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ABSTRACT 
Aspects of the geological inoilitorillg of the volcailic island of Surtsey 1967-1998, are described. A hyclro- 

thermal system was developed within  he tephra craters in late 1966 to early 1967. Temperat~~res in a drill hole, 
situated at the eastern border of the hydrothermal area, illdicate that the l~ydrothermal system at that site has 
been cooling at an average rate of < 1°C per year since 1980. 

The tephra was altered rapidly within the hydl-othermal area, producillg the first visible palagoilite tuff ill 
1969. A substantial part of the tephra pile above sea level was probably collvertecl to tuff by 1972. The visible 
area of tuff has gradually increased since then, primarily due to erosioil of tephra at the surface. By 1998 52 
% of the exposed tephra area had been converted to palagonite luff. By volume, however, some 80-85% of 
the tephra pile above sea level had been coilverted to tuff in 1998. 

The area of Surtsey has shrunk from its original 2.65 kin' (1967) to 1.47 kin' (1998) due LO ~llarille abra- 
sion. The geological formations on Surtsey have, howevei-, respoilded quite variably to erosion. The tephra pile 
was easily eroded, but inarine abrasion has also caused rapid cliff recessioil of the lava field, and longshore 
currents have deposited a sand-gravel spit on the north shore. The palagonite tuff, however, is very resistant 
to lnariile abrasion. The central core of palagollite tuff is estimated to be 2 0.39 km'. 

Statistical estimation of models of the decrease of Surtsey indicate that it will last for a long time. The 
numerical experiments indicate that it will take over 100 years until only the palagonite tuff core is left. I t  is 
postulated that the final remnant of Surtsey before complete destruction will be a palagonite t ~ ~ f f  crag, coin- 
parable to those of the other islailds in the Vestlnanllaeyjar archipelago. 

INTRODUCTION 
The island of Surtsey was constructed from 

the sea floor by volcanic activity during 1963- 
1967, on the Vestmannaeyjar shelf off the south 
coast of Iceland. The sea water depth prior to 
the eruption was 130+2 m. The eruption history 
of Surtsey has been described in detail (T116r- 
arinsson et nl. 1964, Th6rarinsson 1966, 1968), 
and summarised in numerous papers (e.g. 
Jakobsson & Moore 1982). 

Several research groups have monitored the 
development of Surtsey within various fields of 
geology after the eruption ceased in 1967. Some 

of these projects were initiated during the erup- 
tion. Coastal erosion and geomorphological 
changes until 1993 have been followed by 
Thorarinsson (1968), Norrmail (1980, 1985) 
and Jakobsson (1995), and the submarine mole- 
phology of the Surtsey volcanic group 1967-1989 
by Norrman & Erlingsson (1992). The consoli- 
dation and palagonitization of the Surtsey tephra 
and the development of the hydrothermal area 
1968-1979 has been reported by Jakobsson 
(1978), and Jakobsson & Moore (1986). 

Geomagnetic field measurements were car- 
ried out repeatedly between 1968 and 1973 
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Figure 1. Geological map of Surtsey as in August 1998, modified after Jakobsson (2000). 

(Sigurgeirsson 1974). The subsidence of Surtsey accurately both vertical and horizontal move- 
until 1991 has been measured by Tryggvason ments in Surtsey. The area is also closely moni- 
(1972) and Moore et al. (1992). Precise GPS tored seismologically, as the Vestrnannaeyjar 
measurements, first carried out in 1992 (Einars- archipelago falls within the area covered by the 
son et al. 1994) and to be repeated in the sum- seismographic net in Iceland (Einarsson & 
mer of 2000, will make it possible to record Bjornsson 1987, Stefgnsson et al. 1993). 
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Figure 2. Mapped exlerlt (~III ' )  of the hyc l~ -o t l~e~-~~~s l  area in the 
tephra craters and the area of palagoni~e tuff, 1968-1998. Field 
observatiolls indicate that after about 1972, the expansion of the 
Iiydrothermal area and palagonite tuff is primarily clue to aeolian 
erosion. 

