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ABSTRACT. Only a small proponion of Icelandic earthquakes is not direcdy associated
wi$ de mid-Adandc plate boundary that crosses the island- These intraplate earthquakes
fall nainly into two ctasses. In the first class are earthquakes occurring west of the-main
rift zone thmugh Iceland, within the tongue of lithosphere that is bounded by the two
transform zones in North and South Iceland. This seismicity is associated with internal
defomration of the North American Plate. Best known are the Borgarqdrour events of
1974 in C-entral West Iceland, which were a prolonged series of eanhquakes with maxi-
mum magnitude of 6. The epicentral area was at least 25 hr long and the earthquakes
werc cleady not associated with displacement on a single fault. Most of the hypocenters
were at a dcpth of 0 - 8 km but events did occur down to 10 km depth. Thus fracturing
extended through most of the crust. Fault plane solutions show normal faulting, indiiat-
ing hodzontal extension. Areal extension of the lithospheric tongue is consistent with the
westward divergence of the transform zones bounding it in the nor-th and south. This
phenomenon is most likely related to the exess production of the Iceland hot spot, although
the exact mechanism is unclea.r. Th€ extension could be achieved by underplating and
intrusion of magma into the crusr fiom the partially molten layer beneath ii.

The second major class of Icelandic intraplate earthquakes consists of events
origirating on the insular shelf off Eastern and Southeastem Iceland. Most of them have
epicenters very close to the shelf edge, which is rhus shown to be a seismogenic strucrure.
The shelfedge in this area probably reprcsents a structural discontinuity formed after about
Jb m.y.b.p., when the main discharge area of the Iceland hot spot shifted from the Ice-
lard-Faroes Ridge to produce tie presenr lceland socle. The diicontinuity is expressed in
surface topography ai well as in crustzLl and mantle structure. There probibly alto is an
agejump of 15-25 m.y. and a resulting thermal discontinuity acmssihe shelf edge. The
Fesent seismicity is thus interpreted as the result of differential lithospheric response to
loading or different cooling rate on either side of the edge.

l.Introduction

The tem intaplatc eanhquake has a somewhat more diffuse meaning in lceland than in
other surounding areas, even if the adjacenr secrions of the Mid-AtJintic Ridge are
included. The mid-Atlantic plate boundary branches into a complex series of rifts and
uansform zones as it crosses rhe country-lEinarsson. I9861. Rihge jumps, propagating
rifts and migrating nansforms further complicate the picture, so it is not a.lways easy to
define what is an intaplate setting and what is not.

A large rnajority of Icelandic earthquakes are clearly related to the plate boundary, i.e.
the volcanic rift zones and the two hansform wDe zones that connect tlem to the submarine
sFeading centen on iie Reykjanes and Kolbiiirsey Ridges off the SW and N coasts.
Somo of tle volcanoes of the volcanic flank zone in South Iceland (Samundsson, 1986)
also exhibit signficart seisrnicity. The remaining seismicity may be called fuely intraplate,
even though some of it may be indircctly related to the process of crustal generation. This
pafiicularly applies to activify in West Iceland. Earthquakes occur on the insular shelf off
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the east coast, that bear some resemblance to earthquak€s at-passive.margins of $e
continents. A study of these events may pmvide some insighi into the possrble causes ol
ttreir continental analogs.--- 

L ttrf;;;; a"ttempt is made o assemble all available information on intraplate
eartfrquatii'inlcetand, and speculate on their possible causes.-But frrst, let us rcview fte
ionniration of tne pht€ boindary, and the current understanding of its development'

2. The Plate Boundary

The two tansform zones of Iceland have a rather complex structul€ and lack the cleal
to**taotti"i*p*sion tvpical of most oceanic transform faults' They are zones of high

selriicity, ana tne targeiiearthquakes reach magnitude 7 (M.). Fault plane solutions show

strike-slip faulting, but the slip is disributed on a series of faults instead-of being colt-
""ntitJ'on on" iiujor fault as seems o be the case in the oceanic transfoflns' This is
;i;iv*-;; h th;;i-smiCity map of Fig. 1, that contains epicenten of tre period 1982-
ibas.'riri r"ii.i.i.y oi the'Tjitmes Fra;turc zone in Nofili Iceland is distributed over a

Fis.l. EDicenters of earthquakes in lceland 1982-1985' Shorvn are a]l-epicenrcrs with
i#",ion-""ar. r-uUer than^5 knr, alnosl a.ll have errors smaller than 2 km. Active volcanic'rr-ri"rii,-i"ittr 

thii. *rtral volcanoes, fissure swarms and calderas are also shown. From
iii.Lr.,io -a nio-sson (1987). The spreading centers are caracterized by flssue
swarms.
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zone, 150 km long and 90 km wide. Three parallel bands of seismicitv can be d.iscemed.
wiftil the zone. These belts trend NW--SE and fault plane solutions indicate that right-
lareral strike-slip motion is occurring along them @inarsson, 1986). The transform-motion
rs.thus taken up by at leasr thr€e bells of seismicity. Signjficant crustal deformation is also
takilg place between these belts as shown by scaitered epicenters. Furthermore, graben
and []gh_sfucturcs and evidence for receni volcanic activity within the area (Simunds-
son,1974,.McMaster et al., 1977) indicate thar crustal exrension plays a signifiiar,t,ole in
$e tectonics of rhe Tjtimes FracruI€ Zone.

