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ABSTRACT 
A tripartite array of short period seisrnonleters 

was operated in S~lrtsey from June 1 to Septem- 
ber 25, 19GG with a few interruptions. Most of 
the recorded seismicity appeared to be associated 
with the decrease and cessation of volcarlic x t i -  
vity in JGlriir arid subsequent beginning of' the 
lava eruption in Surtsey. T h e  earthquakes occur- 
recl niostly in swarms, each swarm ernanhng 
from relatively small source volume. T h e  hypo- 
centers that could be located were at depths of 
0 to 5 km and sccmed to follow the tectonic trend 
definecl by the J6lnir-Surtsey-Syrtlingur-Surtla 
row of volcanic centers. A swarm of small, slial- 
low earthquakes was recorded shortly before the 
beginning of the lava eruptioli in Surtsey on 
August 19. T h e  lava eruption was accompanied 
by continuous volcanic tremor with predominant 
frequency of 3 Hz. 

INTRODT_JCTION 
During the sulnnler of 196(i an arry of short- 

period seismometers was operated in Surtsey. T h e  
purpose was to obtain a coiitinuous record of the 
volcanic activity and to get information about 
the origin of the seismic activity. 

Seismic activity near a volcarlo can be genern- 
ted in a number of ways, for example: 

1. Release of preexisting tectonic stress in the 
region. 

2. Release of' stress set up by intrusion of vol- 
canic material under the volcano. 

3. Release of stress generated by the additional 
loading of the crust and settling of the volcanic 
pile. 
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4. Movernent of magma undergronnd and in 
the crater. 

5. Explosions in the crater. 
This paper is a preliminary report on the ana- 

lysis of seismological data obtained during the 
summer of 1966. T h e  analysis of similar data re- 
corded in 1967 and other seismological c1a:a ob- 
tained during the Surtsey eruption will he the 
subject of later papers. 

When the seismic recordillg began in Surrsey 
on June 1, 1 9GG the crater of Jhltiir was erupting, 
building up a sl~iall island 011 the south-western 
coast of Surtsey. Towards the end o f  July the in- 
tensity of this eruption dirrlinished and after 
August 10 no  activity was seen in JGlsiir. There 
was a period of nine clays with no visible volcanic 
activity in the Surtsey region. On  August 19 a 
lava eruption began on a fissure in Surtsey itself. 
Siniilar shifts in the activity were observed at 
least six times during the entire Surtsey eruption. 

This shift in tlle volcanic activity during the 
seismic recording in Surtsey offers an excellent 
opportunity to study the relationship bet~veen 
the volcanic activity and the seismicity. Indeed, 
it appears that most of the seisniic activity during 
the summer of 1966 was in sorne way associated 
1vit11 this change in the volcanic activity. 

INSTRUMENTATION AND DATA 
ANALYSIS 

T h e  seismic array in Surtsey consisted of one 
central station in the northern part of the island 
where three components of motion were rletec- 
ted, one station in the southern part and one 
station in the western part of Surtsey where only 
one component of motion was detected. T h e  
seismometer signals were brought by cable to the 



research hut where they were amplified arid re- 
corded on magnetic tape. The  recorder tvas a 
seven channel FM magnetic tape recorder. The 
recording speed was 15/ 160 i.p.s. and the center 
frequency 84.4 Hz, which allows 10 days i)f re- 
cording on one reel of tape. One track on the 
tape was used for continuous recording of a 1-adio 
time signal as well as a chronometer time signal. 
The array was in operation from June 1 to Sep- 
tember 25 with a few interruptions. 

T o  demonstrate the experimental difficulties 
with seismic recordings in a harsh environment, 
a few entries in rile log book of the seismometer 
will be cited: "The cable to geophone 1 had 
broken in a storrri and was reconnected. The  geo- 
phone was also moved a little because it had been 
buried by blowing sand and heated so that the 
mass sagged". "Cable on the east coast broken by 
an avalanche". "The lava flowed over the #:able 
to geophone (3 arid the geophone was removed 
about 14h". 