During the period 1967-1998, 29 geologic 
expeditioils were made to the island to follow 
the above mentioned changes and 24 air photo 
stereo sets were taken by Landmaelingar Islands, 
at the request of the Sui-tsey Research Society. 
The extent of the hydrothermal area and the 
palagonite tuff has been mapped with the aid of 
air photos on the scale of 1:5,000. Temperat~~re 
measurements at the surface were carried out 
with conventional mercury thermometers until 
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Figure 3. Temperature measurements ~vithin the drill Irole, as of 
September 1980 and August 1993. Sea \vatel. level is at 58 111 depth 
and the hole is cased do~vn to 165 111 depth. 

1979 and after that with electronic thermome- 
ters. Temperature measurements in the drill 
hole were carried out with a thermocouple. 
Samples of tephra and tuff have been collected 
regularly to follow the process of palagonitiza- 
tion. 

The subject of this report is the monitoring of 
Surtsey fi-om 1967 to 1998 as regards the devel- 
opment of the hydrothermal system of the vol- 
cano, the coilsolidation of the tephra to palago- 
nite tuff and the marine abrasion of the island 
(Jakobsson et nl. 1998). An attempt is also made 
to predict the future development of Surtsey by 
simple models, estimated fi-om the observed area. 

ERUPTION HISTORY 
During the initial phreatic phase of the erup- 

tion, from November 1963 to April 1964, tephra 
(hyaloclastite) was deposited as air fall tephra 
and base sui-ge flows, creating two horseslloe- 
formed craters (Fig. 1). The tephra is gellei-ally 
finely bedded and fine grained, with 60-70 % in 
the coarse ash (0.06 - 2 mm) fraction. Less than 
0.5 % falls into the fraction blocks and bombs (> 
64 mm). About 85-90 % of the tephi-a is basaltic 
glass, the remainder being olivii~e and plagio- 
clase phenocrysts, and rock fragments. Initial 
total porosity of the tephra at surface is as high 
as 45-50 % (Oddsson 1982). 

Lava started to flow from the western crater in 
April 1964 and continued to do so until May 
1965. A lava shield, dipping towards the south 
and southeast, was gradually built up with fore- 
set-bedded breccia forming at the same time 
below sea level. This lava shield has a thickness 
of 100 m at the western lava crater. Lava again 
erupted fi-om A~lgust 1966 to June 1967, this 
time fi-om a new fissure inside the eastern tephra 
crates, Surtur, foi-miilg an irregular lava shield 
towards the southeast (Fig. 1). I11 December 
1966 and January 1967 small lava flows erupted 
fi-om five different fissures in the eastern tephi-a 
crater (T116rarinsson 1968). The Surtsey lavas 
are generally thin and fractured. At the east 
coast individual lava units average a few meters 
in thickness, while at the southwest coast the lava 
flows are often less than 1 m thick. One lava flow 
at the south coast exceeds 20 m in thickness. 

When the eruption ceased the volume of Sui-ts- 
ey itself was about 0.8 km3, of which 0.12 km"as 
above sea-level. The island had then reached a 
maximum height of 174 m above sea level and 
an area of about 2.65 km" The material erupted 
is alkali olivine basalt. Morpl~ologically, Surtsey is 
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Figure 4. Maximum tclnpcratures (at 101-104 m depth) in the 
drill hole 1980-1993. The boiling point for sea water at this depth 
is also i~ldicated for tnid 1967, when the hydrothertnal system 
probably was established. 

Year 

Figure 5. Temperature measurements at surfacc at a locality on 
the southern rim of the S ~ ~ r t ~ w g ~ u -  (western) lava crate]; 1971- 
1998. Only maximum temperatures tneasurcd each time are reg- 
istered (cf.J~kobsson 1978, his Fig. 2, curve 1). The vertical shad- 
ed area indicates the time period \\,hen the fissurcs at the westet-n 
lava crater opencd up. 

a marine tuya (table mountain, stapi), built up in 
the same manner as the Pleistocene sub- and 
intraglacial tuyas (Kjartansson 1966). 

