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Abstract — The volcano Hekla is located in south Iceland at the junction of a transform segment, the South
Iceland seismic zone, and a ridge segment, the Eastern volcanic zone, of the mid-Atlantic plate boundary.
Hekla is one of the most active volcanoes in Iceland, with at least 18 eruptions during the last 1100 years. In
recent decades it has had relatively small eruptions, approximately once in a decade, most recently in 1991 and
2000. During non-eruptive periods Hekla is virtually aseismic, and does not give long-term or intermediate-
term precursory warnings before its eruptions. Eruption-related seismicity starts 25—80 minutes before its
onset. Hundreds of small volcano-tectonic earthquakes (magnitude < 3), related to magma intrusion, occur
during the first hours when the eruption is violent and explosive. This seismicity soon diminishes, along with
the eruptive activity. Subsequent eruptive activity consists mainly of lava effusion and occasional gas bursts
associated with very few earthquakes. Volcanic tremor, continuous low-frequency vibration of the ground,
starts simultaneously with the eruption, and continues throughout it. It is most vigorous during the explosive
onset, and decreases along with the eruptive activity. The few earthquakes at Hekla and its immediate vicinity
during non-eruptive times are small (magnitude < 2), and apparently not related to the Hekla volcano itself.
They follow a distribution similar to the events of the South Iceland seismic zone. They form two north-south
lineaments analogous to the seismic zone faults, and occur mainly at depths of 8—12 km. Thus seismically the
Hekla area has a dual nature: on one hand the seismicity is ruled by the tectonics of the South Iceland seismic
zone, and on the other hand by the internal processes of the volcano. Transform zone tectonics dominate
during the non-eruptive periods. The volcano-related seismicity of Hekla is almost exclusively associated with
eruptions. Volcanic tremor has never been recorded during non-eruptive periods.

INTRODUCTION ing the later phases. In both cases, lava production
was largest during the first days of activity. Seismi-
cally, the eruptions were very similar. No long-term
precursory seismicity was detected. The onset of each
eruption was accompanied by an initial swarm of hun-
dreds of small volcano-tectonic earthquakes (M <
3) which increased in magnitude towards the onset of
the eruption, few earthquakes in the later phases and
continuous low-frequency volcanic tremor with dom-
inant frequencies at 0.7-0.9 Hz (Soosalu and Einars-
son 2002; Soosalu et al. 2003, 2005).

The two most recent eruptions of Hekla occurred in
January 17-March 11, 1991 and February 26-March
8, 2000. These events produced a rather similar
amount of eruptives of basaltic-andesitic composition,
0.15 km?3 (Gudmundsson ef al. 1992) and ~0.2 km?
(Hoskuldsson et al. submitted), respectively. Both
eruptions had a short-lived initial Plinian phase and
were most vigorous in the first hours. Effusion of lava
began at the same time as the explosive activity, or
shortly after. Initially, large segments of fissures were
active, but the eruptions became more localised dur-
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The 1991 and 2000 Hekla eruptions are the first
for which digital seismic data exist, facilitating quan-
titative research on patterns of the eruption-related
seismicity. Eruptions in 1970 and 1980-1981 were
similar in size and behaviour (Einarsson and Bjorns-
son 1976; Gronvold et al. 1983; Brandsdottir and Ein-
arsson 1992). Qualitative research based on analogue
seismograms conducted on these eruptions point to
very similar seismic characteristics. In order to make
a comparison of seismicity during eruptive and non-
eruptive times we conducted a study of the back-
ground seismicity at Hekla and its vicinity during a
non-eruptive period in 1991-1996 (Soosalu and Ein-
arsson 1997). Together with Hekla, the study area
(63°42°-64°18’N and 18°30°-20°12’W) covered the
neighbouring volcanoes, Torfajokull to the east and
Vatnafjoll to the south, and the eastern end of the
South Iceland seismic zone, a transform zone of the
mid-Atlantic plate boundary (Figure 1).

In this paper we draw general conclusions about
the seismic nature of the Hekla volcano and its im-
mediate surroundings, based on digital and analogue
data from June 1990 until mid-August 2005. We de-
fine the characteristics related to the relatively small
Hekla eruptions that have been occurring during re-
cent decades. We also describe the nature of seismic-
ity at Hekla during non-eruptive times, which appears
to be unrelated to Hekla as a volcano but rather fol-
lows the pattern of the transform zone to the west.

GEOLOGICAL SETTING OF THE
HEKLA AREA

The central volcano Hekla in south Iceland is a ridge
elongated in the ENE-WSW direction, formed by re-
peated eruptions and reaching an altitude of 1500 m
above sea level. Recent eruptions have had a tendency
to take place along a radial fracture system, as well
as along the main Hekla fissure that splits the vol-
cano lengthwise. Hekla’s fissure swarm extends NE
and SW of the summit. The central volcanoes next to
Hekla, also discussed in this study, are Torfajokull in
the east and Vatnafjoll in the south (Figure 2).

Hekla is located in a tectonically complex area, at
the junction between the transform-like South Iceland
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seismic zone and the Eastern volcanic zone, the east
branch of the chain of active volcanic systems cross-
ing the middle of Iceland (Figure 1). North of Hekla
and Torfajokull, the volcanic zone is characterized by
rifting activity, whereas to the south it has the nature
of a non-rifting flank zone. At the location of Torfa-
jokull, rifting is propagating to the southwest (Oskars-
son et al. 1982).