The transform mne in SW Iceland is.also complicat€d, but in a different way. The plate
9.oundary of the Reykjanes Ridge is gradually defiected to the east as it approaihes Iceland.
On the Reykjares Peninsula it has the appearance of a higtrJy oblique ridgi or a leaky
transform. The plate boundary as defined by rhe seismic-zone ls Z'-S tm-wiOe, anO ii
oriented N70oE. The faulted zone is, however, much wider. The fissure swarms trend
NE-SW and 'r: arranged en echelon along the boundary (Fig. l). These are probably
acdve mostly duing magmatic episodes, which in this area aipear to occur ai intewals of
several hundred years. At the Fesent dme the deformation is rirostly along the seismic
zone, wi$ fie largesr events reaching magnirude 5.5-6.5.
- Farther east, near 21oW, the transform zone changes caracter. This part of the zone, the
South Iceland Seismic Zone, is 10-15 h:r wide and bridges the eap ber'ween the two
parallel rift zones. Here the crustal defonnation is purely seismii, 

'with 
only minor

nagmadc component. The largest earthquakes reaih mignitude 6-7 and occur in sequences
wrth.an_ ayerage recturence interval of 80- 100 years @inarsson et al., l98l ). This z;ne is
relatively quiet at the present time, but a major sequence of events is expected with high
Fobabilfty within the next two decades. In spite o1 the E-W orientation of the zone, tiie
elThquakes are associated with slip on N-S striking faults (Einarsson and Eiriksson,
1982). The transform motion is thus taken up by slip on transverse faults, conjugate to the
mne, and small counterclockwise rotation of the blocks benveen them. This p;c;tar
behaviour led Einarsson and Eiriksson (1982) to suggest that the South Icelind Seismic
Zone is a nansiem fearure migrating sideways in resp6nse to the southwards popagation
of fie Eastem Volcaric Zone. A migmtion velocity of 3-5 cm,lyear was estimited b;
Eina$son (1988 a)-

In contrast to lhe reladvely narrow spreading centers of the submarine parl of the ridqe
system lhe volcanic rift zones of lcelard are wide features, ard consist of several parallel"
oren echelon fissure swarms (Fig. l). Each fissure swarm has a cenrral volcano issociated
wrth it, wherr the volcanic pruduction is highest. They are often caracterized by a high
tomperatur€ geothermal area, acidic rocks and a caldeia structrue. The seismicif, of tle rift
mnes is highly clustered-in space, and large pans of the zones are complelely aseismic at

e presenr time. Mosl of the clusters are associared with central volcanoes, iome of them
are due to penistent activity and others are earthquake swams. This seismicity is related to
processes of the central volcanoes @inarsson, 1985, 1987), such as inflation or deflation
of magma chamtrers (KraIla, Grimsvdrn, Bdrdarbunga and Kada volcanoes), cooling of
magma bodies (Hengill, Torfajrikull), o-r eruptions (Krafla, Grimsvdtn). Earthquakei
associated with magma intrusion and rifting have also been identified (Einarsson and
Brandsd6nir, 1980, Brandsd6ttir and Einarsson,1979), but no such events are included in
t l g . l .

The part of the Eastem Volcanic Zone tlat is south of 64oN has a peculiar setring. It
is south ofthejunction with the South Iceland Seismic Zone, and is therefore strictly 

'

speaking not a plare boundary. Rifiing structues are insignificant and the volcanic
production rate is relatively low (Jakobsson, i972, Semundsson, 1978), in spite of
fueqlent.eruptions. Two of the volcanoes in this zone, Torfajdkull and Iiatla, 

'are 
mode_

ntely seismically actiye. A few events also occur every now and tten near Surtsey and
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Heimaey, probably as the result of the eruptions there in 1963-67 and 1973. This seis-
micity is not gouped with the innaplate activity because of its obvious association witlr
v-olcanic processes. Several events have also been recorded near the intraplate volcano
Orafajiikull, near 64oN, 16.7oW. These events are similarily left out of the presenr
(uscusslon.

, ̂  ̂  _It has been suggqsted on the basis ofpetrologic and structural arguments (Meyer et al.,
1985, Oskarsson et al., 1985, Einarsson and Eirftsson, 1982, Einarsion, 1988 a, 6) that
the southem end of the Eastem Volcanic Zone is the tip of a propagating rift. According m
these ideas the rift started propagaring about 3 million years igofi5m C-enral Iceland,;ear
the center of tlle Iceland hot spot, gradually taking over the spreading from the Westem
lolcanig Zon9. Similar ridge jumps have occurred earlier in the h.istory of the present
Icelandic land mass (J6hannesson, 1980, Heleason, 1985). Thus the present Weslem
Volcanic Zone ard the rift mne in Nonh Icel;d have taken over froni or been active
pqallel to sprcading centers farther west, which are now dead. These changes occurred
after Anomaly 5 dme (ca. 9 m.y.b.p.), leaving behind dead rift zones, fossil transforms
and other structural complexities in Westem lcelan4 in the crustal tongue between the
ranslorm zones.

