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INTRODUCTION

The volcanic activity in the Surtsey area,
Vestmannaeyjar, commenced in November
1963 and ended in June 1967, when the island
attained its maximum size (Norrman, 1970).
On Surtsey, two large craters produced most
of the lava that covers the tephra slopes in the
southern half of the island. The lava not only
covered the supra-aquatic slopes, but also ad-
vanced into the sea, thereby considerably en-
larging the island (Thorarinsson 1966, Norr-
man 1980). This lava plateau, with a height of
20 to 100 m a.s.l., rests on tephra and lava
breccia below sea-level (cf. Norrman 1980, Fig.
3). The present degree of consolidation of
these covered deposits 1s imperfectly known,
but has been estimated by Jakobsson and
Moore (1982, Fig. 9). Two more volcanoes,
Surtla and Syrtlingur, were formed ENE of
Surtsey, and another, Jélnir, to the WSW. Be-
fore the eruptions, the depth of the fairly level
sea bed varied between 125-135 m.

At the site of Surtla a submarine eruption
was noticed on December 28, 1963. A volcanic
cone was built up, but did not reach the sea
surface. Syrtlingur was seen above sea level on
May 28, 1965, and had disappeared by abra-
sion on October 24 the same year. J6lnir reac-
hed sea level for the first time on December
28, 1965, and finally disappeared in October
1966. In these islands no lava was observed.
The Surtsey events offer a unique opportunity
to study the early stages of a submarine geo-
morphological cycle.

Surtsey Research Progress Report X: 45-56. Reykjavik 1992.

MARINE ABRASION

Abrasion in bedrock caused by wave action
is generally thought to produce shallow, al-
most horizontal platforms. The gradient of
the “bench” is normally very slight and from
existing observations seems to be no more
than 0.05% (Zenkovich 1967, p. 155). Summa-
rizing her review of The Marine Cycle, King
(1972, p. 558) states: “Waves cannot erode
rocks below surf-base, which is about 10 m
depth.”

The depths at which unconsolidated sedi-
ments can be set in motion by waves are far
larger as is easily demonstrated by wave dy-
namics formulae (Komar 1976), and also witn-
essed from field observations. “On the basis of
all information available, it is permissible to as-
sume that the base of the submarine beach
slope in an open ocean may lie at a depth of
more than 100 m” (Zenkovich 1967, p. 163).

In many treatments of the transport of un-
consolidated sediments on open coasts, only
one wave height and period is considered, the
so-called significant wave characteristics. How-
ever, the full spectra of wave characteristics
has to be considered, since different waves
have different rates of damping with depth.
The effect of this is illustrated in Norrman
(1964, Fig. 56). It has been demonstrated by
calculations that the “significant wave height”,
in a real environment where there are also
currents to consider, varies with depth (Er-
lingsson 1990, Fig. 74).

Furthermore, the morphologically signifi-
cant property to monitor is not the critical ero-
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sion velocity but the actual sediment transport.
This varies with depth according to the wave
spectra, the grain size, and the current spec-
tra, as illustrated in Erlingsson (1990, Figs. 72
and 75). His calculations showed that with a
specific wave and current spectrum, the trans-
port of coarse sand and gravel will decrease
rapidly with depth. The transport of medium
and fine sand will decrease less rapidly with
depth, actually crossing the former curve at a
certain depth. Under certain conditions, there
will be a mixture of two or even three grain
sizes in the same bottom area.

In a situation where sediment is being trans-
ported down a slope with decreasing transport
capacity, there will be a depth at which the
rate of input is greater than the rate of output.
Erlingsson (1990, p. 131) suggested the term
wave-base deposit for the resulting sediment ac-
cumulation, thus abandoning the disputed
and poorly defined term “wave built terrace”
(as suggested also by Moore and Curray 1964).
Thus, the depth of the “wave-base deposit”
depends on the sediment input, as well as on
the wave and current regime.