Hekla is not a typical rift zone volcano, due to
its tectonic setting and peculiar petrology. The prod-
ucts of the Hekla volcanic system range from basalts
through basaltic andesites to dacites and rhyolites
(Jakobsson 1979). The more acidic products are is-
sued from the volcanic edifice, while the basaltic
products come from the fissure swarm. Petrologically,
Hekla is more akin to the group of volcanoes in the
volcanic flank zone to the south-east.

Hekla is one of the most active volcanoes in Ice-
land and has erupted at least 18 times since Iceland
was colonized in the ninth century (Gudmundsson
et al. 1992). Since the major eruption of 1104 AD
until the 1947-1948 eruption, the activity was char-
acterized by relatively large eruptions about twice a
century (Porarinsson 1967). Within the last decades
Hekla has changed its eruptive pattern. Smaller erup-
tions with volumes of about 0.2-0.3 km® have oc-
curred about every ten years, in 1970, 1980-1981,
1991, and 2000.

Torfajokull is a major rhyolitic complex with a 12-
km-diameter caldera (Semundsson 1972, 1982), an
outstanding high-temperature geothermal field (Mc-
Garvie 1984), and fissure swarms stretching both NE
and SW of the central volcano. The latest eruption
in the Torfajokull area occurred at the end of the fif-
teenth century (Larsen 1984). The Vatnafjoll central
volcano, south of Hekla, does not have any caldera
or geothermal areas. The fissure swarm of Vatnafjoll
is elongated in the NE-SW direction, parallel to the
fissure swarm of Hekla. No eruptions are known to
have occurred in Vatnafjoll during the last 1100 years
(Bjarnason and Einarsson 1991).

The South Iceland seismic zone is a 70-80 km
long and 10-15 km wide zone in the South Iceland
lowland. It acts as an E-W transform, but is char-
acterized by abundant seismicity on N-S right-lateral
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Figure 1. Index map of the Hekla area and the seismograph network. Black triangles are the digital SIL seis-
mograph stations and grey triangles the analogue stations, those mentioned in the text are named. The black
diamond represents the strain station BUR. The central volcanoes are outlined, their fissure swarms are shaded
grey (Einarsson and Semundsson 1987) and the calderas are hatched (Johannesson ez al. 1990). Named central
volcanoes are: H = Hekla, V = Vatnafjoll, T = Torfajokull. Thick black lines are the faults of the South Iceland
seismic zone. Short dashed lines mark the glaciers. The box with dashed outline shows the study area. 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 Tjornes fracture zone (TFZ). All the figures are drawn using the
Generic Mapping Tools program (Wessel and Smith 1998). — Yfirlitskort af Sudurlandi og skjdlftamelanetinu.
Svartir prilyrningar tdakna meela i stafreena landsnetinu, grdir prihyrningar eru hliorenir meelar, sem skrd meo
penna d pappir. Svartur tigull tdknar penslumeelinn vio Buirfell, BUR. Megineldstoovar, sprungusveimar og
oskjur eru syndar. Megineldstoovarnar Hekla, Vatnafjoll og Torfajokull eru merktar med H, V og T. Pykkar,
svartar linur eru sniogengi d skjdlftabelti Suourlands. Joklar eru syndir med strikalinum og strikalinukassi
afmarkar rannséknarsveedid, sem synt er ndnar d 2. mynd.

strike-slip faults, and events up to magnitude 7.1 have THE SEISMIC DATASET
occurred (Einarsson 1991; Stefansson er al. 1993).
The earthquakes have a tendency to deepen towards
east: in the westernmost part of the zone they are typ-
ically located in the uppermost 6 km and in east at 6—
12 km depth. The east end of the seismic zone, about
15 km in width, is included in this study of seismicity
in the Hekla area.

This study is based principally on seismic data gath-
ered by the digital seismic stations of the SIL (South
Iceland Lowland) network (Figure 1), maintained by
the Icelandic Meteorological Office. The SIL net-
work has gathered data since 1990 (Stefansson et al.
1993). Originally the network consisted of eight digi-
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Figure 2. The well-located earthquakes in the Hekla area at non-eruptive times in the period June 1990 —
mid-August 2005. Seismicity in the whole study area has been examined until end-October 1995 and in the
smaller Hekla-Vatnafjoll area (63°48°—64°05°N, 19°25°-19°56’W) until mid-August 2005. Black symbols
are earthquakes that occurred before the 1991 Hekla eruption, open symbols events that occurred between the
1991 and 2000 eruptions, and grey symbols after the 2000 eruption. Dots denote ordinary high-frequency
earthquakes and stars low-frequency earthquakes. The inset shows the sizes of events of corresponding local
magnitudes (Mp). Fissures of the 1970, 1980-1981, 1991 and 2000 Hekla eruptions are shown. H-Hellar
fault, S-Skarosfjall fault, Lw-western Leirubakki fault, Le-eastern Leirubakki fault. — Upptok jardskjdlfta d
Heklusveedinu d timabilum pegar ekki er gosvirkni i eldstodinni. Syndir eru einungis vel stadsettir skjdlftar. A
sveedinu umhverfis Heklu og Vatnafjoll (63°48°—64°05°N og 19°25°-19°56°V) eru syndir skjdlftar d timabilinu
Sfrd juni 1990 og fram { midjan dgust 2005. Utan pessa svedis eru einungis syndir skjdlftar fram i oktober
1995. Svort tdkn syna skjdlfta fyrir gosio 1991, dfylit tdkn syna skjdlfta milli gosanna 1991 og 2000, og grd
tdkn syna skjdlfta eftir gosio 2000. Venjulegir hdtioniskjdlftar eru syndir med hringlaga tdknum, stjiornur syna
ldgtioniskjdlfta. Steerd tdknanna fer eftir steerd skjdlftanna samkvemt My -kvarda. Gossprungur sem voru
virkar ¢ Heklugosunum 1970, 1980-1981, 1991 og 2000 eru syndar. Einnig eru synd snidgengi vio Hella (H),
Skardsfjall (S), og Leirubakka (Lw og Le).
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tal three-component stations in the south Iceland low-
land area, and more recently it has been expanded to
other parts of Iceland (Bodvarsson et al. 1999). Be-
cause the study area is situated at the edge of the orig-
inal SIL network, three permanent analogue vertical-
component stations in the vicinity of Hekla were used
in addition to get good station coverage for the whole
area (Figure 1). The events were relocated with the
location program HYPOINVERSE (Klein 1978), us-
ing a crustal model consisting of layers with constant
velocity gradients (Gebrande ef al. 1980). The model
is an average model with time delay corrections used
for the seismograph stations to improve the location
accuracy. The location procedure is described in de-
tail in Soosalu and Einarsson (1997).