The ftequent ridge jumps in the Iceland area are considercd to be the rcsult of the ddft
of the plate boundary as a whole over a fixed mantle plume (e.g. Samundsson, 1974,
Vink,.1984). The Iceland hot spot is then taken as the expression of the plume activity. A
nerv rift- starts pro?agating from the center of the plume when the plate boundary has
migrated some critical distance off it.

The lceland hot spot is not only expressed in excessive volcanic production and topo
graphy. It is also seen in crustal and mantle structurc. Anomalous seiimic velocities in the
Icelandic mande have been detected down to the deprh of 300 km (fryggvason et al.,
1983). The Icelandic crust has seismic velocities similar to the ocednic iirst, but the 

.

thickn€ss is greater by a factor of2 to 3 (Pr4lmason, 1971, Gebrande et al., 1980),
probably reflecting the higher magrnatic prnductivity. Beneath the crust the Icelandic
mantle is very different from that of the surrounding oceanic area. Instead of the typical
sub-Moho velocities of 8 knx/s the P-wave velociry beneath Icelard is about 7 kn/s. The
P- to S-wave velocty ratio is anonalously high, and S-waves are strongly attenuat€d
(Angenheister et al., 1980, Gebrande et al., 1980), which indicates paniil melting. This
interpretation is supported by magnelotelluric measurements, that show a layer of-low
electrical conductivity at the depth of 8-20 km beneath large parts of Iceland ( e.g. Beblo et
al., 1983, Bjdrnsson, 1_985). A melt fraction as high as 23 7, has been estimite-rt by
Schmeling (1985). In the context of the pesent paper it is important to nor€ that the'
partially molten layer is not confined to the plate boundary regions, but appears to be
present under most of Iceland. The Iceland hot spot may therefore be viewed as a 'weak
spot' in the lithosphere, with magmatism and crustal deforrnation occurring out to some
distances from the plale boundary.

3. Intraplate Earthquakes

3. 1. EARTHQUAKES 1930- 1960

The source of information for this period is Tryggvason's (1978 a, b, 1979) reports. Most
of this time only one seismic station was in operation in Iceland. Epicentral locations arr
therefore largely bas€d on felt rcports. The best locations are plotted in Fig. 2. The onty
unequivocal cases of intraplate events arc:
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Fig,2. Intraplate earthquakes and. the plate boundaries in the Iceland area. Epic€nters of
:y,.T:99-r]1Cli "rents arc shown with dors. Neovolcani" "o.", o. fnna uie ,t uded,$uomanne spreadrng centers are marked with a double line, transforms of the Tjdmes 
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Fracrure Zone with a thick line. Thin liner.rro* trr"--ai"-iiurt o?"tt " sootr, r""moSeismic Zone. Bathymetric contours a.re drawn "u".y +OO -.--" 
"- *'- "'

1931 10 28. Earthquakes were felt widely in West Iceland. Seven events were recorded inReykjadk, the largest of ML4 1/2. Dstance from Reyklav* was 70 kn and the
_-_ . -€prcenter probably in the Borgarfjtirbu area.
193407 18. A swarm of l2 evenrs was iecorded in Reykjarft, the largest one of ML=
,"^. ,4 1/4. The epicenters were probably in the same place as those ;f the 1931 events.rvJJ March. Numerous earthquakes were felt in Borgarfjdrdur, near 64.goN, 21.2oW.

seven events were rccorded in Reykjavik, the largest of ML=3 3/4.
1938 02 10, A large.swarm of earthquakes occurred at the distanci of 75-g0 km from

KeyKJavrK. ADout 4U events were recorded, the largest of Mr =5 1/4. The most
likely source area is here considered to be on the Reykjanes 

-fudge, 
but somecontradicrory feli repofts may indicate thar the earthquafes orig;';a in rhe eastempan of the Snefellsnes Peninsula_

1953 06 21. Two small eanhquakes were felt in Borgarfjdrbur, the larqer one was
.- recorded in Reykjavik ( Mr=2.61. Epicenrers-are-most li_kely nJar 64.goN ,2t.ZoW .
1957 05 31. Numerols_ srnall earthquakes were felt in Borgarfjcirbur this day and the next,

near 64.7oN, 21.2oW. The events were too small to be recorded in Reykiavfl< at
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the distance of 65 km, which shows that the epicenters werc very local. Changes
occur€d in a local hot sDrinp

Seueral rcporu oiliii"u"nt!-#ot-issed here, if no independent evidence exists !o
show that they are eanhquakes. Frosquakes, thundering and r&k falls ar€ sometimes felt
similar to ea.rthouakes.

3.2. EARTHQUAKES 1960-1973

The source -of information^for this period is rhe Seismological Bulletin published by the
Icelandic.Meteorological Office. Three or more seismograph stations w!rc in operition, so
eprcenEar r(rabons are mosuy based on instrumental rcadings.

