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Introduction
977 earthquakes located in the Hekla-Torfajökull (63°42’-64°18’N, 18°30’-20°12’W) area are
listed in this catalogue. They were observed by the Icelandic digital SIL seismograph network
(Stefánsson et al. 1993), augmented by three local analogue seismograph stations (Fig. 1).
The list consists of events in the whole Hekla-Torfajökull area in May 1990 – October 1995
and events in the smaller Hekla-Vatnafjöll area (63°48’-64°05’N, 19°25’-19°56’W) in
November 1995 – December 1996.

Fig. 1 Index map of the study area (dashed rectangle). Black triangles are the digital SIL seismograph
stations and grey triangles the analog stations. The central volcanoes are outlined, their fissure swarms
are shaded grey (Einarsson and Sæmundsson 1987) and the calderas are hatchured (Jóhannesson et al.
1990). Named central volcanoes are: H = Hekla, Va = Vatnafjöll, To = Torfajökull, Ti = Tindfjöll, E =
Eyjafjöll, K = Katla. Thick black lines are the faults of the South Iceland seismic zone. Short dashed
lines mark the glaciers. Smaller index map shows the locations of the Western (WVZ), Eastern (EVZ)
and Northern (NVZ) volcanic zones, the South Iceland seismic zone (SISZ), and the Tjörnes fracture
zone (TFZ). All the figures are drawn using the Generic Mapping Tools program (Wessel and Smith
1998).

The basis of this event catalogue is the observations made by the SIL stations (Table 1). The
SIL network initially consisted of eight stations in the South Iceland lowland (ASM, BJA,
GYG, HAU, HEI, MID, SAU and SOL). The stations SKH and KRI were added at the end of
1992, and SNB at the beginning of 1993. Later the network has been widened further to other
parts of Iceland. As the study area is situated at the edge of the SIL network, three permanent
analog stations in the vicinity of Hekla, HE, LJ, and SP (SP operated until June 1994) (Table 1)
were used in addition to improve the location accuracy. The events were relocated using the
program Hypoinverse (Klein 1978) and a crustal model consisting of layers with constant
velocity gradient (Table 2). The model is an average model based on a collection of refraction
profiles in the region, mainly the RRISP study (Gebrande et al. 1980).
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Table 1 The locations of the seismograph stations and their time delay corrections (phase P, seconds)
SIL stations

Latitude (N)

Longitude (W)

Delay model 1

Delay model 2

(west of 19°50'W)

(east of 19°50'W)

SNB

63° 44.00'

18° 37.33'

-0.17

-0.25

SKH

63° 27.21'

19° 05.88'

-0.15

-0.09

MID

63° 39.500'

19° 53.144'

-0.06

0.08

HAU

63° 58.131'

19° 57.915'

0.0

-0.05

GYG

64° 16.879'

20° 12.924'

0.0

0.12

SAU

63° 59.408'

20° 24.936'

0.09

-0.09

ASM

63° 50.038'

20° 36.893'

0.05

0.0

SOL

63° 55.758'

20° 56.649'

-0.11

0.0

HEI

64° 11.999'

21° 14.187'

0.0

0.14

BJA

63° 56.773'

21° 18.172'

0.17

0.22

KRI

63° 52.69'

22° 04.574'

-

-

Analogue stations

Latitude (N)

Longitude (W)

Delay model 1

Delay model 2

(west of 19°50'W)

(east of 19°50'W)

LJ

64° 01.41'

19° 01.40'

-

-0.06

SP

64° 13.28'

19° 14.90'

-

0.0

HE

64° 00.34'

19° 40.90'

0.47

0.37

Table 2 The crustal model
Layer

P velocity (km/s)

Depth (km)

