson et al. 2008) may have
positively affected the continued colonization of
Surtsey and ecosystem development. However, the
improved nutrient conditions of soil on the island
and expansion of vegetation in the gull colony has
been of the greatest importance. In the colony, the
platform with favourable growing conditions for
new colonists has increased in area year by year.
The fungal succession is also of interest here. Stud-
ies of the fungi of Surtsey and the colonizing vas-
cular plants indicate developmental stages from
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non-dependent to facultative or dependency on
arbuscular mycorrhizal fungi (AMF) in the early
years (Greipsson & El-Mayas 2000) to the presence
of ectomycorrhizal fungi in later years (Eyjolfsdot-
tir 2009). A development similar to that described
during succession on Mount St. Helens (del Moral
et al. 2005). The late establishment of Salix species
on Surtsey may have been caused by the lack of
ectomycorrhizal soil fungi in the earlier years. The
same applies to the orchid, Platanthera hyperborea,
found on the island for the first time in 2003. As
discussed by Thornton (1997) the minute orchid
seeds are very light and widely dispersed. The
small seeds have no food reserve and require myc-
orrhizal fungi for germination and establishment.
In 2001 Euphrasia frigida, the first hemiparasitic
species, was found on Surtsey. It has spread in the
grassland in the gull colony and established a vi-
able population. The species is a facultative root
hemiparasite and plants are known to connect to
a variety of hosts, including grasses (Seel & Press
1993, Nyléhn & Totland 1999).

With a record of plant colonization on Surtsey
extending over more than 40 years a clear pattern
of dispersal routes and their relative importance in
time has emerged (Fig. 5). It has similarities to the
dispersal pattern obtained in long-term studies of
the colonization of Krakatau after the explosion in
1883 (Whittaker etal. 1992, Thornton 1997). There
dispersal by sea was important in the early years
but then stabilized, as has been found on Surtsey.
In addition, dispersal by animals on Krakatau got
a later start than sea dispersal. This was attributed
to lack of vegetation that attracted animals, which
is similar to the experience from Surtsey. On both
islands animal dispersal has continued. The main
difference in the pattern is wind dispersal which
was important from the beginning on Krakatau
and has been the most effective of the three main
dispersal routes. On Surtsey on the other hand
wind dispersed species were scarce in the flora
over the first 30 years but have been increasing
from that time. This difference probably reflects
the contrasting floras and climate of the two areas.
In the cool sub-arctic climate of Iceland soil and
ecosystem development is very slow in comparison
to the tropical environment of Krakatau. Seeds
of common wind dispersed species have probably
landed on Surtsey throughout the history of the
island. However, conditions for establishment were
not favourable until after the gull invasion of the
island. Wood & del Moral (1987) demonstrated in
experiments in the early years of their research on
Mount St. Helens that high-dispersal species had
low tolerances on the barren substrates and appar-
ently required site amelioration prior to establish-
ment.
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Density of gull nests and soil conditions

The distribution and density of gull nests were
reflected in the soil and vegetation development
on Surtsey. The overarching influence of gulls and
other seabirds on environment within their breed-
ing colonies has been emphasised (Sobey & Ken-
worthy 1979, Hogg & Morton 1983, Mizutani &
Wada 1988, Ellis 2005). At their breeding sites the
birds deposit faeces and regurgitate pellets, fish
and marine invertebrates are spilled on the ground
during feeding of chicks and corpses of birds that
die within the colony decompose. Nest material
may also be brought into the sites. The most signifi-
cant of these in the soil enrichment and vegetation
development are the faeces that have a relatively
high content of nitrogen, phosphorus, potassium
and minerals (Sobey & Kenworthy 1979), which
are of great importance in primary succession.