THE ABRASION OF THE SURTSEY
VOLCANIC GROUP

There are no published wave records for
Vestmannaeyjar. Wind and wave exposure at
Surtsey have been calculated from meteoro-
logical statistics by Norrman (1970) and by
Bruun and Viggésson (1972). Waves of
morphological importance are mainly gener-
ated by cyclonic depressions moving from the
WSW and the SW. Wind from the southern
semicircle dominate within the moving fetches
of the depressions. Bruun and Viggésson
found 250 nautical miles (1 n.m.=1.852 km) to
be a representative length of fetch for winds
from the W and the SW, and 135 n.m. to be
representative for winds from the S and the E.
Within a sector from the NW to the ENE the
fetch is limited by the Icelandic mainland, and
most strongly so in the sector from the N to
the NE where it is only 16-27 n.m. The north-
ern tephra coast of Surtsey is thus far less ex-
posed to wave attack than the southern lava
coast.

From the southern coast of mainland Iceland,
Viggésson and Tryggvason (1985) have record-
ed the largest significant waves at Dyrholaey (80
km east of Surtsey) to be Hy=8.1 m and T=13.0
s, and at Thorlakshofn (60 km NW of Surtsey)
to be Hy,=10.1 m and T=15.5s.
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The shape of the coastline of Surtsey re-
flects extremely well the distribution of wave
torce: The strong erosion of the southern lava
cliff coast — the north directed littoral trans-
port along the eastern, and western coasts
(where the steep tephra cliff has been consoli-
dated into tuff) — and the deposition that
torms the northern ness, which slightly shifts
position with alternate storm attacks from the
east and the west.

Because of the large depths close to the is-
land, there is little wave refraction, with one
possible exception: The greatest erosion of the
lava cliff is observed on the side facing J6lnir.
If the abrasional platform had protected the
cliff by absorbing some of the energy, that
part of the cliff would have been less eroded.
Instead it appears as if the waves from the
dominating SW direction are refracted over
Jélnir so that the energy that reaches Surtsey
from that direction is reinforced.

Through several expedition to Surtsey by
various parties it has been possible to monitor
the coastal and submarine development from
the last stage of volcanic activity in 1966/67 to
the present. Numerous “Surtsey Reports”
were summarized by Norrman (1980). The
use of photogrammetric surveys carried out
by Landmaelingar Islands, has meant that ob-
servations of coastal and inland changes are
far more frequent than observations of sub-
marine change.

At the end of July 1966 the submarine
slopes of Surtsey were echosounded to pro-
duce a map with 5 m contour intervals (Rist
1967, Fig. 1). In this map the submarine mor-
phology is characterized by a sloping platform
around the island with a width of 100-200 m,
a slope of 1:7 and a depth at its outer margin
of 256-30 m. Off this platform the slope steep-
ens sharply to about 1:2 to 1:3. The steep slope
gradually flattens below a depth of 60 to 100
m. Lack of good positioning makes this map
very difficult to compare with later soundings.

The first complete sounding of the area was
made in 1967 (Norrman 1968). It was followed
up by diving operations in 1968 in order to
study active processes and morphology (Norr-
man 1970). The area was again sounded in
1973 (Norrman 1980), by Sjémaelingar Islands
in 1985, and in 1989 (see below).

The most spectacular phenomena on the
map based on the soundings of 1967 are the
table-like sea mounts produced by abrasion of
the tephra cones of Surtla, Syrtlingur and Jél-




Fig. 1. The survey vessel in front of Surtla I. Surveys can be made at a speed of up to 12 knots; top speed in transit is 30 knots.

nir. From diving observations the plateaux of
these shoals were found to be covered with
rippled tephra and lava fragments, mainly of
coarse sand and granule size. No trace of solid
lava beds was found.

Diving and echosounding at the northern
ness of Surtsey showed a sharp transition
from the platform to the steep slope at a
depth of 12 m. This slope was at the frictional
angle of repose (30°-34°) down to about 70 m,
and below that gradually levelled off. Boul-
ders were deposited at the top of the slope,
and others that had moved down the slope
formed boulder streams. Touching the slope
caused widespread avalanching (Norrman
1970, Fig. 7).