THE HYDROTHERMAL SYSTEM 
Anomalous temperatures were first detected 

at the surface in the tephra pile in April 1968 
(Jakobsson 1978). A thermal anomaly is clearly 
visible on the surface of the eastern tephra crat- 

er on an infrared image taken on August 22, 
1968 (Friedman & Williams 1970). It has been 
suggested that the hydrothermal system was 
developed as a consequence of iiltrusive activity 
in the eastern tephra crater during December 
1966 -January 1967 (Jakobsson & Moore 1986). 
The hydrothermal system is vapour-dominated 
above sea level and temperatures around 100" C 
will therefore prevail in the porous tephra pile, 
except close to the surface where temperatures 
were lower because of precipitation and circula- 
tion of air. 

Since the hydrothermal area was detected in 
1968, it has, as measured at the surface, contin- 
ued to expand within the tepl~ra craters (see 
Fig. 2). It is tentatively suggested that the birth 
and development of the hydrothermal system is 
recorded in the increase in the surface exposure 
of the hydrothermal area from 1967 to 1970. In 
1970 the conversion of tepllra to tuff may have 
started to affect the heat flux, resulting in a slow- 
ing down of the expansion of the hydrothermal 
area. It takes about 1-3 years for the Surtsey 
tephra to coilvert to compact tuff at 80-100" C 
(Jakobsson 1978). The decline in surface tem- 
peratures after 1971 is probably also due to the 
sealing effect of the newly formed palagonite 
tuff. The surface extent of the hydrothermal 
area continued to expand in 1972-1979, partly 
because the vapour was forced to the sides of 
the almost impermeable core of palagonite tuff, 
but probably more importailtly due to removal 
of loose tephra from surface by wind and water. 
After 1979 it was difficult to get accurate esti- 
mates on the extent of the hydrothermal area, 
and in 1998 its extent was estimated to be less 
than the area of palagonite tuff (Fig. 2). 

Temperature ineasui-ements in a 181 m deep 
hole, wllich was drilled in 1979 at the eastern 
border of the hydi-otherinal area (Takobsson & 
Moore 1982), show that the hydrotl~erinal sys- 
tem in that area has cooled down in a regular 
fashion with the greatest cooling occurring near 
the surface, at the bottom, and at middle depth 
where the hole is hottest (Fig. 3). The cooling 
varies wit11 depth in the well. The region of max- 
imum temperatures at 101-104 m depth appar- 
eiltly caused by heat fi-om ileal-by dykes 
(Jakobsson & Moore 1986) declined from 154" 
C in 1967 to 133" C in 1993, 01- at a general rate 
of <I0 C per year (Fig. 4). 

Fairly coiltinuous surface temperature meas- 
urements are available from a 40x30 m area at 
the soutl~ern rim of the western lava crater (Fig. 
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Figure 6. Four simplified geological maps of the central part of Surtsey showing the expansion of the mapped area of palagonite tuff, 
from 1970 to 1985. Aeolian sand and talus is omitted. Different outlines of the island are traced after air photographs (Landmaelingar 
islands) from respective years. Different height contours are from maps after Norrman (1970), Landmaelingar islands (pers. comm. 
1977), Norrman (1978) and Norrman & Erlingsson (1992). 

5). A series of E-W fissures in the surface lava 
widened about 10-20 cm between September 
1983 and August 1985. An unexpected rise in 
temperature was observed at this site in 1985 
and was apparently caused by subsidence of the 
southern part of the 100 m thick lava pile, open- 
ing of these fissures, and conduction of hot 
gases from below. A small rise in 1985 of the 
maximum temperature at 101-104 m depth in 

the drill hole (Fig. 4) was evidently produced by 
this event. 