The dataset used spans the period from June 1990
to mid-August 2005 and covers the two latest Hekla
eruptions. Over one-thousand small earthquakes (M,
< 3) were detected at Hekla and its surroundings dur-
ing this period. Of these events, we plot in the sub-
sequent maps only the well-located ones, using the
location criteria: root mean square travel-time resid-
ual (rms) < 0.2 s, horizontal error (erh) < 1.0 km,
vertical error (erz) < 2.0 km, and largest gap between
observing stations < 180°.

SEISMICITY IN THE HEKLA AREA
BETWEEN ERUPTIONS

During non-eruptive times Hekla is characterised by
scarce seismicity (Einarsson 1991; Soosalu and Ein-
arsson 1997, 2002; Soosalu et al. 2005). The
earthquakes are sporadic and small in size, typically
M; < 1. As an illustration of the seismicity at
Hekla and its vicinity, earthquakes in the area during
non-eruptive times, June 1990-January 1991, March
1991-February 2000 and March 2000—mid-August
2005 are plotted in Figure 2. Their hypocentral distri-
bution is shown in Figure 3. Inter-eruption Hekla seis-
micity is not volcano-related, but reflects the trans-
form tectonics of the South Iceland seismic zone to-
gether with the earthquake activity at the Vatnafjoll
volcano south of Hekla. The earthquakes at Hekla
and Vatnafjoll are loosely clustered in two N-S linea-
ments, similar to the faults of the South Iceland seis-
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mic zone. One of the lineaments cuts the SW parts
of the volcanoes and the other the middle-NE parts
of them. The earthquakes occur typically at 8-13 km
depth, similar to earthquakes at the east end of the
South Iceland seismic zone. Three events in the NE
part of Hekla were located at considerable depths of
16, 18 and 26 km. For all these events the nearest
station was within the range of 17 to 18 km.

During non-eruptive periods, the surroundings of
Hekla are far more seismically active than the vol-
cano itself. Most intensive seismicity occurs at the
Torfajokull volcano; e.g. during the period 1990—1995
about 200 events, up to local magnitude 2.8 were
located in the Torfajokull area (Soosalu and Einars-
son 1997). Torfajokull is characterised by dual seis-
micity: high-frequency volcano-tectonic earthquakes
occur in the western part of its caldera and low-
frequency earthquakes in the south (Soosalu and Ein-
arsson 2003).

Seismicity in the easternmost section of the South
Iceland seismic zone, next to Hekla, is clustered in
two elongate N-S lineaments, roughly at longitudes
20°W and 20°10’W, both during eruptive and non-
eruptive periods for Hekla (Soosalu and Einarsson
1997, 2002). Small earthquakes, up to local mag-
nitude 2, are common in this area, and over 190
were observed in the period 1990-1995. They oc-
curred typically in the depth range of 6-12 km. The
events were located between latitudes 64°08’N and
63°49°N, but were most abundant around latitude
64°N, where surface faults can be seen.

From the start of the study period, June 1990 to
half an hour before the start of the 1991 eruption, on
January 17, no earthquakes were located at Hekla or
its immediate vicinity (Soosalu and Einarsson 2002).
Thus, no long-term or intermediate term precursors
were observed prior to the eruption. Earthquakes in
this period were confined to the Torfajokull volcano
and South Iceland seismic zone.