Off the lava cliff on the southern coast, the
platform was found to be covered by large
boulders. At the top of the steep submarine
slope, 150 m from the shore and at a depth of
20 m, giant blocks, some with a diameter of 5
m, were loosely piled on top of each other.
Further down, the blocks were smaller and
coarse sand started to fill up the space be-
tween the boulders at a depth of 30-40 m.
The sand below 40 m was deposited at its fric-
tional angle of repose, which was less than the
boulder slope.

When the depths of the abrasion surfaces at
Surtla, Syrtlingur and Jélnir from 1967, 1968
and 1973 were plotted versus time since the is-
lands disappeared below sea level (Norrman
1980, Fig. 7; see also Jakobsson 1982, Fig. 2), it
was found that the shoals had been lowered
rapidly down to about 20 m b.s.l. (ca. 1.5 yrs).
Thereafter the abrasion slowed down most
markedly at the rather sheltered Syrtlingur,
far less at the freely exposed Surtla (down to
40 m), and intermediately at Jélnir (down to
30 m).

In a recent paper by T. Sunamura (1990),
these data (excluding Syrtlingur) have been
used to verify his model for describing sub-
marine bedrock erosion, considering the
wave-induced shear stress as the primary force
causing abrasive bedrock lowering. The “de-
sign wave” is represented by a mean of the
maximum wave records from Dyrholaey and
Thorlikshofn: H,=9 m and T=14 s. Sunam-
ura finds the wave base below which abrasion
is insignificant to be 54 m, and 95% of this
abrasion is reached within 10.7 yrs.

FIELD SURVEY
The 1989 expedition was focused on study-
ing the submarine morphology and processes.
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Fig. 3. Topographical map from 1973/1975 (cf. Fig. 2).
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Fig. 2. Topographical map based on soundings from 1967 and air photos taken in 1968. The contour intervals is 10 m, with the
coastline emphasised. Jolnir is the volcano to the west of Surtsey, and Syrtlingur on the east of it. Surtla is outside the map in the di-
rection ENE (cf. Fig. 5).
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Fig. 4. Topographical map from 1988/1989 (cf. Fig. 2).

Fig. 5. Side-scan sonar mosaic of the bottom around Surtsey (the island occupies the empty space in the centre). Surtla can be seen
to the far right. The background lines mark a 1 km® grid (cf. Figs. 24}, and the arrow points to three volcanic plugs at 110 m depth
(see text). The former position of the western coastline of Surtsey can be seen as the border between large blocks on the bottom
(speckled area) and the lava breccia sand (uniform dark tone). See also Fig. 6.




Fig. 6. Side-scan sonar mosaic over Syrtlingur (left) and Surtla (right). Scale 1:10,000. The white stripe between them, and N and SE
of Syrtlingur, is caused by the water depth being too great for the instrument set-up. The two volcanic plugs on Syrtlingur, and the

four on Surtla, are seen as dark objects — the former are so high that they also throw a considerable white shadow. The arrow at

Surtla marks the direction of the survey line, from which the sub-bottom profile in Fig. 14 is taken. To the far left, Surtsey can be

seen in white (no echoes are obtained from land).

A survey vessel, Akusta (Fig. 1), equipped with
side-scan sonar (EG&G Mod 260 with 100/500
kHz towfish) and sub-bottom profiler (O.R.E.
Geopulse Pinger with four 3.5 kHz hull-
mounted transducers) were used for the sur-
veys. Positioning was made with the use of a
Geodimeter “total-station” from Surtsey. The
equipment has been described by Erlingsson
(1990, pp. 41-46).

Based on these surveys, and air photos from
1988, a topographical map with 10 m contour
interval has been constructed (Fig. 4). Maps in
the same style have also been made based on
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earlier maps from 1967/68 and 1973/75 (Figs.
2 and 3).