1964 March. Many earthquakes were felt on the }Iw-peninsula, near 66.09W, 22.4oN.
Thrce events werc recoded in Reykjavk,Mr =2.5,3.2 and3.S.

1966 May-Jlne. Three earthquates occurred in the i'orgarfi<hdur area, probabty near
64.9oN, 21.0oW, tr,4L4.O,2.4 ndZ.t.

1968 03 02. Epicenter is east of Iceland, near 64.loN, 13.2oW, Mr =3.1. This event was
only instrumentally detected.

L969 07 L2. Epicenter is in the Borgafjtirdur area, near 64.9oN, 20.9oW, Mr=2.7
1970 06 04. Epicenter is in the Borgarfjiirour area, near 64.90I{, 20.4oW, ML=3.4
1971 01 06. Epicenter is in the Borgarfjdrdur area, near 64.9oN,20.8oW, M,=3.0
L971 01 22. Epicenter is in rhe Borgarfjiirdur area, near 64.9g11, 20.7oW , U, =l.Z
1972 05 21. A swarm of 9 events was recorded in late Mav and eadv June. wi 

epicenters in the Borgarfjdrdur area, near 64.9oN, iO.zow. fil. two larsest
earthquakes, of magnitude ML=3.9 ard 4.0, were felt.

1972 10 28._ A swarm of earthquakes begins in the Borgarfi<hdur arca, near 64.goN,
2l.4oW. The largest event was of magnitude Mr=3.2, 64 37 were recorded in the
following 1l days. Many events werc felt locally. Three more events occuned on
Oct. 23, 

-and 
on6 on Noi,. 4.

L973 11 2il. A swzrmbegins in the Borgarfjdr6ur area, nem 64.9oN, 20.7oW' Durine the
next 4 days 49 event werc recorded, the largest of Mf=3.7. Further 14 eventi
originated in this area on Dec. 5- 19, the largest of magnitude M =3.5.

3.3. TI{E BORGARFJORDUR EARTI{QUAKES OF 1974

The increased seismic activity of the Borgarqddur arca in 1972-73 turned out o be the
pretude ro a major earthquake sequence, that culrninated in June 1974 with an earthquake
of ML=6.3 (mt=5.5). This sequence was studied in sorne detail by Einanson er al.al97?),
who operated 9 portable seismographs in the epicentral area and determined a teleseismic
fauh plane solution for the main event. No singb fault could be identified as the source of
the earthquakes Instead, the epicenters weie distributed within tno intersecting, elongate
zones (Fig. 3). The morc prominent zone was 25 km long and 4 krn wide, a_,rd't aO ai
E-W trend. The other zone trended NE-SW and intersected the lirst one in the middle. The
mainshock was inferred to have originated near the intersection and its faulr plane solution
showed normal faulting. The hypocenters were found to span the depth ranle 0 to 8 kn,
i.e. the whole brittle crust. Several fault plane solutions were obtaine'd for sfrall events in
the westem part of the epicentral zone @g.4,1. They all indicated normal faulting, \vhich is
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Fig.3. Epicenters of Borearfidrbrrr ea-rthqxakes behveen June 2g and July 15, 1974.
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3.4. EARTHQUAKES OF 1975_1987

Thenumber of seismosraph stadonsincl:Tq gready in rhe p,eriod 1973_27 @inarsson

i;:fr 3,}T:fi*ffiid[:i,l'.]'.f .,tr?1*ifl.".ilxffi ,Ir#;,,s.i#Jt1"i'!'";ffi ;:ild
unmedmte vrcinity of the active zonelh_the inraprate areas i,,r,.1"i,. !#-"ff.1:,1.'ffi*it%::rf,"n:..::1r""J,r,fi"r"
iil"$x[#t!$fi'{i#Ji'ft*:1ffi ;ilf#thi,il1#"Eas,emicrandoy ne soence Institute, Universirv olf :r1rr"f qe*;;ffi !";;ril*tfl*xxi#nll*ixrr*"n];*#:*,h
eprcenters wirhin the seismic nerwork is mostl_y^smaller th_ ,-i;ili fir the off_shoreareas.the uncefiainry is hrger, of the orde, or io t* li,lJu irlgn;,j;Jiur"a on rh" ti_"
lilloll ?j 

rt"..dg,"akes or the seismogram. Intraplate events of this penod werc:

i#inxeril4i:l"n#;:ffi {ffi,1:lffi.i*tffi-"trh.b't:;:l;
Nine events were recorded, the la.rgest onJ frlr=2.2. Or" i""* i,^ g,.
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,,". O. a""**"...*ons of earthqualcs in the Borgarfjiir0ur swarm of 1974. Upper
heinisohere f,uit motion pattems are shbwn schematically along with the epicenters used
for the solutions. The coinpressional quadrants are shown in black' the dilatational
quadrant in white. All solultions indicate normal faulting. From Einarsson et al. (1977).