We have not attempted to measure the nutrient
input from the gulls into their breeding area on
Surtsey but it is substantial as indicated by the vege-
tation development and biomass. Nutrient loading
in freshwater habitats from water birds has been
estimated for the Netherlands using excretion
and food models (Hahn et al. 2007). A seasonal
estimate of a family unit (parents and offspring)
for the lesser black-backed gull and the herring
gull was around 0.6 kg N season and 0.12 kg P
season™. If these values are used to estimate nutri-
ent inputs in the gull colony area on Surtsey, they
give about 25 kg N ha' and 5 kg P ha' in a season,
based on the nest counts at the permanent plots
in 2003-2008 (4 nests 1000 m? or 40 nests ha' on
the average). Taking into account the variation in
nesting density between plots during 2003-2008
(1-10 nests 1000 m?) the nutrient input would be
estimated as 6-60 kg N ha' and 1.2-12 kg P ha'.
This is a conservative estimate because a correction
is not made for the great black-backed gull which is
the largest of the gulls on Surtsey and a substantial
part of the breeding population with the other two
species (Petersen 2009).

The results of the soil sampling in the perma-
nent plots in 2008 indicated that C and N content
of soil within the gull colony area had increased
from 1998 (Magnusson & Magnusson 2000). In the
barrens outside the area the contents remained
extremely low. In mature, freely drained grassland
soils in Iceland organic carbon is commonly in the
range of 5-15% (Helgason 1968). According to Ar-
nalds (2004) the brown andosols (BA) of Iceland
have a carbon content of 2-7% in the in the top 50
cm. The highest carbon values (4.3-4.7%) deter-
mined in Surtsey in 2008 are therefore approach-
ing levels encountered in mature soils. The results
from Surtsey show clearly the importance of nutri-
ent input for the ecosystem development.The role
of the gulls on Surtsey is in many ways comparable
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to that of the nitrogen-fixing Lupinus lepidus in the
plant succession on Mount St. Helens following
the eruption in 1980 (del Moral & Rozzell 2005,
del Moral 2009).

Plant succession and community development

The substrate conditions of the sand and lava ar-
eas on Surtsey differed greatly (Fig. 16, 17). Howev-
er, similarities can be seen in the succession. In the
centre of the gull colony area where plant succes-
sion has gone furthers it was mainly ruderal species
(Grime et al. 1988) that responded to the increased
nutrient input to start with and gained high abun-
dance in the vegetation. Examples of these were
Poa annua, Stellaria media, Sagina procumbens, Puc-
cinellia distans and Cochlearia officinalis (Fig. 12). At
the fringe of the expanding colony this stage in the
vegetation development is still represented on the
island and will probably be for the next few dec-
ades. With further development the ruderal species
however lost ground to more competitive species
that responded more slowly to start with but have
become dominant in the last few years. The most
prominent of these are the perennial grasses Ley-
mus arenarius, Poa pratensis and Festuca richardsonii
that have become dominant in the grassland in the
centre of the gull colony area (Fig. 18, 19). They
have all formed mats of relatively dense canopy of
leaves by extensive lateral spread above and below
ground, a character of competitive species (Grime
et al. 1988). Mixed in the grassland are forb spe-
cies like Cerastium fontanum and Matricaria maritima
that are more competitive and stress tolerant than
the pioneer, ruderal species.

The plant biomass, in the densely vegetated grass-
land plots within the gull colony area in 2007 was
very high (642-856 g m?, Fig 10). It had reached
similar or higher levels than lowland grasslands in
Iceland where plant biomass is commonly in the
range of 100 — 300 g m? in autumn but may reach
~500 g m? in the productive Deschampsia caespitosa-
grasslands (Magnusson & Magnusson 1990, Mag-
nusson et al. 1999). Further substantial increases in
plant biomass in the most densely vegetated plots
on Surtsey are not expected to continue as the
dominant grasses have reached full cover.