A side-scan sonar mosaic (Fig. 5) could be
made over most of the bottom around Surts-
ey, the main uncovered part being the south-
ern slope. Tephra areas have a light gray
shade, as seen on Surtla, Syrtlingur and Jélnir.
Samples taken on Syrtlingur in 1989 gave a
mean size of ca. 1.2 mm, and a flume test
showed the critical erosion velocity to be ca. 48
cm/s at 1 m above the bed (which is in line with
the “Sundborg diagram” for this relatively
light material; cf. Sundborg 1967). The west-




Fig. 7. The base on the northwest side of the western volcanic plug on Syrtlingur (depth 34 m). The bottom material is tephra in

sand and granule size (mean~1.3 mm), with some small boulders. There is an abundance of fish that blurs the sonographs, which

makes it difficult to measure the exact size of these features.

ern slope off Surtsey is speckled with blocks
from the lava cliff, whereas the NW slope has
an even dark colour, suggesting lava breccia in
sand or granule size. The lightest shade, indic-
ative of medium or fine sand, is found on the
bottom to the north and east of the northern
ness of Surtsey (which is the area of maximum
accumulation).

During a submarine volcanic eruption, the
outflowing lava will be chilled rapidly and
form pillow lava, unless the gas pressure in
the lava is so great that it explodes to form te-
phra. At what depth this will occur has been
discussed by Thorarinsson (1966) and Kjart-
ansson (1966), on theoretical grounds, but no
field data was available at the time. A later
drilling project on Surtsey did not encounter
any pillow lava (Jakobsson and Moore, 1982),
but a dredge haul at 85-95 m depth at the
base of J6lnir, did (Jakobsson, 1982; see also
Thors and Jakobsson, 1982).

On the side-scan sonar mosaic in Figure 6,
two “volcanic plugs” can be seen on Syrtlingur
(top level ca. —25 m), and four on Surtla (top
level ca. —45 m). On J6lnir no volcanic plug
was found, but it may be present below the te-

phra. A group of volcanic plugs was also
found at one location at ca. 110 m depth,
north of Jélnir and west of Surtsey (Fig. 5).
This group, situated on a low elevation of the
old sea-bed, may possibly be a remnant of a te-
phra island formed by an earlier eruption.

The more western of the volcanic plugs on
Syrtlingur was visited by diving. It protrudes
ca. 10 m above the surrounding bottom (34
m), and it is narrower at the base than at the
top (Fig. 7). The diameter at the top is ca. 25
m. The entire volcanic plug is cleaved by a ca.
0.2 m wide crevasse running in ENE-WSW
(Fig. 8). A rock sample taken at the crevasse,
at the top of the volcanic plug, was identified
as tuff (pers. comm., Sveinn Jakobsson). The
upper surface is fairly flat (Fig. 8), the relief
being generally less than 1.5 m, but at several
places up to 1 m high structures protrude. As
can be seen on Figure 9 these may be cleaved
by the crevasse (the rock sample mentioned
was taken close to this point).

A dive was also made on the east side of the
northern ness, where the sand on the slope
below the knee at 25 m depth was found to lie
at the angle of repose, and avalanches started
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Fig. 8. The top surface of the volcanic plug in Figure 7, showing the crevasse where the sample was taken (depth 24 m).
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if it was touched. On the southeastern slope,
the bottom between 25 and 30 m depth was
tound to be covered by rippled coarse sand in
patches, and boulders in the size range 0.3 to
0.8 m. Below the knee at 30 m, only boulders
were found (in the same size range). These
were sparsely overgrown, and it appeared that
only some of the larger ones had been at rest
since the previous summer, thus achieving a
more flourishing vegetation. In contrast, the
lava rock on Syrtlingur was densely covered by
soft corals, etc. (Fig. 9).

MORPHOLOGICAL EVOLUTION OF THE
VOLCANIC GROUP

The evolution of the Surtsey volcanic
group, as shown by the hypsographic curves
in Figure 10, is one of constructing a “shelf” by
a combination of cliff erosion and the accumu-
lation of a “wave-base deposit”. As mentioned,
the depth at which this accumulates depends
on the sediment input rate, and since the

Fig. 9. Horizontal view through the crevasse at the top of the
volcanic plug in Tig. 7 (depth 24 m). The width of the crevasse
is ca. 0.2 m. Note the dense “vegetation” cover that indicates sta-
ble geomorphological conditions — a similar vegetation cover is
not found on the blocks on the submarine slopes off Surtsey.




o 1 2 3 4 5 6 7 8 9% 10 11 12 2

1 1 1 ! 1 1 ] I 1 I 1 K m

—_

w

<
|
1

LI L

T T

&0
10 1
80
50 -

-100

Elevation (m)

‘‘‘‘‘ 1989 .