1975 12 15. An earthquake swarm occurred in Borgarfiiirdur, near 64.7oN, 21.3oW.
The largest event was of I\4=2.3, ard 16 events were rccorded' Several events

werc felt locally.
197611 29. A small iwarm occurred under the Vamajiikull ice sheet, probably near

9.20N, 16.40W.
1977 04 30. An earthquake swarrn occurred in Skagaldr6ur in North Icelan4 near

65.6oN, 19-3oW. The largest of the 5 recorded events was ML=3.4, and was felt

lg77 l0 21. EDicent€r is off the east coast, near 64.9oN, 11.3oW'
1977 L2 30. ,A. swarm of small events occurcd under the Vamajdkull ice sheet, near

64.3oN, 17.1oW. 60 events were recorded.
1978 02 W . Epicenter is off the east coast, near 65.5oN, 12.0oW.
1978 1028. Asmall earthquale occured in Eastern Iceland, near 64.6oN, 14.7oW'
1980 03 25. Epicenter is off the southeast coast, near 63.8oN, 14.2oW' I\4=2.5.

1980 10 02. A swarm of small earthquakes occurred in the Borgarfiiirdur arca, near
64.7oN, 21.3oW. About 110 events were recorded in three days, all smaller than
magnitude 2.

1981 03 13. Epicenter in Skagafjiirdur, near 65.9oN, 19.6oW, Mt=2'0'

1981 April. Two events occurred in the Borgarfjdrdur area, near 64.8oN' 20'9oW,
NI'=2.2 atd2'0'

1981 08 05. E
1982 06 30. E
1983 01 31. E

16.OoW,
1983W 29. E
L9831224 E
t984 04 2�8. E
1984 09 17. E
1984 1001. E

This was
1984 10 11.  E
7984 L2 14. E

felt. Sev,
1985 02 04. r
1985 07 09. I

sequencl
1985 1201.  r
1986 01 08. I

event wi
1987 05 24. r
L987 07 25. 1

Mt=2'3
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1981 0805. Epicenter in Central North Iceland, near 65.6oN, 18.7oW, M.=1.8.
1982 06 30. Epicenter in the Borgarfjdrbur area, near 64.8oN, 21.OoW, M-2.6.
1983 01 31. Epicenter is under the Vatnajdkull ice sheet, probably n€ar 64.5oN,

l6.0ow, Mt=2.0.
1983 09 29 . Epicenter is off the east coast, near 64. 8oN, 1 1 .5oW, N{.=3. 1 .
19831224 Epicenter is off the northeast coasr, near 66.3oN, 13.0qi, Mr=3.3.
1984 04 28. Epicenter is off the northeast coast, near 66.1oN, 13.2qW, M,=3-2.
1984 09 17. Epicenter is off the east coast, near 65.5oN, 12.5oW, M.=3.0.
1984 1001. Epicenter under the Vatnajdkull ice sheet, near 64.2oN, lO.SoW, U.=2.:.

This was the largest event in a small swam of 10 recorded earthquakes.
198410 11. Epicenter is off the southeasr coast, near 63.3oN, 16.8oW-, 14=3.0.
198412 14. Epicenter in SE-Iceland, noar 64.loN, 16.0lW, M.=2.5. The e;ent was

felt. Several smaUer events were recorded.
19850204. Epicenter is off the east coast, near 65.3oN, 11.2oW, NI,=3.1.
1985 07 09. A swarm of 23 recorded events begins abour 20 km off the south coast. The

sequence lasted 7 days. The largest event ( Mr=2.p) rva5 1"11.
1985 12 01. Epicenter is off the northeasr coast, near 66.2oN, 13.2oW, Mr=2.6.
198601 08. Epicenter is in Cenhal North Iceland, near 65.8oN, 18.4oW, Mr=2.5. This

event was felt.
1981 0524. Epicenter is off the east coast, near 64-7oN, 11.5oW, N{,=3.2.
1981 07 25. Two events occurred in rhe Borgarqdrdur area, near 64.9oN, 20.5oW,

Mf2.3 and2.4. A thid eyent occurred on Aug. I (Mj=2.2).

4. Discussion of the Results

.. From the€picentral map in Fig.2 nvo main classes of intraplate earthquakes can be
idtntified. In the fi-rst class are earthquakes in Cenral Nonhem and Westem Iceland, west
ofde dft zones and between the transform zones. This part of Iceland has a rclatively
cOrnplex geological history. It consists of dead rift zones and blocks caught between rift
zones during ridge jumps. It also contains the trace of the Iceland hot sp6t as it has
nignted eastwards -with respect to the ptare system. It is therefore perhaps not surprishg
t0 find infaplate deformation in this area. Seismicalty the Borgar{Ordur area is byiar thi
n]Ost active part, but epicenters a.re also scattered up through Skagafdrdur. In a general
way this arca coincides with areas of considerable geothermal activity of the low-temtrrera-
1I9 type. Faulting and low level volcanism has occurred here in the Quaternary period
(J6hannesson, 1988).