The seismic records of interest were repro- 
duced on paper with a time resolution of 25 
rnmlsec. 'When sufficient data were available the 
earthquake hypocenters were calculated using 
the relative arrival times of the P- and S-waves at 
the three stations. The  method of analysis is de- 
scribed by Einarsson a n d  Bjijrnsson (paper 
in preparation) and 'Ward and  Gregersen 
(1973), and will not be repeated here. The  pre- 
cision of the hypocentral locations is considered 
to be better than t 1 km in horizontal dimen- 
sion and 1.5 km in dept. It is encouraging to 
note that most of the locations of earthq~~akes 
within individual earthquake swarms cluster 
within volurries s~~ialler than the error estimates 
of a single location. 

Since only three seismic stations were in opera- 
tion, only a rninimurn amount of data is available 
for the location of an earthquake. This lack of 
redundancy means that a misinterpretation ofi 
the data is not cle~ectable and will result in a mis- 
located earthquake. 

In locating the earthquakes it is ass~miecl that 
the crust under Surtsey is made up of horizontal 
layers. Any deviation from this structure will 
cause systematic errors in the locations. It Is de- 
sireable to set off explosions around a seismic 
array in order to detect any systematic errors. No 
such tests are available from Surtsey. It  is +here- 
fore not possible to estimate to what extent the 
precision of the locations represents the true 
accuracy. This lilnitatiori should be born in inind 
when reading this paper. 

SEISMICITY 
The seismic activity as recorded by the seisrnic 

array on Surtsey is summarized in Figure 1. From 
this figure it is obvious that the earthquakes do 
not occur randomly in tirne, but are concentrated 
into bursts of activity. Most of these bursts are 
earthquake swarms, i.e., a sequence of ,-arth- 
quakes occurring close together both in time and 
space and without an outstanding main shock. 
The most intense activity of the swarrris usually 
lasted less than one hour. 

The seismic activity in June ancl July was 
generally low. During this time the crater of 
Jdlnir, SW of Surtsey, was erupting. Torvards the 
end of July the eruption in Jblnir became inter- 
mittend and at the same time the seisrnic activity 
increased (Fig. . . l), culminating on August 9 and 
10 when the volcanic activity in Jblnir ceased. 
The bulk of the seismicity is thus seen to be as- 
sociated with changes in the eruption, i.e., the 
decrease and cessation of activity in Jblnir. Un- 
fortunately no records are available for the 
period August 11-18, but prior to the outbreak 
of the lava eruption in Surtsey on August 19 an 
earthquake swarm was recorded. After the begin- 
ning of that eruption the high tremor level in 
Smtsey prevented any further detection of earth- 
quakes. 

Because of ~xricertairity in the polarity .>f the 
seismic detectors no systematic study could be 
made of the first rnotiori of P-waves. It  can be 
said, however, that not all earthquakes had the 
same first motion on the same station. There- 
fore it can be concluded that if the source ,-)f the 
earthquakes is monopolar it is not always in the 
same sense, i.e., sometimes it is dilatational ancl 
other tirnes it is compressional. Most likely tile 
source is nonmonopolar, probably the result of' a 
shear dislocation. 

Hypocentral location could be determined for 
76 earthquakes occurring in the time interval 
July 27 to August 18. The earthquakes originated 
east, south and west of Surtsey as well as rlrtder 
the island itself at the depths of 0-5 km (Fig. 2, 
3, and 4). The events of individual earthquake 
swarms were tightly clustered in space as well as 
in time. The  source areas of the different swarms 
are shown in Figures 2, 3, and 4. 

The epicenters define an ellipse shaped zone 
with the major axis trending ENE. This trend 
is even more pronounced if earthquakes during 
shorter time intervals are considered, e.g. she 
time intervals July 31-August 2 (Fig. 2), Ailgust 
8-18 (Fig. 4). The  trend of the epicentral zone 
coincides with the trend of the row of volcanic 
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Fig. I .  Earthquake rates for June, July and August 1966 as recordetl by the seismometers in Surtscy. Each bar represents counts 
for four hours. An earthquake was counted if it was recorded by two or more stations. After August 19 only very few earth- 
quakes could be recognized on the records because of che intense volcanic trernors acornpanyirig the lava eruption that started 
011 August 19 in Surtsey itself. 