The vegetation within the gull colony of Surtsey
is in floristic composition and species dominance
becoming more and more similar to that of the
neighbouring islands (Fig. 1). On the other islands
lava and sand areas along with their habitats and
flora no longer exist. Most of the bedrock consists
of palagonite tuff and remains of craters overgrown
with vegetation. Seabirds are very abundant on the
islands. Puffin (Fratercula arctica) is most numerous
and nests in the grassland on top of the islands
while guillemots, kittiwakes and fulmars inhabit
the cliffs. On the islands Fridriksson & Johnsen

71



‘ ‘ Vegetation Secondary colonisation |
enhancement by gulls ‘*
| | Lag period 1 | | ‘
| Shore plant colonisation T | | ‘ \
I . \ f 2 ‘ ‘ ‘ |
| | A | - |
‘ ;f..t . =, + T }‘ ln)\/ueadow ‘ 3 bbﬁdy |
ol B S e uttercup straw
Sea rocket ,.;-f' -. v
| o o ) ‘/‘}/ | lcold | \
‘ e b q Annual ’-ﬂ\ - o cycbright ;-' X ‘ ¢'. ‘
0} meadow-grass Y Mg e Dwarf ! L
‘ I'L] Sheep’s o e T alpine willow % |
sorrel “n,“ll '\'- a / o ﬂ i ¥ ‘
Sea ' l": 1/9( - ¥ | Northern ‘
dl sandwort — F ¥ ! / green orchid
| T N "[_u \
| [ | | | |
| Year 1975 1980 1985 1990 1995 2000 2005 2010
Kittiwake Herring gull ! Gllalucou Meadow! pipit } Raven ;
! gy Whit tail
Great black-backed gull ‘ e w‘ag a 4 |
| \
| Greylag goose
| o
\
Lesser

black-backed
gull

= Northern fulmar

|

l

\

l

\

|

\

i

\

\

‘ I Black guillemot

\ \d
| e =
| e
\

l

|

\

l

l

l

Ni-amo9. Drawmg@: J6n Baldur HI:’Bberg

Seabirds |

" bunting ‘

Landbirds o

C¢m mon
puffin

Figure 20. Main steps in species colonisation and ecosystem development of plant communities and birdlife on Surtsey. A large
increase in the number of breeding seagulls on the island following 1985 improved soil nutrient status and facilitated dispersal
of new plant species to the island. This was followed by enhanced development of vegetation and invertebrate communities, en-
abling land birds to settle on the island ten years later. Diagram made by Anette Th. Meier; drawings of plants and birds by Jon

Baldur Hlidberg.

(1966) described three main plant communities:
a) The puffin colony vegetation with Festuca rubra
(= richardsonii) as the dominant species; b) Dry
meadow land vegetation with £ rubra and Poa prat-
ensis as dominants; ¢) The coastal cliff vegetation
with Puccinellia maritima and Cochlearia officinalis as
the most predominant. In general the vegetation
of the larger islands was dominated by grasses, es-
pecially F rubra. The vegetation development on
Surtsey in recent years indicates very clearly a for-
mation of a grassland community within the gull
colony. The key players are the same species as on
the neighbouring islands and so are most of the
associated species.
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Ecosystem development

The colonization and ecosystem development of
terrestrial biota on Surtsey has been followed for 45
years (Fridriksson 1975, 2005, Magntsson & Olafs-
son 2003, Jakobsson et al. 2007). Throughout the
period new colonizers have been discovered on the
island. The simple ecosystem of the early years has
become more complex with the formation of com-
munities, food webs and species interactions. The
different studies of recent years indicate that the
island is still going through a colonization phase
that will prevail for the next few decades. This is ev-
ident for the vascular plants, lichens (Kristinsson &
Heidmarsson 2009), fungi (Eyjolfsdottir 2009), in-
vertebrates (Olafsson & Ingimarsdottir 2009) and
birds (Petersen 2009). Surtsey has shed a light on
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the formation of the neighbouring volcanic islands
and their fate caused by oceanic erosion. On Surt-
sey we are also witnessing how they were colonized
and the rise and fall of their ecosystem.