-, The Borgarficirdur earthquakes are clearly intraplate events. They occur within the
Noah American Plate, in crust that is more rhan 2 milUon years old. Thev are associated
wittr fiacturing and horizontal extension of the crust. The cause of this extension remains
c0njectural. Einarsson-et al.(1977) suggested that the extension may be related to rifting on
zones radiating away from the Iceland mande plume, or caused by thermal contraction 6f
the lithosphere as it moves away from the accrcting plate boundary. It may funher be
p0jnted our. thar Borgarfidrdur is an area of unusually high geothermal activity. This
activity has been considered to be fed by dre general heat flow and $e flow of'ground
water ftom the highlands towards the coast (Tr. Einarsson, 1942, Arnason, 19?6,
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Ceorssson et aI.,1984). Btibvarsson (1982), however, evaluated the energy balance and
the r&k-water contact areas rcquled !o maintain thermal systems of the ry?e tbund rn-
Borearfitirdur. and concluded that the therm4l activiry must be of transient natue and nol
u rt:nJi-.tut ptr.nomenon. Am6rsson and Olafsson i 1986) reviewed recent studies of the
tft".-ui ,tr^ i"A "arne to the conclusion that tlle geothermal systems are driven by local
convection ald not by the regional heat flow. In their nrodel they-assume magmatic heat
sources beneath rlrc ieotherrial areas in this region. They pointed out that Quarmary-
toiiu"i"i ut io""O inconformably on top of o=lder rocki west of the Westem Volcanic
Zo"e. iarti of the -agma may have been left behind in dre crust and act as heat sour@s for
rhl geothermal activit-y. tt is t6mptlng o develop these ideas a b-it-further, and combine
tirefi *ittr ttre resuts 6f tne eartlqua[.e sudy ana the concept of the panially nrolten layer
beneath the crust. Thrce scenarios can be envisaged, that will provide a transient magmattc
source for the geothermat activity in Borgarfiordur: - _
i. itre crust wis ftactured down to its bise during the Borgarfjtir0ur eanhquakes' posibly
all the way into the panially molten layer. The crustal extension was accompanied by some
oassive masma intrusion into the base of the crust.
i. tutue.u-pt ttut in the layer may also have played a more active role in triggcring the
au.n tin" -d ttt" "arthquakis bv ti;wering the fiacturing strength at the base of the crust'
fncreasirig pore fluid piessure iri the layeileads to intruiion of venical dikes into the .'usl
Scenarioi 1^and 2 require an extemal source of the cmstal stress.
3. Funhermore, the crustal extension may have been the rcsult of uplift and ssetching-
"^iiO Un horizontal she€t intrusion at the base of the crust by magma from the layer' The
crustal stress is caused by the magma and no extemal source is needed-

As can be seen in ftig. 1, th;rc is a westwards divergence between the transform
zones in Nonh and South Iieland. In other words, the lithospheric tongue between the
traniiorm ,ones becomes wider with age. The n-ansforms of the Tjtjmes Fracture Zone
trend WNW, and the South Ic€land Seismic Zone and the Reykjanes Peninsula uend
nearly E-W. There are all indications that the plate motion is locally parallel o these zones,
and riet the tend of the rceional plate motion vector is intermediate betwe€n them. This
req;bes some N-S e*tension and genetation of new crust within the tongue. Be it by
rifiins. dike intrusion or sheei intrusion and underpladng, we miShtjust have witrtessed
this piocess in action during the Borgarl]iirdur eanhquakes of 1974. The intraplate - ..
in*?.u.t.s Volcanic Zone-in Cenu'il West lceland ii probably also an expression ofthis
process.' - 

1ihi second maln class of innaplate events contains earthquakes in the insular shelf
area east of Iceland- Majority of th6 events are located on or very-near the shelf edge,
which is thus shown to be a seismogenic structure. EpicenErs off_the nctftheast coast a]e
located somewhat landwards of thdedge. With the eiception of the swarm of July 1985
off the south coast, the earthquakes arelingle events, without aftershocks' The recorded
wave trains usually contain qilite high frequencies' and S-waves are. clear and distinct'
These are usual characteristiCs of intraplate eanhquakes. They- can also be taken as
indication that the events are not due ro surface piocesses such asslu-mping or eiKplosions.

The swarm of July 1985 was recorded by numerous stadons in South and Southeas
Iceland. In spite of that, it turned out to be very difficult to locaE. The P-waves had avery
ninh uooat ,it u"to.itY across the net. which rcquired an unusually large hypocenral depth
Eien dsiuming this rdlatively large depth it was impossible to fit calculagd travel rimes to
verv ea4v arriials at the two easiemniost stadons ih SE-Iceland. Ifaving them o't of fte
."ti ,tuti6ns. satisfactorv hlr:ocentral solutions were obtained. One must conclude that thc
eanhquale iwarm originatlb at 20-30 km depth, a Iitde seaward of the shelfedge'
Funhirmorr, one is leTt with the unsolved problem of the early arrivals in SE-Iceland'
which requires funher research. Eanhquakes at this large depth have only once befole b€€n
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identified with cenaintyjn lggland- lese_ryg_e_earthquakes tlut occur€d dudng thettemaey.eruption in lg3, 60 kn no the wNw. ]}rey *ere consioerJii u" ,"[ta ,o
f;f.rd 