Minor seismicity was observed within the Hekla-
Vatnafjoll area following the eruption in January 17—
March 11, 1991 until June 1, 1991 when an unusual
swarm of earthquakes occurred beneath the northern
flank of Hekla, most at less than 3 km depth. The
SIL network detected about thirty events with magni-
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Figure 3. Vertical cross section of the study area from South Iceland seismic zone to east edge of the Torfajok-
ull 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. Black symbols are earthquakes that occurred before
the 1991 Hekla eruption, open symbols events that occurred between the 1991 and 2000 eruptions, and grey
symbols after the 2000 eruption. Dots denote ordinary high-frequency earthquakes and stars low-frequency
earthquakes. Inverted triangles show the surface locations of the South Iceland seismic zone faults: H-Hellar
fault, S-Skardsfjall fault, Lw-western Leirubakki fault, Le-eastern Leirubakki fault. The locations of the central
volcanoes are shown with grey bars, the location of the Torfajokull caldera with darker grey shade. — Lddrétt,
A-V snio i gegnum skjdlftabeltio d Sudurlandi, Heklu og Torfajokulseldstodina. Horft er ir sudri. Lo0réttur og
ldréttur kvardi er hinn sami. Teiknud eru o1l skjdlftaupptok milli 63°48.6’0g 64°05°N, sama gagnasafn og somu
tdkn og d 2. mynd. Prihyrningar d yfirbordinu syna stadsetningar misgengja vio Hella (H), Skardsfjall (S) og
Leirubakka (Lw og Le). Grdar rendur vio yfirbordio syna stadsetningu megineldstodvanna, Heklu, Vatnafjalla
og Torfajokuls. Torfajokulsaskjan er synd med dekkri rond.

tudes of 0.6—1.7 during about ten hours, and the ana-
logue station HE at Hekla recorded over seventy ad-
ditional small events. The analogue stations HE and
LJ also recorded three volcanic-looking events within
the swarm, similar in appearance to hybrid events
(Chouet 1996), with a high-frequency onset followed
by a low-frequency coda. No volcanic tremor was
detected during this earthquake swarm. After June
1991, Hekla was seismically quiet for more than a
year. Later, sporadic small earthquakes started to oc-
cur, and their local magnitudes were typically under 1.

A distinct feature of Hekla seismicity during non-
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eruptive times is the low-frequency character of the
events (Figure 4a). The earthquakes occurring at
Hekla proper have a peculiar appearance: they con-
sist of only low frequencies (main frequency content
being below 5 Hz) but have clear S-waves, similar
to tectonic earthquakes. In contrast to this, the earth-
quakes related to the eruptions are ordinary-looking
high-frequency events (Figure 4b). High-frequency
earthquakes may continue to occur for a few months
after eruptive activity, but the few inter-eruption Hekla
earthquakes have a low-frequency appearance. This
phenomenon has been observed after both the 1991
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Figure 4. An example of a) a low-frequency Hekla earthquake with its spectrum (March 27, 1999, My, 1.2,
at 16 km depth). S-wave splitting can be discerned in this sample, a feature not further studied in this paper.
b) For comparison a high-frequency Hekla earthquake is shown (February 26, 2000, 17:45, 34 minutes before
the onset of the eruption, M, 1.2, at 6 km depth). Both records are from station HAU, Z—vertical, R—radial,
T-transverse component. The data are 0.5 Hz high-pass filtered because of microseismic noise. The spectra
(vertical component) of both events are taken over the first 10 seconds. The plots are clipped in the low end
at 0.5 Hz (modified from Soosalu et al. 2005). — Synishorn skjdlftalinurita frd meelistodinni ( Haukadal. a)
Ldgtioniskjdlfti med upptok undir Heklu, dsamt tionirdfi (27. mars, 1999, sterd My, = 1.2). b) Hdtioniskjdlfti
med upptok undir Heklu til samanburdar (26. febriar, 2000, kl. 17:45, 34 miniitum dour en gos hofst, stero
My, = 1.2). Syndir eru prir peettir hreyfingarinnar, Z looréttur, R stefna frd upptokum, T stefna pvert d upptok.
Gognin eru hdhleypisiud vio 0.5 Hz til ad losna vid jarddrda. Tionirdf eru af 160rétta peettinum og nd yfir fyrstu
10 sekiindur skjdlftaritsins. Tionir fyrir nedan 0.5 Hz eru ekki syndar.
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(Soosalu and Einarsson 2002) and the 2000 eruptions
(Soosalu er al. 2005). After the 1991 eruption, the
last low-frequency event was detected in March 1999.
High-frequency earthquakes started to occur at Hekla
proper at the end of the decade: three of them were
observed in February 1998 and one in July 1999. Af-
ter then, no earthquakes of any sort were detected at
Hekla itself before the 2000 eruption, which started
on February 26.

Since the 2000 eruption, Hekla seismicity has
been modest. Until mid-August 2005 nineteen low-
frequency Hekla events with My, magnitudes between
0.3 and 1.6 have been detected. A clearly high-
frequency Hekla earthquake (M 0.9) was observed
at 5 km depth in September 2004, and another one
(Mp, 0.4) at 6 km depth in March 2005.

SEISMIC BEHAVIOUR OF HEKLA
DURING ITS ERUPTIONS

Hekla is a notorious volcano because of the short
warning time before its eruptions. Seismicity related
to eruptions starts gradually and reaches the detection
threshold very shortly before the onset; approximately
25 minutes in the eruptions in 1970 (Einarsson and
Bjornsson 1976) and in 1980 (Gronvold et al. 1983),
half an hour in 1991 (Gudmundsson et al. 1992; Soos-
alu and Einarsson 2002) and 79 minutes in 2000 (Ein-
arsson 2000; Soosalu et al. 2005).

Based on knowledge gained from seismicity and
strain observations in 1991 (Linde er al. 1993), the
2000 Hekla eruption was successfully predicted. In
1991 the initial swarm of small earthquakes was ac-
companied by a compressive strain signal observed at
a strain station 15 km from Hekla (BUR in Figure 1),
interpreted as a result of a feeder dyke propagating at
depth towards the surface. The same pattern was ob-
served in 2000, which led to a successful short-term
prediction for the eruption, some 50 minutes before its
onset (Agistsson et al. 2000; Stefansson et al. 2000).