The initial colonization of shore plants on Surt-
sey during the first decade was followed by a lag
period (Fig. 3) during which few new species colo-
nized the island and survival was low. Further de-
velopment was limited by infertility of the young
soil and low rate of dispersal and colonization.
With the large gull invasion of the island starting
in 1985, the barrier to succession was breached
and the development lepted forward. From that
time forward, the gulls have been the driving force
behind the changes and will probably continue to
be for the near future. The gull case from Surtsey
is a good example of the effects marine birds can
have on terrestrial ecosystems (Ellis 2005, Ellis et
al. 2006) and the varied roles birds can play in eco-
logical functions (Sekercioglu 2006). On Surtsey
the most important functions have been nutrient
input from sea to land and seed dispersal. In the
stepwise colonization and ecosystem development
of Surtsey the initial importance of the shore plants
should not be downplayed. They were the pioneers
that later attracted the birds to breed upon the is-
land. We see the main periods and most important
steps in the development as follows (Fig. 20, 21):

e 1965-1974. Shore plant colonization: Shore
plants invade the northern shore and expand
onto the sand-filled lava on the eastern part of
the island. Honckenya peploides is most success-
ful, forms small patches and starts producing
seeds. The first pair of great black-backed gulls
(GBBG) breeds on the island towards the end
of the period and uses H. peploides plants as
the main nesting material.

e 1975-1984. Lag period: Vascular plantinvasion
slows, survival of colonizers is poor. Further
establishment and expansion of shore plants,
mainly H. peploides and Leymus arenarius. Grad-
ual increase in nesting gulls (GBBG), nest and
seek shelter in developing patches of shore
plants and enhance their growth. First pair of
herring gulls (HG) breeds on the island.

e 1985-1994. Gull invasion and vegetation en-
hancement: The lesser black-backed gull
(LBBG) invades the island. A dense gull colo-
ny is formed on the barren southern lava. The
moss Racomitrium is the main nest material as
nest material is scarce. Rapid increase in gull
population with over 100 breeding pairs of
LBBG, HG and GBBG at the end of the pe-
riod. Gull invasion is followed by a great in-
crease in new plant colonizers that are mainly
dispersed by the gulls to the island. Arbuscu-
lar mycorrhizal fungi (AMF) are found, colo-
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Year Surface (ha)

[ 1988 0.03
I 1994 2.83
[ 1998 6.62
2004 9.29
2007 10.04
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Figure 21. Expansion of dense vegetation within gull colony on
Surtsey during 1988-2007. Approximation from aerial photo-
graphs, drawn by Anette Th. Meier. Note erosion of the island
over the period.

nizing plant species are non-dependent, facul-
tative or dependent on AMF. A great increase
in cover of established species and fast coloni-
zation and spread of ruderal species, e.g. Poa
annua, Stellaria media and Sagina procumbens,
within the gull colony where the first extensive
patches of vegetation are formed. Vegetated
area on southern lava covers 3 ha at the end
of the period.

e 1995-2008: Secondary plant colonization and
establishment of land birds: Continued colo-
nization of new plant species and expansion
of vegetation driven by the gulls, while several
wind dispersed species also colonize the island.
Development of a forb-rich grassland with Poa
pratensis, Festuca richardsonii and L. arenarius as
dominants. Vegetated area on southern lava
occupies about 10 ha at the end of the period.
Marked increase in soil organic matter and
plant biomass within the gull colony. Willows
establish on the island, as do a hemiparasitic
species (Euphrasia frigida) and the first orchid
(Platanthera hyperborea). Several ectomycorrhiz-
al fungi are found in association with willows.
Increase in number of invertebrate species
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and abundance on the island. Snow bunting,
the first land bird species, starts breeding on
the island, followed by the white wagtail and
the meadow pipit, all passerine species that
feed their young on insects. Greylag geese start
nesting, grazing on the grassland in the gull
colony. The first pairs of puffins start breed-
ing in the cliffs. Increase in breeding gulls
and expansion of colony. Ravens breed on the
island at the end of the period. This omnivo-
rous bird and a top predator, feeds its chicks
mainly on eggs and the young of fulmars, gulls
and kittiwakes.