wi-thdrawal of meg'na.at t 5-25 $p_9epth ftom i," f*tiai! ili6n Lyo u"n.tf,Hermaey (brnarsson and Bjtimsson, 19i9). This Iayer diforms aseismicatiy at the normAstram raes associated with plate tectonics, so much higher strah *G. are tiqoir€d o cuus.brirde failurc of this mffgriil. gimilar ar.gumglts must apply in the c$e of the July l9g5
Yt* {ll yll I f*t located in rhe icelandrc anomalous mantle. The swarm was rhen
frijfur/ fsstr.rareo wrm rapro.magrna.movements at depth. The drne history of the swarm(rlg.)) rs m some resDects similar to other swarms of-pr6bable rnug.utic *igin. ff," ott "ipsibility is that it was located in the oceamc rtiospherc, i.e. seaward of the sructuralboundary benveen Iceland and the ocea{ri.g .*". Th;'"g;;fih"Th;;;; conesponds tonagnetic anomali:s,6-7, or about 20 miltion v.r , -a"6riiGiiii"iiSi,i"y u"encountered o the de oth of 20 kn at normal 

-rrail 
*t", Gi;rg_an aiO 

-Soiomon, 
f SS+,Wiens and Sbin. 1983).

Mg

9  1 0  1 1  . 1 2  1 3  1 4  1 5

lig: l; ]i* !f,:.y of.the {uly lg85earthquake swarm off the south cr:::;r:H..Duatron magnitude is ploned against hrrE.

fie insular shelf around Iceland is.bounded by a.relati_vely well defined edge at thedepth of200-400 m (Fig. 2). The e.dge is indistinci wherc rhe Reykjanes and Kolbeinseyludges.enter lhe shelf are4 bur in most other places it for,"- ;As'dil';;rrp of up to t0d0mheight and slope ofuo to 150 (pdtm-ason,_ isz+, Krirtj6nr*n,-i6)1, iszcl. Th".dg" i,panicularly wcll develoied off the southeast an east coa;ts. GeophysicJ suweys in ttrisana have slgu,n that the shelf basement is:nade ;ail"iti;;;t#; .iiha. ui tr,i"-.-scdimrn_ts.'The basernenr scaqr is located 5_ t4 k- ;;dJ;;il;;tc shelf break. Thusthe sheif edge has been buiJt outwards by ".;;"lrdr;;i;;i#'"6 ,iil i" i-ri"u""'ly
€nerus p(rcesses.

.The shelf edge has been a subject of considerable d.iscussion, as its exrstance is notpttdicted by.any conventionat, steady-state moaefs oi crustJ gi;iilti;lir i, "r"-fy th"physiographic boundary thar separat6s.the Iceland mal fr;i;;;;;;;ng sea floor. Itstffrnation must therefore be croiely linted to ttre erstance oiiiir.io i"ti"ii. rt i, tr,"r"ron"likely thar processes such as enhan'ced magma productivity of tir. i.Juij i,ot ,po, _osirifts in the plate bounda4/ are rcsponsDte.
Magnedc anomalies on the shet are very subdued (Kristjdnsson, 1976), so age
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det€rrnination is difficult. By extrapolating eastwards the-age determined for the
Jsternmost pan of lceland-one can estinie the age of dre basernent near the shelf edge' .
i;ina td4OL739& date oi 13 miltion years (Ross and Musse! 196) for Eastem Iceland

iiJu"riri,o*-ict e *ii of r i- p", yeir, an age of 22 million yearsis obained for the

JrtJr iiiai*-on-oE irrlu "ag", ttb*riu"t,'the b-asement age-is probably close o 37-47
.irio. u"ata, "i A"tt -ined F&n magnetic anomalies and the reconstruction of the
l"*-#iri"IiJ,.i-r' oitrt"i.ronrt elanri'" (N"nns, 1981, Vink, 1984)' Thus an age-gap of
i!:-23;ftil;;li prouaute acmss tlie shelf edge. This age gap was produced when
sffeadins beein on thd Kolbeinsey Ridge and in the r€gion ot the pt€sent lcerano" ruang

lliit"ti tntl"git Ridge in the Norwi-gian Sea- Usint the re^lationship between.
b;tiy"G; abptlf""d a-"g" aetiu"a ty Fut"ons and sclater (1977) one, obains a tlePth-

Oiffe'rence of lS0-220 micross the age gap. A good pan of the scarp hcight.can-therefore
be exolained bv the differ€nt thermal structue of the lithospher€ on elther sloe or me sner

fr"J.'*t i"f, ii',f,. *iJi of the age differcnce. A corollary io this_ is, that the thermal
ff*;;;;; d|ff;;ni acrosi ttre eoge, t€ading to differcntial rnovement and seismic

ffi;;;'tit;*t;;* 
'nt" -iuut" sttap" u:r ihe edgi is generared bv the.gndual lenghenhg

of the icetandic spreading center with dme, i.e. the new ntt propagated away rom tne

center of the hot spol--'--it. 
*i..i"iii on the shelf could have other causes than the therrnal stresses suggested

uUor".'ttr" ittoit irJdiscot tinoiry associated with the shelf edgc appears o exrcnd 1o great

d";il T;;i;;F[-ii-t"r.actidn ptor*s cross the shelf, t]re-RRISP 77 profile ilfte--