Two expressions of seismicity are observed dur-
ing the Hekla eruptions: volcano-tectonic earthquakes
(Figure 5a) and low-frequency volcanic tremor (Fig-
ure 5b). The majority of the earthquakes occur around
the onset of the eruption. During later phases of the
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eruption, only occasional earthquakes are observed.
The tremor starts simultaneously with the eruptive ac-
tivity, continues throughout it and fades away together
with it. No tremor has ever been observed at Hekla
during non-eruptive periods. The tremor is most vig-
orous during the first hours of eruptions which are
characterized by explosive activity, and declines later.

The initial earthquake swarm

The initial earthquake swarms in 1991 and 2000 were
very similar (Figure 6). The very first observed events
were tiny, of about magnitude 0. The size of the events
grew towards the onset of the eruption and culminated
around it. In 1991 the detection threshold was higher
than in 2000, as the analogue station, HE, on the flank
of the volcano was broken and the closest digital sta-
tion, HAU, was down. Both of these stations oper-
ated well in 2000. The seismicity in 1991 quite likely
started in a similar manner as in 2000 but reached
the detection threshold later, first 30 minutes before
the onset of the eruption, compared to the 79 min-
utes of 2000. Both in 1991 and 2000 a strain signal
of contraction, indicating propagation of an intrusion
from depth, was observed at the close strain station
about half an hour before the eruption reached the sur-
face (Linde et al. 1993; Aglstsson et al. 2000). The
earthquake swarm started some 50 minutes before the
strain station observed any deformation. It is possi-
ble that small strain changes occurred but went un-
detected because of the large distance (15 km) to the
nearest strain station (Alan Linde, pers. comm. 2004).

The initial earthquake swarm soon became very
intense, and events were observed with intervals of
less than one minute. The events were relatively small;
in 1991 the maximum magnitude was My, 2.5 and in
2000 My, 2.1. In 1991 the total seismic energy of the
initial earthquakes corresponded to a single event of
M, 3.4 and in 2000 to an event of My, 3.2.

In total, 380 earthquakes were detected during the
initial swarm in 1991, some 60 of which occurred
before the onset of eruptive activity. In total, 340
events were observed in 2000, 208 of which preceded
the start of the eruption. Figure 7 shows the epicen-
tral map of well-located earthquakes on February 26,
2000. In the first few hours the earthquakes were
rather even in magnitude, > 2 in 1991 and < 2 in
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Figure 5. a) Vertical component seismograms at the station HAU until the onset of the 2000 Hekla eruption at 18:19 GMT.
At first sporadic small earthquakes occur (one event is circled as an example, P and S arrivals are shown). Towards the start
of the eruption they become larger and more frequent, and finally merge into a continuous-looking signal. The data are
high-pass filtered at 2 Hz because of microseismic noise. The My, 2.1 earthquake at 18:17 is clipped because of illustration
purposes. b) Vertical component seismogram samples at HAU at the onset of the 2000 eruption. They are unfiltered and their
amplitude is at a 10-times smaller scale than in Figure 5a. The first two traces at 18:16—18:20 overlap with those in Figure
5a. The low-frequency tremor amplitude increases quickly, stays high for 1.5-2 hours, and then clearly starts to decline.
The circle indicates the time when the eruption started according to the eyewitnesses. — a) Skjdlftarit Haukadalsmeelisins
(l6oréttur pdttur) 26. febriiar 2000, frd kl. 17:56 og pangad til gos hefst kl. 18:19. Skjdlftar eru strjdlir til ad byrja med,
einn peirra er merktur med hring, P- og S-bylgjur eru greinilegar. Skjdlftarnir steekka og verda tidari pega ncer dregur
gosbyrjun. AJd lokum renna peir saman i samfellda hreyfingu. Steersti skjdlftinn, My, = 2.1, vard ki. 18:17. Gognin eru
hdhleypisiuo vio 2 Hz. b) Skjdlftarit Haukadalsmelisins af l60rétta peetti hreyfingarinnar vio byrjun gossins. Sjonarvottar
stadfesta ad gosid byrjadi kl. 18:19 en pd vex iitslag dréans hratt. Utslagio er mikid i 1,5-2 klukkustundir en sidan dregur
lir pvi. Takio eftir ao meelikvardinn er 1/10 af pvi sem er { skjdlftaritinu { a). Engum sium er beitt.
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Figure 6. Temporal distribution of the earthquakes around the onset of the 1991 and 2000 eruptions with their
M/, magnitudes (scale to the right), the onset times are aligned at the same line. The magnitude scale is on the
right. Changes in strain are also marked. Tremor intensity curves, for SAU in 1991 (dashed line), and HAU and
SAU in 2000 (bold lines) are shown, as well (scale to the left). Only the vertical components (Z) are shown.
The horizontal components had similar, slightly higher values. High peak in the very end of the SAU 1991
curve is an artefact. The frequency band used is 0.5-3.0 Hz, to damp the effect of the low-frequency micro-
seism of oceanic origin and the high-frequency earthquakes. The intensity is calculated as averaged energy over
60-second intervals, and its natural logarithm is plotted. — Skjdlftavirkni i tengslum vio gosbyrjanir 1991 og
2000. Steero skjdlfta (M1,) er synd sem fall af tima fyrir beoi gosin. Timakvardinn er sd sami fyrir beedi gosin
og upphafstimar gosanna eru ldtnir standast d. Styrkur ordans er einnig syndur sem fall af tima eins og hann
kemur fram d meelum [ Saurbe (SAU) og Haukadal (HAU). Einungis 160rétti pdtturinn er syndur. Ordagognin
eru bandhleypistud d bilinu 0.5-3.0 Hz til ad utiloka truflanir frd iithafsoldum og hdtioniskjdlftum. Styrkurinn
er reiknadur sem 60 sekiindna medaltal af orku.
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Figure 7. Earthquakes during the onset phase of the Hekla 2000 eruption, open circles show the earthquakes
before the start of the eruption at 18:19 GMT and grey dots the events after. The black dot is a magnitude-2.1
earthquake at 3 km depth at 18:17. The magnitude scale is given in the inset. The fissure of the 2000 eruption
is shown with a thick line. Black bars at about 20°W are the easternmost faults of the South Iceland seismic
zone. — Upptok jardskjdlfta undir Heklu sem urdu i tengslum vio eldsuppkomuna 2000. Hringir tdkna skjdlfta
sem urdu dour en gosio kom upp klukkan 18:19, grdir deplar skjdlfta eftir ad gosio kom upp. Svarti depillinn
synir upptok steersta skjdlftans (Mg, = 2.1), en hann varo d 3 km dypi klukkan 18:17, rétt ddur en gosio sdst.
Steero tdknanna synir stero skjdlftanna. Gossprungan sem var virk 2000 er synd med feitri linu. Einnig eru
syndar sprungur sem voru virkar i jardskjdlftanum 1912, austast d skjdlftabelti Suourlands.