1

3.4

0.0

2

4.6

1.5

3

6.5

9.0

4

7.0

14.0

5

7.4

32.0

To improve the locations we did a delay study to find individual time corrections for each
station. Because the South Iceland seismic zone and the Eastern volcanic zone have different
geological structures, the study area was divided in two delay models by a north-south line at
longitude 19°50'W. Events from July 1992 until July 1994 provided the material for the delay
study. In the western area events were included that were observed by at least six SIL stations
and that were inside the network, 25 in total. In the eastern area events were accepted that were
recorded by at least seven SIL stations, 52 in total.
The corrections were found by iterating the location process. The average delay for the group of
events at a given station was used as a station correction in the following iteration. The
corrections converged to a final value in two iterations. Calculated errors of the focal
parameters were reduced and the location process became clearly more stable with the new
corrections applied. Table 1 shows the P-time delay values for the stations (in seconds); S-delay
is about 1.8 × the P-delay. A value of 0.0 means that no correction was needed, and a dash that
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there were too few observations for calculating the delay. The quality of hypocentral solutions
was improved, particularly in the eastern part of our study area, and here the inclusion of the
analog stations in the network was of crucial importance.
The earthquakes in the Hekla-Torfajökull area are typically small, in this catalogue up to
magnitude 2.8 (local magnitude, ML, calculated from the amplitude and the distance of the
event). The location accuracy of the epicenters varies to some extent depending on the number
of observing stations and the event location relative to the station network. We considered an
earthquake “well-located” when the root mean square travel time residual (rms) is ≤ 0.2 s,
horizontal error (erh) ≤ 1.0 km and vertical (erz) ≤ 2.0 km, and largest gap between observing
stations ≤ 180°. The error values signify one standard error. About half of our events, the
earthquake swarm in the beginning of the Hekla eruption not taken into account, satisfy these
rather strict criteria. The 292 well-located earthquakes are presented in Fig. 2. Vertical crosssection of the area from the South Iceland seismic zone to Torfajökull (between latitudes
63°48.6’-64°05’N) in Fig. 3 shows the hypocentres of well-located events at these latitudes, 262
in total. All the events are listed in the catalogue, together with their location accuracy. For
every event the location is also mentioned, which should not be taken too literally with events
having large error values.
The time-span of this catalogue, May 1990 – October 1995 (December 1996) starts about half
a year before the 1991 Hekla eruption, and continues several years beyond the eruptive
activity. Thus it represents the nature and the level of both the eruption-related seismicity and
the normal background seismicity of the area. The interpretation of the seismicity before and
during the 1991 Hekla eruption is described in Soosalu and Einarsson (2002), and the
seismicity during non-eruptive times in Soosalu and Einarsson (1997).
Separate maps and vertical cross-sections show earthquakes in different periods. In the
epicentral maps together with the well-located events are also presented rather well-located
events, fulfilling criteria: rms ≤ 0.2 s, erh ≤ 2.0 km, erz ≤ 5.0 km, and gap ≤ 230°. The
hypocentral plots show the same latitude slice as in Fig. 3 (63°48.6’-64°05’N), but shown are
events with the criteria: rms ≤ 0.2 s, erh ≤ 2.0 km, erz ≤ 2.0 km, and gap ≤ 230°. The
earthquakes before the Hekla eruption, from May 1990 to January 16, 1991 are in Figures 4 and
5. Fig. 6 shows the earthquakes at Hekla during the onset day of the eruption, January 17, 1991.
The earthquakes during the whole of the eruption, January 17 – March 11, 1991 are shown in
Figures 7 and 8. The earthquakes during the rest of the year 1991 are plotted in Figures 9 and
10.
The earthquakes from the year 1992 on are presented in yearly maps, those for the year 1992 in
Figures 11 and 12, for the year 1993 in Figures 13 and 14, and for the year 1994 in Figures 15
and 16. The earthquakes for January – October 1995 are shown in Figures 17 and 18. The
earthquakes in the Hekla-Vatnafjöll area (63°48’-64°05’N, 19°25’-19°56’W) in November
1995 – December 1996 are plotted in Figures 19 and 20.
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Fig. 2 All the earthquakes of the catalogue that fulfill the criteria of well-located events (rms ≤ 0.2 s, erh
≤ 1.0 km, erz ≤ 2.0 km, and gap ≤ 180°). Grey dots denote normal high-frequency earthquakes and grey
stars low-frequency earthquakes. The inset shows the sizes of events of corresponding ML magnitudes.
Fissures of the 1970, 1980-81 and 1991 Hekla eruptions are shown. HF-Hellar fault, LF-Leirubakki fault,
SF-Selsund, Bú-Búrfell mountain.

Fig. 3 Vertical cross section of the study area from South Iceland seismic zone to east edge of the
Torfajökull caldera (between latitudes 63°48.6’-64°05’N), seen from south and without vertical
exaggeration. Plotted are all the well-located earthquakes at these latitudes. Inverted triangles show the
surface locations of the South Iceland seismic zone faults. The locations of the central volcanoes are
shown with grey bars, the location of the Torfajökull caldera with darker grey shade. The plotting practise
is the same throughout all the hypocentral cross sections, and the latitude slice is the same.