We predict that during the next few decades the
development on Surtsey will continue along these
lines, with an increase in species richness of plants
and birds, though at a slower rate. Expansion of
vegetated areas will continue with associated soil
development, invertebrate- and bird-life. The puf-
fin is the most numerous and characteristic birds
of the Vestmannaeyjar islands where it breeds in
great numbers in the grasslands upon the islands.
In the grasslands it acts as an ecosystem engineer
(Sekercioglu 2006) with its burrowing activity and
transfer of nutrients from sea to land. The puffin
has recently started breeding in hollows and cracks
in the cliffs of Surtsey. It is still confined to the cliffs
but prospecting burrows have been found in the
developing grassland. We expect the puffin to start
breeding in the grassland within two decades and
become a key species in further ecosystem devel-
opment. In the longer run the erosion of the is-
land, with a loss of habitats and encroachment of
vegetation will lead to a decline in overall species
richness of plants and animals and the ecosystem
will become similar to that of the neighbouring is-
lands. Cakile arctica was the first plant to colonize
the shores of Surtsey in 1965. Of the established
plant populations on the island it might also be-
come the first victim of extinction with the disap-
pearance of the northern lowland spit.
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Appendix 1. Record of vascular plant species found on Surtsey during 1965-2008 (65-08). Probable route of dispersal (D) is
shown in third column. S: sea, B, b: birds, W, w: wind; capital letter denotes that species is adapted to the dispersal, but lower case
that the dispersal route was most probable.

| Species

Cakile arctica
Leymus arenarius
Honkenya peploides
Mertensia maritima
Cochlearia officinalis
Stellaria media
Cystopteris fragilis
Angelica archangelica
Carex maritima
10 {Puccinellia distans
11 {Matricaria maritima
12 {Festuca richardsonii
13 | Cerastium fontanum
14 {Equisetum arvense
15 {Silene uniflora
16 {Juncus arcticus
17 {Poa pratensis
18 |Sagina procumbens
19 i Atriplex glabriuscula
20 {Rumex acetosella
21 {Cardaminopsis petraea
22 {Armeria maritima
23 {Poa annua
24 |Agrostis stolonifera
25 {Alchemilla vulgaris
26 |Epilobium palustre
27 {Capsella bursa-pastoris
28 |Luzula multiflora
29 | Taraxacum
30 {Rumex acetosa
31 {Polygonum aviculare
32 [|Agrostis capillaris
33 i Alopecurus geniculatus
34 {Ranunculus acris
35 iDeschampsia beringensis
Empetrum nigrum
Agrostis vinealis
Eleocharis quinqueflora
39 {Phleum pratense
40 {Montia fontana
Poa glauca
Juncus alpinus
43 |Salix herbacea
44 {Galium normanii
Potentilla anserina
Anthoxanthum odoratum
47 {Leontodon autumnalis
48 {Rumex longifolius
49 | Polypodium vulgare
50 |Luzula spicata
Myosotis arvensis
Salix phylicifolia
53 {Oxyria digyna
54 |Salix lanata
Euphrasia frigida
56 |Plantago maritima
Platanthera hyperborea
58 {Galium verum
59 iPlantago lanceolata
60 | Thymus praecox
61 iSaxifraga caespitosa
62 {Rhodiola rosea
63 |Festuca vivipara
64 [ Atriplex sp.
65 {Achillea millefolium
66 |Alopecurus pratensis
67 Calamogrostis stricta
68 | Gymnocarpium dryopteris
69 | Epilobium collinum
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Ecosystem carbon fluxes of Leymus arenarius and Honckenya peploides
on Surtsey in relation to water availability: a pilot study