vents J6lnir-Surtsey-Syrtlingur-Surtla. Individual 
eruptive fissures within this row, however, have 
a more northerly trend, as was pointed out by 
Th6rar insson  (1966) and Jakobsson (11168). 
The eruptive fissure active in November 1966 
had a trend of N 35" E (Th6rarinssoi1, 1965), 
the J6lnir fissure had a trend of N 25" E ('l*k6r- 
ar insson,  1967) and the fissure that opened on 
August 19, 1966 in Surtsey had a trend of N I OoE 
(Th6rar insson ,  1967). This en echelon ar- 

rangement of the eruptive fissures suggests a com- 
ponent of left-lateral strike-slip motion along an 
elongated zone with an ENE trend. It should be 
noted, however, that the motion does not need 
to be of a pure strike-slip nature. A component 
of opening perpendicular to the zone may also 
be present. In the case of the Reykjanes Penin- 
sula oblique spreading motion was demonstrated 
along an ENE trending zone (Klein et al. 1973). 
Volcanic fissures are arranged en echelon with 
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Fig. 2. Epicenters of all eartllqnakes between July 27 and August 18 largc enough to be located are showtl in Figures 2, 3, and 4. 
An epicenter is marked with a number that gives the depth of the hypocenter to the nearest knl. A shaded area groups to- 
gether all events belonging to the same swarrn of earthquakes. The events belonging to the swarm are marked with a circle or 
a square. The  date of the particular swarm is indicated near the cdgc of the shaded area. The craters of Syrtlingur, Surtur I1 
and J6lnir as wcll as the eruptive fissure of August 19, 1966 are shown for reference. Thc  outlines of Surtsey arc those of 
August 1966. The seismometers were at  the corner points of the triangle. 

respect to the volcanic zone and the seismic helt 
on the Reykjanes Pellinsula. Focal nlech,~nisrn 
solutions for earthquakes in that seismic helt 
show that the miairnum compressive stress is con- 
sistently horizontal and has a N W  trend, per- 
pendicular to the tensional structures on the srrr- 
face. By analogy tve infer that the minimum com- 
pressive stress in the Snrtsey region is horizontal 
and has a W N W  trend. 

Course of Events 
June 26: A swarm of earthquakes clilstcred 

under the south and south-west coast of Surtsey, 
depth about 3 krn. 

July 13: A swarm of very srnall earthqclakcs 
recorded. 

July 14: An earthquake recorded with ,I few 
fore- and aftershocks. 

July 27 : A swarm oi earthquakes, one of ,vhich 
was located ~ ~ n d e r  Surtsey at 4 km depth. 

July 28: An earthquake recorded with a few 
lore -and aftershocks. One aftershock was located 
2 km SE of Snrtsey at 4 km depth. 

July 29: Two s~nall  earthquakes, one w:is lo- 
cated under Surtsey at 5 km depth. 

July 30: "No eruption in J6lnir 05:45-06:05 
GMT" (seismometer log book). 

July 3 1 : A swarm of earthquakes located :ulder 
Syrtlingur at 3 km depth (Fig. 2). 

August 1: A swarrri of earthquakes begins, lo- 
cated mostly n ~ i d e r  Surtsey at 3 km depth. Earth- 
quakes felt in Surtsey. "The eruption in JOlnir 
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Fig. 3. Earthquake swarms of Allgust 3-7. Symbols as it1 Figure 2. 

very small with long intermissions between 15: 15 
and 14:OO GMT" (seismometer log book). 

August 2: The earthquake swarm continues. 
The activity appears to migrate east of Syrtlingur, 
later also towards the west. Together with the 
swarm of July 31 this activity defines a narrow 
zone, trending nearly E-W (Fig. 2). 

August 3-7 : Several earthquake swarms and 
isolated events located east and south of Surtsey 
at the depth of 0-3 km (Fig. 3). One earthquake 
on August 4, located about 2 km south of Suitsey 
at the depth of 3 km, was followed by a burst of 
volcanic tremors lasting for about 7 minutes. The 
predominant frequency of these tremors was 
about 3 Hz. 

August 8: A relatively large swarm of earth- 
quakes located south of Surtsey at the depth of 
0-3 km, mostly around 1 km depth (Fig. 4). 