Fig. 10. Hypsographic curves based on the maps in Figs. 2-4.

eruption has ceased there is a steadily dimin-
ishing amount of material available for sedi-
ment transport. The effect can be seen on the
hypsographic curves: The (local) “shelf break”

Depth (m)

moves down, from —30 m in 1967, to —40 m
in 1973, and o —50 m in 1989. At the same
time the coastline has moved back through
cliff erosion — thus creating a situation very
similar that envisaged in many early concepts
for the evolution of a continental shelf, al-
though on a smaller scale. The future for the
tephra areas is that the “shelf break” will move
down until it merges into the surrounding, in-
sular (continental) shelf level at ca. 110 m
depth. Surtla, Syrtlingur and J6Inir will be re-
duced to volcanic plugs on the shelf floor, sim-
ilar to many other shoals in the area.

Using the 1989 soundings along with the ol-
der ones, the rates of abrasion of the former
tephra islands were calculated. The data were
fitted to an equation of the form

(At")

d=K+e Eq. 1

where d=depth over the tephra plateaux,
t=time in years since the plateaux disap-
peared from the surface, K=—1, a constant
needed to obtain the depth 0 at time 0, and A
and q are the variables. The first depth mea-
surement on Jolnir is at t=0.9 yrs, for Syr-
tlingur at t=1.75 yrs. After such a short period
the variations in the weather around the long-
term average can be expected to give unre-
liable results in the calculations, so the same
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Fig. 11. Data points and fitted curves for the abrasion of the tephra plateaux of Surtla, Syrdingur and J6lnir. The origin is when

they disappeared from the sea surface. The dashed lines are the curves resulting when the first data point (after the origin) of J6l-

nir and Syrtlingur are included. That first point is not reliable, since it depends on whether a major storm appeared or not during

the first winter.
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Fig. 13. Profile from WSW to ENE from Surtsey over Syrtlingur with one of its volcanic plugs. The dashed lines are internal reflec-
tors, indicating the position of the sea-bed at an earlier time. The dotted line suggests a profile of the former island Syrtlingur, con-
sistent with the dashed line on the plateau slope. (Interpreted from a 3.5 kHz sub-bottom profile).

curve fit was tried without these two data
points. The result can be seen in Figure 11.
The solid lines are fairly parallel and all agree
well with the data points (with the exceptions
mentioned). The dashed curves represent the
fit with those two points. The values of A and
q are listed in Table 1. Note that the predic-
tions are only valid for the tephra — the vol-
canic plugs will last much longer.

The maps of Figures 2 to 4 were imported
into a GIS-program (Map II) using 10 m spa-
tial resolution and 10 m contour intervals,
from +150 m to —100 m. All bottoms beyond
that were given the value —110 m, which is a
fair approximation, and relevant for the pur-
pose. By subtracting an older map from a
newer, pixel by pixel, a map is obtained show-
ing the net mass balance. It turned out that
the change from 1967/68 to 1973/75 was posi-
tive, instead of negative as one would expect.
This and other indications, like the regional
distribution of the areas of positive and nega-
tive mass balance, make it clear that the depth
map from 1973 displays such major errors due
to unsatisfactory positioning that it does not
deserve a comprehensive treatment. The
change from 1967/68 to 1988/89 is shown in
Figure 12. (The 1985 map from Sjémaelingar
[slands was not digitized, since the differences
to 1989 were within what can be expected to
be the error margin.)
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The depth of the conceptual “wave-base de-
posit”, i.e., where there is a change from ero-
sion to accumulation, can be seen to vary from
50 m on the southwestern slope of Jélnir, to
sea-level at the northern ness. This image re-
flects a long-term average, meaning that there
is probably erosion today at many places
where the map shows a net accumulation.