4

Areal distribution of the seismicity
The seismicity is distinctly divided into subregions that have their individual patterns. The
most active area is the Torfajökull central volcano east of Hekla. Torfajökull is a large
rhyolitic massif with high geothermal activity (McGarvie 1984) and a caldera about 12 km in
diameter (Sæmundsson 1972, 1982). Included in the study area is the eastern end of the South
Iceland seismic zone, 70 km long and 15 km wide transform zone characterised by right-lateral
strike-slip faults striking N-S (Einarsson 1991). The earthquakes there follow the pattern of
these faults. Hekla is a 1500 m high ENE ridge, built-up in repeated eruptions. Vatnafjöll is a
central volcano located immediately south of Hekla. The most significant event in the
Vatnafjöll area was the 5.9 magnitude earthquake in 1987 (Bjarnason and Einarsson 1991). In a
seismic sense Hekla and Vatnafjöll are combined in one area, as in the non-eruptive times their
seismicity follows the pattern of the South Iceland seismic zone earthquakes. Hekla has
volcano-related seismicity only during its eruptions, in the form of an initial swarm of numerous
earthquakes and volcanic tremor continuing throughout the eruption.
Torfajökull central volcano has the highest level of activity, the seismicity is persistent and
earthquake sizes are up to magnitude ML 2.8. Normal high-frequency earthquakes occur in the
western part of the caldera. Their hypocentres are located at all depths from the surface down
to 14 km. They form a cluster that has a spherical aseismic centre, at depth of 8 km and with a
diameter of 4 km. This activity is interpreted as expression of a magma chamber that is
cooling and cracking at its edges, with the aid of geothermal water. An example of
seismograms of a Torfajökull high frequency event is in Fig. 21. Also small, low-frequency,
volcanic earthquakes occur at Torfajökull, often in swarms. Only a couple of them could be
located, in the southern and earstern parts of the caldera. An example of a low-frequency
Torfajökull event is in Fig. 22.
Persistent small-scale seismicity (events up to ML magnitude of 2) has been observed in the
easternmost section of the South Iceland seismic zone throughout the study period. The
earthquakes are clustered in two N-S lineaments, and have occurred mainly at 6-12 km depth.
This activity can be associated with two faults mapped on the surface, the Hellar fault and the
Leirubakki fault. The seismicity is highest in their area, but the epicentres also extend beyond
them, both in the north and in the south, indicating that the seismic zone is wider than is
deduced from the surface expressions.
The central volcano Hekla is known to be aseismic during intereruption times (Einarsson 1991).
This is apparent also in our earthquake catalogue, very few events were observed at Hekla itself
when it was not erupting. The events in the Hekla-Vatnafjöll area, up to ML magnitude 2.2 are
loosely clustered in two N-S lineaments, with hypocentres mainly at 8-13 km, similar to the
seismicity in the eastern end of the South Iceland seismic zone. The seismicity in the eastern
end of the South Iceland seismic zone and the Hekla-Vatnafjöll area is related to the bookself
faulting system of the seismic zone.
The few events at Hekla proper after the year 1991 have a peculiar appearance. They contain
only low frequencies but look otherwise like ordinary high-frequency earthquakes with clear
and unattenuated S-waves. However, the earthquakes during the 1991 Hekla eruption and a
swarm of shallow events in June 1991 were normal high-frequency events. An example of a
Hekla low-frequency event, observed by the SIL-station HAU, is presented in Fig. 23. A
normal high-frequency event at a similar distance from HAU, in Vatnafjöll is presented for
comparison.
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Fig. 4 Earthquakes in the Hekla-Torfajökull region prior to the Hekla eruption, May, 1990 – January 16,
1991. Well-located events are marked with grey dots and events fulfilling less strict location criteria (rms
≤ 0.2 s, erh ≤ 2.0 km, erz ≤ 5.0 km, gap ≤ 230°) are drawn with open circles. The practice of showing
location accuracy and the magnitudes are the same throughout all the epicentral maps.

Fig. 5 Hypocentres of the earthquakes prior to the Hekla eruption, in May 1990 – January 16, 1991. The
earthquakes are shown as black dots with their vertical error bars and their location criteria are: rms ≤ 0.2
s, erh ≤ 2.0 km, erz ≤ 2.0 km, gap ≤ 230°.

Temporal distribution of the seismicity
In the beginning of the study period, from May 1990 to January 16, 1991 the SIL system had just
started its operation, and thus the accuracy of the locations was not the best. However,
earthquakes, up to ML magnitude of 2.1, were observed in the known active areas, mainly in
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Torfajökull and South Iceland seismic zone (Figures 4 and 5). The striking feature is the lack of
seismicity at Hekla and Vatnafjöll. Hekla itself did not show any signs of seismic activity during
this half-year period prior to the eruption.