2000, showing a slight decline with time. In Fig-
ure 6 small events (M < 1) are not seen after the
start of the eruptions, due to the masking effect of the
high-amplitude volcanic tremor. After some hours the
earthquakes become sporadic and soon stop occurring
altogether. Neither in 1991 nor in 2000 were earth-
quakes observed on the second day of the eruption,
and few events were observed during the later phases
in general.

The location accuracy of events on January 17,
1991 was not good because of insufficient station cov-
erage. The events of February 26, 2000 were far better
observed and the depths of many earthquakes could

be constrained rather well (Soosalu er al. 2005). All
the first events, from 17:00 GMT on, were very small
and those that could be located were shallow, at 0—
4 km depth. After 17:36 the main activity jumped to
4-9 km depth. After the start of the eruption at 18:19
earthquakes were observed at all depths from the sur-
face down to 14 km, but mainly at 2—12 km depth.
All the Hekla earthquakes forming the initial
swarms, as far as was possible to discern, can be
classified as normal, high-frequency earthquakes with
clear S-phases (see Figure 4b) and are indistinguish-
able from earthquakes caused by brittle failure. Ac-
tually, the higher-frequency content was used for vi-
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sual picking of the events from the continuous low-
frequency volcanic tremor. Separate, low-frequency
volcanic earthquakes were either not recorded or they
were hidden in the tremor.

The volcanic tremor

Volcanic tremor at Hekla has only been observed dur-
ing eruptions. Tremor starts simultaneously with the
eruptive activity, thus its appearance in seismograms
can be taken as the seismic expression of the onset of
the eruption. The vigour of the tremor ceases together
with the eruptive activity.

On January 17, 1991, continuous low-frequency
volcanic tremor started at 17:02 GMT, marking the
onset of eruptive activity, thirty minutes after the first
observed earthquake (Soosalu et al. 2003). On Febru-
ary 26, 2000, the tremor appeared at 18:19, 79 min-
utes after the detection of the first earthquake (Soosalu
et al. 2005). The simultaneous beginning of the erup-
tion was verified by an eyewitness account by radio at
the same moment (see Figure 5b).

In 1991 the station SAU, 35 km west of Hekla,
was the closest digital station to record continuous
tremor data at the onset of the eruption. In 2000, in
addition to data from SAU, data were also available
from the station HAU, 15 km west of Hekla, and from
a few other more distant stations. The amplitude of
the volcanic tremor at Hekla rises rapidly, within min-
utes, and becomes the dominant feature in the seis-
mograms, effectively masking the earthquakes. At
the onset of the 1991 eruption, the maximum reduced
displacement (e.g. McNutt 1994) calculated from the
records of the station SAU was about 8 cm? (Soosalu
et al. 2003).

Tremor remains most vigorous during the first
hour of the eruption, and subsequently declines. The
amplitude of the tremor oscillates. Episodes of high-
amplitude tremor, lasting from a few seconds to about
ten seconds, are separated by moments of lower am-
plitude. To follow the development of the vigour of
the tremor in a simple manner, we calculated its inten-
sity using the procedure presented by Porbjarnardottir
et al. (1997). The overall behaviour of the tremor dur-
ing the first hours of the eruption is shown in a graph
expressing its intensity at SAU in 1991 and both SAU
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and HAU in 2000, together with the observed earth-
quakes (Figure 6). In 1991, intensity began to decline
sharply about one hour after the onset. This was not
observed in 2000.