CONSOLIDATION OF THE TEPHM 
The hydrothermal activity caused rapid alter- 

ation of tephra, producing the first visible palag- 
onite tuff in 1969, in the southeastern corner of 
the eastern tephra crater (Jakobsson 1978). Fig. 
6 shows how the surface exposure of the palag- 
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Figure 7. Variations (km') in  he exposed area or palagonite turf 
~elatecl to the area of ~wallered tephra, 1967-1998. It is inferred 
that the area of palagollite tuff is 5 0.39 km' when all tephra has 
been altered to tuff or eroded wvay. 

onite tuff has gradually increased from 1969 to 
1998, when 52 % of the exposed area of tephra 
in Surtsey had converted to palagonite tuff. 
However, the unaltered tephra is a relatively thin 
blanket encircling the tuff area, and it is estimat- 
ed that by volume some 80-85 % of the remain- 
ing tephra pile above sea level had been altered 
to palagoilite t ~ ~ f f  in 1998. 

The expansioil of the area of palagoilite tuff 
is fbi-ther elucidated and compared to that of 
the l~ydrotherinal area in Fig. 2. The expansion 
of the surface exposure of palagonite tuff is 
probably directly linked to the expailsioll of the 
hydrothermal area in 1969-1972. After that field 
observations indicate that the mapped expan- 
sion of the t ~ ~ f f  area is prilnarily due to removal 
of loose tephra fi-om the surface by wind and 
water. The rather irregular curve of the area of 
palagonite tuff after 1972 (Fig. 2) is probably 
primarily reflecting the frequency of heavy win- 
ter storms. By comparing the variations in the 
mapped areas of tephra and palagonite tuff 
from 1967 to 1998 (Fig. 7), it is inferred that the 
area of palagonite tuff is I 0.39 km' when all 
tephra has been altered to tuff or eroded away. 

Palagonitization of fine grained air fall and 
base surge tephra such as found in Surtsey and 
subsequent depositioi~ of secoildary minerals, 
produces a coinpact mass of rock, which has 
t ~ ~ r n e d  out to be extremely resistant to marine 

abrasion. Layering is hardly conspiceous in the 
tuff and fractures are relatively few. 

EROSION 
Heavy storms, mainly during winters, produce 

high wave activity at the southwest coast of Iceland 
(Vigg6sson et nl. 1994). Marine abrasioil has 
therefore caused rapid sea cliff recession in Surts- 
ey (Th6rarinssoi-1 1968, Norrman 1978, Jakobsson 
1995). The loose unconsolidated tephra was easi- 
ly eroded, even during the phreatic phase of the 
eruption. Since the lava units are generally rather 
thin and fractured they have also been heavily 
abraded, particularly the thin pahoehoe sheets. 
The palagonite tuff, however, is much more resist- 
ant to maline erosion. This agrees with observa- 
tions on the otlzer islands in the Vest~nannaeyjar 
archipelago, where marine erosion of cliffs made 
of palagonite t ~ ~ f f  appear extremely slow, although 
no reliable records exist on the rate of marine 
erosion in Vestmannaeyjar. 

Longshore currents have deposited a sand- 
gravel spit on the north side, see Figs 1 and 6. 
The material is primarily derived from the west 
and east lava cliffs, carried by heavy surfs 
towards the north. Wllen marine abrasion 
reached compact palagonitized tuff at the west 
coast in 1981 and water depth increased at that 
site, less and less material was transported to the 
northern spit. The result was that after 1981 the 
northern spit has slowly been moved towards 
the east (Figs 6 and 9). 

The unconsolidated tephi-a is also easily erod- 
ed by wind and running watei-. Exact figures on 
aeolian erosion in Surtsey do not exist, however, 
it is estimated that several inetei-s have been 
eroded from the crest of the tephra craters. In 
the center of the western bowl of the eastern 
tephra crater (Surtur), it is estimated that some 
10-15 m (vertical thickness) of tephra have been 
eroded by aeolian action. Much of the eroded 
tephra has been carried into the sea, the rest 
being deposited along the sides of the tephra 
craters and 011 the lava Uakobssoil 2000). The 
palagonite t ~ ~ f f  is also somewhat sensitive to wind 
erosion and at places in the eastern tephra crater 
a few meters of the surface have evidently been 
eroded after the tephra was consolidated to tuff. 