Fig. 6 Earthquakes at the onset of the Hekla eruption, January 17, 1991. Plotted are with horizontal error
bars all the events that were observed by three or more stations. The locations are quite inaccurate, none
of th events fulfils the criteria of “well-located”.

The seismicity related to the Hekla eruption started first on January 17, 1991, only half an hour
before the eruption itself. Intensive seismicity, both earthquakes and volcanic tremor,
accompanied the violent onset of the eruption. 380 small earthquakes, corresponding together to
seismic energy of a magnitude 3.4 event, were recorded in the first few hours. The largest of
them had ML magnitude of 2.5. No event at the onset of the eruption was well located, but the
best approximations for epicentres are shown in Fig. 6. At the later phases of the eruption the
earthquake activity was modest and the main volcano-related seismic signal was the persistent
volcanic tremor (Figures 7 and 8). The tremor died away together with the eruption on March 11.
The Hekla eruption did not seem to affect the spatial seismicity patterns at Torfajökull and in the
eastern part of the South Iceland seismic zone. During the eruption and in the following months
seismicity was typical-looking in these areas.
In the period March 12-June 30, 1991, after the cessation of the Hekla eruption, the SIL network
observed 80 earthquakes. After the eruption Hekla was seismically quiet until the beginning of
June, 1991, when a sudden swarm of numerous small shallow earthquakes occurred (see Fig 10).
This activity is atypical for Hekla and is interpreted to be a failed attempt to resume the eruption.
The analogue station HE observed three volcanic-looking events in the middle of the June 1991
swarm. No continuous volcanic tremor was observed.
After the Hekla eruption, from middle of the year 1991 to middle of the year 1992 the low
frequency volcanic earthquakes were very numerous at the Torfajökull volcano (almost all of
them were too small to be located). There may be some kind of connection between the Hekla
eruption and this Torfajökull seismicity. Otherwise the seismicity in the study area was as
described above in the chapter of areal pattern.
7

Fig. 7 Earthquakes during the Hekla eruption, January 17 – March 11, 1991. Black dots are earthquakes
of January 17 that fulfil the criteria for rather well located events.

Fig. 8 Hypocentres of the earthquakes during the Hekla eruption, January 17 – March 11, 1991.
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Fig. 9 Earthquakes after the Hekla eruption, March 12 – December 31, 1991.

Fig. 10 Hypocentres of events after the Hekla eruption, March 12 – December 31, 1991.
Black dots are normal high-frequency earthquakes and black star a low-frequency event.
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Fig. 11 Earthquakes in 1992.

Fig. 12 Hypocentres of earthquakes in 1992.
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Fig. 13 Earthquakes in 1993.

Fig. 14 Hypocentres of earthquakes in 1993.
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Fig. 15 Earthquakes in 1994. Two crosses in the middle of the Hellar fault are well-located earthquakes
with no ML magnitude defined.

Fig. 16 Hypocentres of earthquakes in 1994.

12

Fig. 17 Earthquakes in January – October 1995.

Fig. 18 Hypocentres of earthquakes in January – October 1995.
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Fig. 19 Earthquakes in the Hekla-Vatnafjöll area, November 1995 – December 1996.

Fig. 20 Hypocentres of the earthquakes in the Hekla-Vatnafjöll area, November 1995 – December 1996.

Fault plane solutions
The SIL system determines a fault plane solutions semi-automatically for all the located
earthquakes (Stefánsson et al. 1993). Absolute spectral amplitudes of P, SH and SV waves, and
P wave first-motions are used to constrain the set of possible focal mechanisms (Rögnvaldsson
and Slunga 1993). After relocating our events we ran fault plane solutions for the best of them,
using the SIL procedure. We gained 26 unambiguous fault plane solutions, nine in the
Torfajökull area, nine in the South Iceland Seismic Zone, five in the Hekla-Vatnafjöll area, and
three south of the main seismic zone (Fig. 24 and Table 3).
At Torfajökull the fault plane solutions show predominance of strike-slip faulting and NW-SE
directed T-axes in general agreement with the regional strain field. The focal mechanisms do
not show a radial pattern as would be caused by a central source of stress. The central or
circular pattern is shown, however, by the hypocentral distribution around an aseismic volume.
Possibly fracturing is initiated by thermal contraction, but the propagation and the final
orientation of the crack is influenced by the regional stress field. Solutions for events in the
Hekla-Vatnafjöll area are primarily of the strike-slip type and appear to support the suggestion
of Bjarnason and Einarsson (1991) that bookshelf faulting of the South Iceland seismic zone
extends well into the volcanic zone. Three solutions south of the Seismic Zone show large
components of normal faulting. The model of bookshelf faulting for the Seismic Zone predicts
buckling and bending in the area adjacent to the main deformation zone. Irregular focal
mechanisms are therefore expected here.
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Fig. 21 Seismograms of a Torfajökull high-frequency earthquake from the three nearest SIL-stations.
The event occurred in June 18, 1993 (event 672 in the catalogue), and had a magnitude ML = 2.4. The
station names and distances are mentioned. Z-vertical, R-radial and T-transverse component. The arrival
times of P and S are marked.