The spectrum of the tremor at the onset of both
of the eruptions is remarkably similar. Generally it is
observed that volcanic tremor has a peaked spectrum,
typically with one dominant and a few subdominant
frequency peaks (e.g. Aki et al. 1977; Chouet 1992;
Seidl et al. 1981; Ferrick et al. 1982). The Hekla
tremor also had this pattern. The characteristic fre-
quency band of the tremor is 0.5-1.5 Hz and most of
the time one single outstanding peak existed within
the frequency band 0.7-0.9 Hz (Figure 8a-b). Occa-
sionally there were two or three approximately equal
high peaks. A handful of subdominant peaks sporad-
ically appeared within the 0.5-1.5 Hz band. The lo-
cation of the maximum peak was markedly constant
throughout the first hours, for which we have con-
tinuous data. The amplitudes of the peaks decrease
with time, but the spectral range remains the same.
Although the general pattern is similar at various sta-
tions, some local spectral differences due to path ef-
fects were observed in 2000, with data from several
stations.

The source of volcanic tremor is often inferred
to be shallow, thus the tremor consists mainly of
surface waves (e.g. McNutt 1986; Gordeev et al.
1990; Gordeev 1992; Goldstein and Chouet 1994,
Ripepe et al. 1996). Our particle motion analysis
of the data from the station HAU, both in 1991 and
2000, shows evidence for surface waves, particularly
Rayleigh waves, and a shallow source of the tremor
(Soosalu et al. 2003, 2005). The Hekla tremor atten-
uates faster with distance than the earthquakes, and
is indisputably visible at remote digital seismograph
stations only at the beginning of the eruption. This
also indicates a shallow origin for the tremor, shal-
lower than the earthquakes during the first hours of the
eruption. The tremor is closely related to degassing,
as it first appears when the conduit is open and is most
intense in the beginning, when the eruption has a vio-
lent, explosive phase. When eruption vigour subsides,
the tremor intensity also declines. Occasional tremor-
bursts may reflect gas-bursts.
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Figure 8. a) A spectrogram of the vertical component data at the station SAU for the first hours of the 1991
eruption. b) a spectrogram of the HAU vertical component data in the beginning of the 2000 eruption. The
2000 dataset ends at 00:10 on February 27. The graphs are adjusted thus that the onsets of the eruptions are
aligned. The spectra are fast Fourier transform power spectra. The data consist of detrended and demeaned
60-second-long non-overlapping time windows with a 0.5 s cosine taper. No filtering is done. Amplitude scales
of the tremor peaks are arbitrary and not comparable. The abscissa is the frequency and it is cut at 4 Hz because
peaks above it are of negligible size. The ordinate is the time. — Tidnisnio fyrir skjdlftarit af gosbyrjunum
drin 1991 og 2000. a) Tionisnio frd Saurbe fyrir gosbyrjun 1991, léoréttur pdttur. b) Tionisnio frd Haukadal
Sfyrir gosbyrjun 2000, l60réttur pdttur. Tionisnidin syna hvernig tidnirdf breytist med tima. Timakvardarnir d
lo0rétta dsnum eru stilltir af pannig ad upphafstimar gosanna standast d. Hdu tionirnar, sem eru til heegri d
sniounum, syna jardskjdlftavirkni. Hin er fyrst og fremst tengd gosbyrjuninni og deyr sidan hratt it med tim-
anum. Gosordi hefur dberandi ldga tioni, p.e. sést d vinstri hluta snioanna. Hann er mestur fyrst og minnkar
sioan heegt med timanum medan gosio varir.

The seismicity during the eruptions after the onset  tions. However, there are samples of tremor through-
day out these eruptions, and in both cases a general de-

clining trend with occasional fluctuations is observed
Continuous digital records of Hekla tremor exist only ~ (Soosalu er al. 2003, 2005). The disappearance of the
for the first hours of both the 1991 and the 2000 erup- ~ tremor from seismic records of the analogue station
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HE at the flank of the volcano is taken as the end of
the eruption.

After the initial swarm of earthquakes on January
17,1991, earthquake activity at Hekla and the Hekla-
Vatnafjoll area was modest during the eruption (Soos-
alu and Einarsson 2002). On January 19—February 21
fourteen events (M, 1.1-2.6) were observed in the
Hekla-Vatnafjoll area, nine of them at Hekla proper.
At the end of the eruption, on March 11, the analogue
station HE, on the flank of the volcano, recorded a
swarm of about thirty small events before noon. They
likely represent conduit collapse after the volcanic ac-
tivity had ceased. The depths of the Hekla events after
the onset day, about 8—12 km, were similar to typ-
ical events in the eastern part of the South Iceland
seismic zone. All the earthquakes recorded by the
SIL network during the eruption at Hekla were high-
frequency tectonic events with distinct S-phases, none
of them looked like low-frequency volcanic earth-
quakes (Chouet 1996). During later phases of the
2000 eruption, only one earthquake, with a size of My,
0.8 was detected on March 1. It does not have a well-
constrained location, due to large gaps between the
stations.

DISCUSSION

During non-eruptive times the few earthquakes which
occurred at Hekla do not have an apparent correlation
to Hekla as a volcano. Instead, the seismicity in the
area around Hekla and the Vatnafjoll volcano to the
south have the same characteristics. The earthquakes
cluster loosely along two N-S lineaments and occur
mainly at 813 km depth, similar to the distribution
of seismicity at the eastern end of the South Iceland
seismic zone. A magnitude 5.9 (Mw) earthquake oc-
curred in the SW part of Vatnafjoll in 1987. Its fault
plane solution showed right-lateral strike-slip faulting
on a N-S striking fault, i.e. characteristics of South
Iceland seismic zone earthquakes (Bjarnason and Ein-
arsson 1991). It was thus discovered that “bookshelf
faulting”, the seismicity pattern of the seismic zone,
continues to the east as far as western Vatnafjoll, some
10 km further east than the surface expression of the
seismic zone. A portion of the earthquakes in our
data set occurred on the same lineament as the Vatna-
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fjoll earthquake with its fore- and aftershocks. An-
other, fuzzier, N-S lineation can be discerned further
east, through the central parts of Hekla and Vatnafjoll.
Fault plane solutions for five events in this area are
primarily of the strike-slip type (Soosalu and Einars-
son 1997). Thus, South Iceland seismic zone tecton-
ics extend well into the volcanic zone, according to
our observations, all the way to longitude 19°40°W.