AREAL CHANGES 
The three principal geological formations of 

Surtsey react quite differently to marine abra- 
sion. Fig. 8 shows the cumulate areal change of 
Surtsey and separately the changes of its three 
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Fig. 8. Aerial cliangcs (kni2) of S~~rtsey and its three principal geologic ror~ilations, 1963-1998. The measurements are d o ~ l e  on air pho- 
tograpl~s taken by Landmaclingar islands, aL the scale 1:5,000. Aerial measurements during the erup~ion 1963-1967 are mainly from 
Tli6rarinsson (19GG, 1968). 

geological formations during the period of con- 
struction in 1963 to 1967 and subsequent de- 
struction after the eruptions ceased in 1967. 
The diagram demonstrates that the erosion of 
lava dominates the reduction in size of the 
island. The total area of tephra plus palagoilite 
tuff has only changed to a millor degree fi-om 
1967 to 1998, but the area of lava has been 
halved in this period. The area of tlle coastal 
sediment of the 1101-tllei-11 spit shows perceptible 
variations, probably primarily due to variatioils 
in intensity of winter storms, and was generally 
seen to diminish slightly during tlle period. 

Fig. 9 sl~ows changes in the outline of Surtsey 
fi-om 1967 to 1998. During this peiiod the area of 
Surtsey sl~runk froin a maximum of about 2.65 
km' in 1967 to 1.47 lunYin 1998. It appears that 
the marine abrasion will proceed at a considel-- 
able speed until the core of palagonite tuff, vol- 
canic necks and lava resting on palagonite tuff, 
have been reached. When the core is reached the 
erosion will slow considerably. 

FUTURE DEVELOPMENT 
OF SURTSEY 

I11 order to predict the future developinent of 
the size of Surtsey with some certainty we would 

need a credible theoretical model with satisfacto- 
ry fit to the observed values according to statisti- 
cal ciiteiia. The shape of the island callnot be 
closely approximated by any simple geometiical 
model and the main geological formations, i.e. 
lava, tephra, tuff and sediment, have different 
properties with regard to erosion. But the data are 
not sufficiently accurate or numerous to estimate 
complicated inodels with many parametel-s. Our 
inodels are therefore gross simplifications of the 
actual circumstances and we call only hope to 
obtain some idea of the order of magnit~tde of the 
rate of erosioil in the future. 

Our observatioils are ineasui-einents of the 
area of Surtsey at given points in time. The total 
area at a particular time is 

where B is the area of the palagoilite tuff, which 
constitutes the permanent part of the island, 
and Z is the area of formations subject to ero- 
sion. 

The rate of erosion at any time depends 
upon the weathei-, tides and curl-eilts and is 
highly variable. But our investigation is ollly 
concerned with long term changes so we ignore 



R2 = 0.994 (adjusted for degrees of freedom), 
s = 0.026 krn2 (estimated standard error of the 
residuals) 
logL = 54.72 (L = likelihood function). 

Estimation by least squares is maximum likeli- 
hood estimation when the residuals are serially 
uncorrelated, normally distributed with zero 
mean, constant variance and independent of ti. 
The model passes statistical tests based on these 
premises and also tests whether the parameters 
are constant in time. (The assumption of con- 
stant residual variance is not realistic for this 
equation but an estimation, taking into account 
decreasing variance as the area approaches B, 
produces similar parameter values). 