Fig. 22 Seismograms of a Torfajökull low-frequency earthquake from the three nearest SIL-stations.
This is not an event from this catalogue but one that occurred in January 1, 1997 in 63°53.12’N,
19°01.69’W at 9.8 km depth and had a magnitude ML = 1.1.
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Fig. 23 An example of a Hekla low-frequency event, observed by the SIL-station HAU. A normal highfrequency event at a similar distance from HAU, in Vatnafjöll is presented for comparison. The Hekla
event occurred in August 4, 1994 and had a magnitude ML= 0.3 (event 773 in the catalogue). The
Vatnafjöll event occurred in December 21, 1992 (event 622 in the catalogue) and had a magnitude ML=
1.9.
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Fig. 24 Fault plane solutions for selected events, plotted on the lower hemisphere of the focal sphere
using stereographic projection. Compressional quadrants are black and tensional quadrants white. ML
magnitude scale is shown in the inset.
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Table 3 List of events with fault plane solutions
Time

Coordinates

Depth

°N

°W

(km)

920507 223911.7

63.883

19.697

11.7

921015 213343.9

63.827

20.124

930506 024640.2

63.930

930506 024710.5

ML

Focal mechanism
Strike

Dip

Slip

1.20

356

47

172

9.1

1.95

102

60

-17

19.205

8.4

1.35

239

74

-18

63.925

19.213

9.6

2.04

233

64

164

930518 090051.9

64.000

20.039

13.2

1.61

276

72

-52

930609 173503.2

64.019

20.132

8.4

1.30

98

72

-16

930617 020135.2

64.023

19.994

7.6

0.96

316

77

7

930618 093355.9

63.943

19.269

5.4

2.44

214

4

-120

930623 114132.1

63.972

19.386

7.6

1.27

134

56

26

930804 141724.0

63.927

19.811

11.5

1.03

108

64

-20

931122 031526.7

64.016

20.159

8.8

1.21

138

61

14

940311 221137.8

63.975

20.004

9.1

1.07

178

61

167

940411 154344.0

63.841

20.171

10.1

1.15

249

41

-53

940521 010128.1

63.995

20.069

7.9

1.23

240

81

9

940922 125458.4

63.963

19.687

12.2

1.02

279

81

-20

941029 103221.0

63.899

19.657

10.8

1.41

109

67

-22

941209 205738.4

64.007

20.139

6.9

1.67

80

72

-16

950114 013502.7

63.975

19.352

6.2

2.80

66

66

1

950120 134234.9

63.911

19.796

12.3

1.06

24

77

168

950305 230644.7

63.998

20.143

8.4

1.09

233

69

-8

950321 151402.3

63.943

19.200

7.7

2.71

138

69

16

950524 033337.4

63.995

19.993

8.8

1.31

269

74

-30

950807 095042.8

63.977

19.145

8.7

1.96

143

50

-20

950824 031321.4

63.999

19.113

4.9

1.98

148

80

5

950914 001851.1

63.876

20.023

10.2

1.36

51

49

-60

950928 153323.1

63.932

19.028

7.5

1.68

53

57

-20
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The earthquake catalogue
Values listed in the catalogue:
Nr – running number of the events
Time – date in yymmdd and time, GMT
Coordinates – degrees and minutes °N and °W
Depth – in km
M – moment magnitude
ML – local magnitude, used in epicentral maps
Region – location of the event, errors not taken into account
Rms – root mean square travel time residual, seconds
Erh – horizontal error, in km
Erz – vertical error, in km
Gap – largest gap between two observing stations, in degrees
MinD – distance to the nearest observing station, in km
Sta – number of observing stations
Np – number of P-wave readings
Ns – number of S-wave readings
In the remarks it is mentioned if the event is a low-frequency earthquake, these events are also
typed in italics
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