BJARNI D. SIGURDSSON

Agricultural University of Iceland, I1S-112 Keldnaholt, Reykjavik, Iceland.
E-mail: bjarni@lbhi.is

ABSTRACT

Large parts of Surtsey are covered by sparse plant communities, with Honckenya peploides and Leymus
arenarius as the key species. The objective of the present pilot study was to investigate ecosystem fluxes of
moist and dry areas covered by those two species. Light saturated gross photosynthesis (GPP), expressed
on soil surface area basis, was 45% higher in L. arenarius at dry sites, but similar for both species at moist
sites. This may indicate that L. arenarius is better adapted to habitats with low water availability. When car-
bon fluxes were compared at moist and dry conditions across both species, it was clear that both ecosystem
respiration and GPP were much higher at the moist site. This may indicate that periodic water stress due
to low water holding capacity of the young volcanic ash may be an important limiting factor for biological
activity on Surtsey, in addition to the low nutrient availability.

INTRODUCTION

Surtsey is a volcanic island that emerged from the
North Atlantic Ocean in 1963. Vascular plants have
dominated the primary succession on the island,
and their colonisation and succession has been in-
tensively studied (e.g. Fridriksson 1966, Magnusson
1992, Magnusson & Magnusson 2000, Magnusson,
Magnusson & Fridriksson 2009).

The first twenty years after Surtsey appeared
were characterised by colonisation and succession
of costal plants, with Honckenya peploides and Ley-
mus arenarius as key species, forming sparse vegeta-
tion cover on sandy areas of the island (Fridriksson
1992). During the past 15 years swards of grasses
and forbs have formed on the southern part of the
island, after colonisation by seagulls (Larus sp.).
The gulls have carried seeds of new plant species
and fertilized the sterile soil with their droppings
and food brought to the nest sites from the sea.
Vegetation development on other parts of the is-
land have on the other hand remained slow by
comparison. There the H. peploides and L. arenarius

Surtsey Research (2009) 12: 77-80  wwuw.surtsey.is

are the key plant species in most cases, along with
e.g. Mertensia maritime and Cardaminopsis pelraea
(Magnusson & Magnusson 2000, Magnusson,
Magnusson & Fridriksson 2009).

Biological activity of terrestrial ecosystems can
be indirectly measured as CO, being taken up and
emitted from the soil surface (Larcher 2003). As
soil organic matter is decomposed CO, is released.
Hence, CO, efflux from the soil surface may partly
indicate the decomposition rate and activity of soil
organisms (bacteria, fungi and soil fauna). The sec-
ond major contributor of CO, to the atmosphere
from the soil surface is the metabolism of living
plant roots. Together these two fluxes are termed
soil respiration (R). When aboveground parts of
living plants are included in respiration measure-
ments, the process is often termed ecosystem res-
piration (R)). The rate of R, depends therefore on
plant growth and maintenance respiration and soil
decomposition activity. Gross photosynthesis (GPP)
is only a measure of plant activity and represents the
first step in their growth process (Larcher 2003).
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Ecosystem function has not been studied as
much on Surtsey as the ecosystem structure. In the
early years Henriksson & Rodgers (1978) and Hen-
riksson & Henriksson (1982) studied terrestrial ni-
trogen cycle. Frederiksen et al. (2000) studied soil
development on Surtsey. Klamer et al. (2000) also
studied the amount of microbial activity in unveg-
etated and vegetated soil. Magnusson (1992) stud-
ied how soil respiration changed with increasing
cover of L. arenarius and H. peploides on the island.
He found that respiration rates were related to
differences in vegetation cover and root biomass.
Since these early measurements, no gas exchange
measurements have been made in situ on Surtsey
until the present study. The objective of the study
was to compare patches of H. peploides and L. are-
narius found at dry and moist conditions to test if
soil humidity was important for ecosystem fluxes
on Surtsey.