August 9: An earthquake swarm started at 
15:00 GMT, the most intense activity !asted 
about one hour and was located under the east 

coast oi' Surtsey at 3-4 km depth. Seismic activity 
continued at a fairly constant level until ~11out 
16h on August 10. This activity was mostly lo- 
cated in two groups, one under Syrtlingur at 3 
km depth, the other about 2 km SE of Surtsev at 
the depth of 3 km (Fig. 4). 

August 10: Eruptive activity last seen in J6lnir. 
A small earthquake swarm, one event located 
near J6lnir. 

August 1 1 : A small earthquake swarm, located 
near J6lnir (Fig. 4). 

August 11-18: Seismic array not in operation. 
August 18: Some seismic activity, two *?vents 

were located SSE of Surtsey, 0-2 km deep (Fiq. 4). 
August 19: Between 0011 and 09:30 no earth- 

quakes recorded. A swarm 01 small earthqilakes 
started at 09:30, the last earthquake occrlrred 
10:29 (Fig. 5). No earthquake could be located, 
but the swarm is probably shallow and near the 
northernmost and the southernmost stations. 
This conclusion is based on the observation that 



Fig. 4. Earthquake swarlrls of August 8-11 and August 18. Sytnbols as ill Figurr 2. 
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sorne of the earthquakes appear on the soutiienl 
station only, while some earthquakes appear on 
the northern station only (Fig. 5). After 10:30 
G M T  volca~lic tremors became visible In the 
seismic records, their amplitude increasing three- 
fold in the next twenty minutes. T h e  predomi- 
nant frequency of these tremors was about :3 Hz. 
At 10:50 G M T  the tremor amplitude incrcnsed 
suddenly (Fig. 5). After that time very few earth- 
quakes could be identified on the records be- 
cause of the high level of tremors. T h e  con- 
t i n u o ~ ~ ~  tremors were frequently felt in Surrsey. 
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T h e  new lava eruption in Surtsey was first 
seen about 13h and by then lava had already 
spread 150-200 m from the fissure. I t  is n'ltural 
to conclude that the lava eruption started about 
10:50 G M T  tvhen the amplitude o f  the tremors 
increased suddenly. Note that the lava eruption 
tvas previously assumed to have started ,it 0711 

( T h 6 r a r i n s s o n ,  1967) which is inconsistent 
with the seisnlic records. 

CONCIAUSIONS AND DISCUSSION 
T h e  conclusions of this data analysis ran be 

sumrnarized as follotvs: 
1. T h e  bulk of the seismic activity near Curts- 

ey in the summer of 1966 was associated with the 
changes in the volcanic eruption when the ,icti- 
vity in J6lnir diminished and ceased and the lava 
eruption in Surtsey started. 

2. T h e  earthquakes occurred mostly in swarms, 
tightly clustered in space and time. 

3. T h e  earthquakes appear to have a shear dis- 
location source. 

4. T h e  earthquakes that could be located lvere 
of shallow origin, between 0 and 5 km deep. 

5. T h e  epicenters appear to follow the tectonic 
trend defined by the J6lnir-Surtsey-Syrtlingur- 
Surtla row of eruptive centers. 



Earthquake swarm a n d  beg inn ing  o f  f issure eruption on Surtsey 

A u g u s t  19, 1966 
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Fig. 5. The scistnogra~ns of August 19, 1966 showing the seismic activity associatecl with the beginr~ing of a lava eruption on 
Surtsey. Shown are the seismogranls of the vertical and orle horizontal component of the northernmost seismic station and a 
vertical component of the southernmost station which was situated about 400 m from the fissure where the eruption broke out. 
The time is GMT. 

A similar correlation between the increase in 
seismicity and changes in the eruption was found 
to hold during the Hekla eruption in 1970 (.Kin- 
arsson and  B j orrisson, paper in preparation). 
This observation may be of sonre value when 
trying to predict the behavior of an eruption al- 
ready in progress. An increase in seisniicity ixn- 
plies higher probability for a change in the be- 
havior of the eruption. The type of change, o f  
course, cannot be determined with this empirical 
relationship. 