*[,rr. r"* ziFfu, ""4 the NASP pr;file in the east, near 65oN' According to the RRISP
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;;;A;r;;th i"tt s, tiufrbers givi l-*ave velocities in lno/s' crustallayers are con-

[r,i"ril-"ii-.J o" i.iiiri i.,ifro- tlie ocea' to Iceland, where,as rhere is a drastic change in

,#;;;";;;d:*"tue close to the shelf edge, where a well dev-eloped oceanic litho

il;ff;";,h ii;;an abuts on anomalous irantle in the state of partial fusion Fmm

Angenheister et al. (1980).
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Fig. 7. Ctustal and uDDcr Dande structure atong the NASp_profile cmssrng the coast andshelf of Eastem tcetari<i. Tnis E-W protrte showitdr;;i;;"$il;;! structure of the
F:iT9ery:Sgg. to that of thi adjace.t i""r-o --J ilrro"i 6iiL. r.-_ sott _auunnarsson (1980).

plo_frlelhgoceanfu lithosphere on the^fl_ank of the Reykjanes Ridge to the SW has velocities0f7.8-8.6 km/s in the de-pth range lU-5U hn, whereas no such high velocrbes can beg,TH ti:11! Ig.rand(Ans€ihe isrer.et a., rs8o, ci-briide "i-ur-,'isE0l. rt" r_ritionIrom the ocearrc struchrle to the Icelandic one is ratlrcr sharpr (Fig. 6;. and it occurs closi 
-

to the.shelf edge. The NASp profile off Eort- i"iru"o oili,ioiiiri'*** o"t r"a ir,,".-petation fig.7). The intenretation of Bott and Gu;;;son illfrj'idl*n to :s t- o"pttshows a geat differcnce initructurc between lc"ilt;;;;;djic"Jni"rcenno _ raeroeiRidge..The exact location of the transition i, ,.i ,t -*, uriiiJliro ti* n",' ,r," ,t "rdg.. A^deep structural discontinuity would tend !o;;;;;;;i[eii's-causea uv ertemadrivingforces-of various kinds. Intraplate *tr"rfi;fi.di;;;",tuff;;;.7r;#',.
mohons are , for example, likelv to & concentrated aro*O-tf,i *""i. ,ilt in Oe tii'osptrerercpre senbd by the- anoinalous Iielandir m-tt". Th; tith;;;;;'oi1iffir sioe ot ae ais_continuity has different strensth ard erasd".p.op.ni"*,--dt".fo"nal'&derentty ro crustalloading or detoading. hocesis such as ,"ai-.'",urio,i,?L"uaTtiii, e;;iation and de_s,r',1o""jrp^I."::11*_.Tltl. 

:,t* oi{q,e nttnr mouiments icroJs.tlie shelf edge.ur irquuon [o lhe two maln classes of inu-aplate earthquakes. a few evenls ari found
.Tl':g1r-fte vahajiikultice sheet in SE-rc:r-d Crrg. il. sir*i? il""r" -uy o" ,.rut a tov.rcanrc prccesses in subslacial cenrral volcanoi,s tlat'ha.,ne so iar noi Gn ,ecog.red asbring acrive. Two smalt iwanns in t s-7e and its4 ;c;; i"n tfr"'i"ifrorr .o_pl"^, _aarcvenr in 1983 originared near Breidabung. an r, uoui*.;;;#;,iid by SamunGson{leub) as potendal actjve volcanoes, alhoufh neither one has hJ;-c;nfirnA eruption inrustoncat hmes-

5, Conclusions

l;^|y9.ryin clas:ef of innaplate seismicityin Iceland are identified, i.e. earthquakes in
l._y.l9l] l{ d f",country, and earrhquakes in the lnsutar shetf area-off the east coast.r. r ne ea.nhquakes in West Iceland occur in the tongue of lithosphe* t "i i, U"*O"a UV 

"
the rift zores in rhe east and the tuo t rr,rfo.- ron"iin tt" noif,-JriJ,rr. a o""if"astud;,,of the BorgarEihdur eanhquakes o.f 1974 ,t";; th;; ;il*;;;js iioergoing hori_mnul areal extension. The cnrst is oossibly being exrended by .i!r*il" int urion. frorntlte pania-lly molrcn layer beneath the cmst. This mechanism can ex[lain the widespreadg.otlermal activity in tl s pan of lceland and the westwanr oiuir!"-nG'oi tr,. t -rror.z0nes.

], A majority of the easte- rn shelf earthquakes occur on the shelf edge, which is thusshown to be a seismogenic structurc. Tti shetf edge is ttre eifresii"-n Lia A"ep fiOo_

b€h"d Fdm ftdo. -FigE &d(
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soheric discontinuiw in ase, seismic velocities, and therrnal structur€. The most likely
sburce of the seismiciry iihert considered to be thermal stresses caused by differ€nt
thermal structrue and cooling rate on either side of the edge. Other Focesses may also play
a role, such as differential reiponse to plate driving forces and crustal loading by
sedimentation and glaciation.

Acktnwledgments. Eysteinn Tryggvason and Steffn Am6rsson read the manuscript
critically ald offered a few suggestions for changes.
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