MATERIAL AND METHODS

Surtsey is the southernmost of the Vestmannaey-
jar islands. The climate is mild and oceanic, with
annual mean temperature of 5.0 °C and mean an-
nual precipitation of 1576 mm during 1965 — 2005,
as recorded on the Heimaey weather station 15 km
to the northeast of Surtsey (Icelandic Meterologi-
cal Office).

To test if soil humidity was important for ecosys-
tem fluxes on Surtsey, measurements were made
on 19 July 2006 on patches with 100% surface
cover of L. arenarius and H. peploides on two per-
manent plots, where the volcanic ash profile was
freely drained and discharge was not likely to be
substantial (Fig. 1 — plots 3 and 17; Magnusson &
Magnusson 2000). For comparison, patches with

Basemasp 2007 Ni-am0g

Figure 1. Location of the dryer permanent vegetation plots no.
3 and 17 covered by Leymus arenarius and Honckenya peploides,
respectively, and the place at the low ness where the two species
grew at more moist conditions. Also shown are the permanent
plots no. 29 and 30.
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Table 1. Soil acidity (pH, in water), total carbon (SOC,%), total
nitrogen (N, %) and the soil C/N ratio of permanent survey
plots on Surtsey used in the present study. Data from Magnus-
son, Magnusson & Fridriksson (2009).

Plots Soil pH N SOC C/N ratio
No depth
3 > 35 7.3 0.051 0.56 10.8
17 > 35 8.5 0.005 0.03 5.5
29 > 35 8.9 0.001 0.01 8.3
30 > 35 9.4 0.003 0.03 8.7

100% surface cover of the same two species were
measured at the edge of the lowland ness, just be-
low a relatively large discharge area formed by the
two craters of Surtsey (ca. 80-130 m SW of plots
30 and 29; Fig. 1). There the volcanic ash profile
was humid and ground water was found at ca. 30
cm depth. Both species showed clear signs of more
favorable growing conditions at the more humid
site, as they were darker green in color and had
denser foliage. The area at the ness had, however,
less soil nitrogen than the two dryer sites (Table 1).
The dryer L. arenarius plot (no 3) was found within
a seagull colony that had greatly increased the soil
fertility, while the dry H. peploides plot (no 17) was
not much affected by the seagulls (Magnusson et
al. 2009).

EMG-4 infrared gas analyser and a CPY-2 trans-
parent cuvette (PP Systems) were used to measure
the carbon fluxes. First, the transparent chamber
was fitted to the surface of the dense patches and
net ecosystem exchange (NEE) was measured.
Then, the chamber was covered with black cloth
and the measured was repeated at the same spot in
total darkness, yielding ecosystem respiration (R ).
Gross photosynthesis (GPP) was then estimated
as:

GPP = NEE + R_ (1)

All carbon flux measurements took place during
daytime hours in high solar radiation and 3-5 meas-
urements were made for each vegetation type. The
average solar radiation during the measurements
was ca. 1400 umol m* s PAR and the average soil
temperature at 10 cm depth was 16.5 °C.

RESULTS

When carbon fluxes were compared at moist
and dry conditions across both species, it was clear
that light saturated carbon uptake (GPP) was sub-
stantially higher under the more moist conditions
(+115%; Fig. 2). The relative change in R , which
indicates respiration and decomposition activity,
was even stronger at the moist site (+665%). The
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Figure 2. Gross photosynthesis (GPP), net ecosystem exchange

(NEE) and ecosystem respiration (R) in a moist area (+H20)
and dry area (-H20) on Surtsey in July 2006. Means and SE of
3-5 measurements per site.

large increase in R led to 28% lower NEE under
the moist conditions. The net effect was therefore
that 18% more carbon was accumulating in the dry
patches when the measurements took place than
in the moist ones, even though their uptake rate
was much lower.

The GPP was similar for the two species when
they were growing under more moist conditions,
or 6.2 and 6.6 pmol CO, m*s* for H. peploides
and L. arenarius, respectively (Fig. 2). However,
when the two species were compared a