This statistically satisfactory model predicts 
that the erosion ceases long before the area has 
reached the estimated size of the palagonite 
tuff, which contradicts the geological evidence 
about the future development of the size of 
Surtsey. The mathematical model of equation 

o 500111 (1) is widely applied to describe the decline of - mass or populations where each element of Z is - - 
Figure. 9. Changes in the outline of S~1rt.q fmrn I967 to 1998, liable to at of 
traced after air photographs taken by Landmaelingar islands. The time. But the assumption that the rate of erod- 
estimated extent of the central core of palagonite t ~ ~ f f  (brown), vol- ed area is proportional to the total area is 
canic necks (black) and lava resting on tuff (violet), is indicated. implausible. The sea is the main erosive force 

and it is only active along the coastline. 
Let us now try and derive a formulation based 

these variations. Let US first consider a rather ollly on collsideration of erosion by the sea. We 
na'ive model and assume that the rate of reduc- ignore the actual shape of the island and differ- 
tion of the area at any time is proportional to ent properties of the eroded geological forma- 
the area of geological formations subject to era- tions and consider the erosion of a regular cone 
sion, i.e. of initial height H and radius R. We assume uni- 

form erosioi~ along the coastline so that the cir- 
dZ = -aZdt. (1) cumference remains a circle. When the erosion 

proceeds the height at the coastline becomes h 
Solution of this equation gives the model and the radius r. Let us now assume that the rate 

of erosion by the sea is proportional with the 
Yi = A-"~ + B + E ~  perimeter so that the change of volume in time 

interval dt is 
for the observed area at time ti with tl=O and 
Z=A at the first observation. The rate of erosion dV = -2nrkdt, (2) 
is determined by a. Measurement errors and 
irregularities in the process of erosion are rep-  here the constant k is a property of the erod- 
resented by the residuals ei, Estimation of ed material and erosive forces. The change in 
parameters by least squares gives volume when r changes by dr is 

yi = 1.223 e-0.0G7GQ + 1.309. dV = 2nrhdr 

(0.030) (0.0045) (0.035) where h is the height at the perimeter. From the 
geometry we have H/R = h/(R-r) so that 

Standard deviation of estimated parameters are 
presented in parentheses below respective value. dV = 2nrH (1 - r/R) dr. (3) 
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Figure 10. Observed area, fitted tnoclels and exLrapola~iotl, 3 decades ahead 

Equatioils (2) and (3) provide a differential 
equation for the change of r and with the initial 
value 1-=R at t=O the solution is 

I11 this equation t=O must be wheil r=R and 
this may not coincide exactly with the first obser- 
vation so we add a constant to t. By inserting the 
area for r we obtain the model 

for the observed area. Yo is the initial area, to 
the time between r=R and the first value and 

Estimation by least squares gives 

The fit of this model is slightly worse thai~ the 
expoileiltial decay and it fails the test of con- 
stant parameters. According to this inodel the 
time when the area reaches 0.39 km5s 148 years 
after the first observation, i.e. about year 2115. 

But as the inodel fails the test of collstailt 
paraineters this is not a reliable forecast. In view 
of the impeccable fit of the model with expo- 
nential decay a much loilger time until only the 
palagoilite formation is left is hardly inconsis- 
tent with the data. 

Both models are based on the assuinptioil of 
a hoinogeileous inaterial with respect to ei-o- 
sion. Obviously the actual geological formatioils 
have different physical properties, geometry and 
exposure to the erosive forces. Fig. 8 shows that 
the rate of erosioil has in fact differed consider- 
ably between the formations. However, the fits 
obtained whell the models above (or simple 
polynomials) are estimated with the area of each 
foi-mation were worse than we obtained for the 
total area. One reasoil for this is probably that 
the geometry of each fol-mation is less regular 
than the whole island. We have not attempted 
ally iiltei-pretatioil of these results. 

Fig. 10 shows the observed values of the total 
area, fitted models and extrapolation, 3 decades 
ahead. The two curves are hardly distinguish- 
able until the end of the interval of observa- 
tions, but the predicted courses diverge rapidly. 
Future observations will therefore sooil provide 
valuable additioilal iilforinatioil for this kind of 
model building. 
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