The  physical significance of the observation 
that most of the earthquakes occur in swarms as 
opposed to foreshock-nrainshock-aftershock se- 
quences is not clear. Earthquake swarms are Ire- 
quently associated with volcanic regions (see e.g. 
Sykes, 1970) and are possibly related to the 
heterogeneity of the material or stress concentra- 
tions. The observation that the hypoceiitral 
domain is a volume rather than a plane (fault) 
may also be significant in this relation. 

The  depth of the Surtsey earthquakes is com- 
parable to the depth of earthquakes on the 
Reykjanes Peninsula (Kl e in  et al. 1973), which 
tend to occur in swarms but are clearly of tectonic 
origin. Earthquakes recorded during the Heima- 
ey eruption 1973, however, occurred at deptbs of 
20-30 km (:Bjornsson a n d  Einarsson, paper In 
preparation), but appeared to be related to the 
rate of extrusion of lava at the surface. Such deep 
earthquakes produce complex seismograms .it: the 

surface above, which are clifficult to interprete 
with limited amount of data available. There- 
fore, if stnall deep earthquakes occurred during 
the Surtsey eruption, they would have been nlis- 
sed in the data analysis. 

I t  appears likely that. the Surtsey earthquakes 
were of tectonic origin and occur~ed in response 
to some stress change. The earthquakes were re- 
lated in space to the tectonic structure and in 
time to the changes in the eruption at the sur- 
face. At least two llypotlreses can account for 
these relationships: 

1. The earthquakes were caused by the regio- 
nal stress being concentrated around the magma 
conduit. The tectonic displacelnents associated 
with the earthquakes blocked the J6lnir crater 
and the magma f o ~ ~ n d  another escape rouce to 
the surface. 

2. The earthquakes were caused by a stress 
field produced by a decrease of the pressare in 
the rnagnia concluit, resulting in a partial col- 
lapse. When the pressure increased again the 
easiest escape was no longer through the J61nir 
crater. 

The first hypothesis assumes that tlie presslire 
of the magma remains constant whereas i.n the 
second hypotiresis the pressure fluctuates. The 
observation that the intensity of the J6lnir crup- 
tion diminished considerably before the seisrni- 
city increased would favor the seconcl liypocilesis. 



ACKNOW1,EDGEMENTS 
The  seismograph system was acquired through 

a grant fi-om the U.S. National Science Founda- 
tion to the University of' Iceland (Grant GP- 
4815). The field work was carried out under the 
supervision of Professor Thorbjorn Sigurgeirs- 
son of the University of Iceland. The  data ana- 
lysis was partially supported by the National 
Science Foundation (Grant GA-29405) ancl the 
Icelandic Science Foundation. T h e  computer 
program lor locating the earthquakes was written 
by P. I,. Ward and moclilied by S. Gregersen. 

References 
Jakobsson, Sveinn, 1968, The geology arid petrography of the 

Vestmann Islands, (a preliminary report), Surtsey Research 
Progress Report IV, pp. 113-130. 

Klein, F., P. Eiriarssorl and M. Wyss, 1973, Microearthq~,ikes 
on the Mid-Atlantic plate boundary on the Reykjanes Penin- 
sula in Iceland, J. Geophys. Res., 78, 5084. 

Sykes, L. R., 1970, Earthquake swarms and sea-floor spreading, 
J.  Geophys. Res. 75, 6598. 

Th6rarinsso11, S., 1965, The Surtsey eruption. Course of events 
aricl the development of the new island, Surtsey Research 
Progress Report I, pp. 51-55. 

'rh6rarinsson, S., 1966, The Surtsey eruption. Course of events 
and the development of Surtsey and other new islands, 
Surtsey Research Progress Report 11, pp. 117-123. 

Thbrarinsson, S., 1967, The Surtsey eruption. Course of events 
during the year 1966, Surtsey I<esearcll Progress Report 111, 
p p  84-91. 

Ward, 1'. L. and S. Gregersen, 19'13, Comparison of earthquake 
locations determined with data from a network of stations 
and small tripartite arrays on Kilauea volcano, Hawaii, 
Bull. Seismol. Soc. Amer., 63, 679. 