TABLE 1

The values of the variables A and q were de-
rived by fitting the data points in Fig. 11 to
Equation 1 (the corresponding curves are plot-
ted in the same figure). t,, is the time (in
years) required to abrade the plateaux to a
depth of 100 m, under the unrealistic assump-
tion that they consist of nothing but unconsoli-
dated tephra. The first two columns (J6lnir
and Syrtlingur) give the values that resulted
when the first data point (after depth=0 at
time=0) was not included in the calculations.
These values are more realistic than those in
the last two columns, where all points were
considered.

Jolnir  Syrtlingur Surtla Jélnir Syrtlingur

all all all

A 3.08 2.88 3.27 2.90 3.00
q: 0.0546 0.0629 0.0510 0.0746 0.0493
o0 1685 1761 841 500 6128
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Fig. 12. Mass balance of the Surtsey volcanic group (except Surtla), obtained by subtracting the map in Fig. 2 from the map in Fig.
4. The values of the zones show the height difference thus obtained in each 10x10 m pixel. The contour lines from 1988/89 have
been added, as has the 1967 coastline.
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Fig. 14. Sub-bottom profile from Surtla (for position cf. Fig. 6). Some internal reflectors can be seen on the slopes of the plateau and

~=50m

on the bottom of the NW of it, indicative of post-volcanic deposition of tephra. The most prominent reflector on Surtla, however, is

the prolonged echo at 5 to 10 m below the plateau surface. In the very centre of Surtla, where the profile passes the volcanic plugs,

this reflector disappears. Instead, a long dark echo appears, obv

Nevertheless, the geographical distribution of
the wave energy is clearly reflected by the net
mass balance as shown by Figure 12.

The sub-bottom profiles were compared to
this map, and it is obvious that the net accu-
mulation on the slopes is a real feature. The
dashed lines in Figure 13 reveal that there is a
small accumulation on the NE slope of Syrt-
lingur, and an accumulation between Syrtling-
ur and Surtsey. It also shows one of the vol-
canic plugs. Profiles from around the north-
ern ness reveal the presence of mass
movement down the slopes, and profiles from
the south slope of Surtsey and from the west-
ern and northern part of Jélnir also show the
accumulation of material on the slopes.

iously related to the volcanic plugs.

In the central parts of the tephra plateaux
of Surtla and J6lnir, a reflector (with a pro-
longed echo) is generally seen at 5 to 10 m be-
low the surface. The best example is from
Surtla (Fig. 14), where one also can see the
stronger echoes obtained when passing over
the volcanic plugs. The subsurface reflector
bears a resemblance to reflections caused by
gas in the sediments. But if there was gas (no-
tably steam), the high temperatures would pa-
lagonitize the tephra and furthermore, there
is no impermeable surface that prevents the
gas from rising to the sea bottom. Instead, one
may hypothesize that the reflection is caused
by a steep temperature gradient, from the
temperature of the ambient sea water, to 50—
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100° (cf. the temperature log from Surtsey;
Jakobsson and Moore, 1982, Fig. 7). When the
tephra was deposited during the eruption it
was chilled by the sea water, so the heat must
be a secondary feature. The abrasion that low-
ers the platforms every year could explain
why such high temperatures may be present
so close to the cold surface.

CONCLUSION

In the future the lava cliff of Surtsey will
probably become entirely eroded, unless it is
resting on palagonitized tephra. Because of
the decreasing transport of material towards
the north, the northern ness will gradually be-
come eroded while shifting position during
storm events. The part of the island that wil]
remain for probably thousands of years is the
core of palagonite around the craters, very
much like the other small islands and skerries
in the Vestmannaeyjar archipelago.

The tephra plateaux of Surtla, Syrtlingur
and Jélnir are still being abraded at a slowly
decreasing rate. If they are not consolidated
into palagonite, they will be abraded to the
level of the surrounding bottom within 2000
yrs or less. The sub-bottom profiles of Surtla
and Jélnir could indicate the presence of heat
at a depth of less than 10 m below the tephra
surface. If this heat causes the formation of
palagonite, the plateaux will remain as sea
mounts, with steep sides and a flat surface.
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