Depth estimates for Hekla earthquakes before the
onset of the eruptions (Kristin Vogfjord and Sigurdur
Th. Rognvaldsson, unpubl. data; Soosalu et al. 2005)
point to a shallow origin for the first earthquakes. Al-
though it is likely that the initial earthquakes are re-
lated to stress changes caused by the intruding magma
reaching the surface, it is clear that they are not form-
ing a propagating front close to the tip of the intrusion.

We suggest that the lack of seismicity preceding
Hekla eruptions is evidence for a deep magma source.
The stress change related to a deep-seated, inflating
magma chamber is distributed over a wider area and
occurs aseismically until a dyke starts propagating.
We have studied seismic rays between SIL stations
and local earthquakes to look for signs of volumes
of magma (Soosalu and Einarsson 2004). We did
not find evidence for a substantial magma chamber
at Hekla in the volume we could cover, i.e. the depth
range of 4—14 km. This is in contrast with former geo-
physical studies which place a magma chamber un-
der Hekla at 5-9 km depth (Kjartansson and Gronvold
1983; Eysteinsson and Hermance 1985; Sigmundsson
etal. 1992; Linde et al. 1993; Tryggvason 1994). New
interpretation of strain data by Sturkell e al. (2005a)
suggest a Hekla magma chamber at 11 km depth, with
aradius of 2 km, in line with our suggestion. Because
of scarce data we could not examine well the even-
tual existence of a molten volume in the uppermost
4 km under Hekla. However, Hekla lacks the typical
expression of a shallow magma chamber, such as per-
sistent microearthquake activity and geothermal sys-
tems, and it is thus considered unlikely.

Our method was restricted to volumes with di-
mensions larger than about 800 m (see Soosalu and
Einarsson 2004). If the Hekla magma chamber actu-
ally is located somewhere at 5-9 km, it must be too
small for us to detect. The amount of erupted ma-



terial can provide constraints for a size estimate of a
magma chamber. It is generally assumed that only a
fraction of the contents of a reservoir is drained during
an eruption, until the pressure-drop inside the cham-
ber leads to cessation of the eruption. In a theoreti-
cal study on explosive eruptions (andesitic to rhyolitic
magma), Bower and Woods (1998) estimate the max-
imum amount of erupted material to be ~10% of the
total contents for a shallow chamber and only ~0.1—
1.0% for a deep chamber. The Hekla eruptions in
1970, 1980-1981, 1991 and 2000 produced lava and
tephra of about 0.2 km? (Gronvold et al. 1983; Gud-
mundsson et al. 1992; Hoskuldsson et al. submitted).
With an assumption of 10%-drainage this suggests a
magma chamber of 2-3 km?, which should be large
enough to be detected by our method.

The Hekla magma chamber may be a network of
interconnected patches of molten material, rather than
a simple voluminous structure. However, geochem-
ical analysis of Hekla lavas shows that the composi-
tion of products during the course of an eruption is
quite uniform (Gronvold et al. 1983; Karl Gronvold
2003, pers. comm.), thus not supporting a complicated
magma chamber structure.

The quick onset of an eruption fed from great
depth sounds problematic and rather unrealistic.
Strain signals show that the dyke started propagating
half an hour before the onset of the Hekla eruptions
in 1991 and 2000 (Linde et al. 1993; Aglstsson et al.
2000). If the magma travels 14 km or more during half
an hour, it requires at least a velocity of 7.8 m/s for
the ascending magma. Sacks and Linde (2001; Sel-
wyn Sacks 2001, pers.comm.) suggest that the rapid
start of a Hekla eruption is the result of degassing. The
gas phase is released from the magma inside the reser-
voir, and accumulates in the upper part of the reser-
voir, which forces the level of the liquid magma to
sink. The pressure in the magma chamber increases
due to the ascent of gas bubbles until an eruption
starts, first extruding the gases from the upper part of
the chamber. Because the gas phase erupts first, the
eruption can easily commence more rapidly than an
eruption starting with a lava flow. The gas release ex-
planation is in harmony with the observation that the
Hekla eruptions begin with an explosive phase emit-
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ting gases and tephra, and subsequently calm down to
lava effusion (Gronvold et al. 1983; Gudmundsson et
al. 1992; Hoskuldsson et al. submitted).

Volcanic tremor during the two eruptions of 1991
and 2000 was very similar. It started simultaneously
with the eruption and had a stable frequency-band
during the first hours, although the eruptive activity
and the amplitude of the tremor varied. The charac-
teristic spectral band was about 0.5-1.5 Hz and the
maximum peaks were around 0.7-0.9 Hz. This is at
the lower end of the frequencies generally observed at
active volcanoes in the world, mainly 0.1-8 Hz (Kon-
stantinou and Schlindwein 2002).

A number of possible sources for volcanic tremor
have been proposed in the literature. Some models ex-
plain the tremor as the result of resonant effects pro-
duced by the geometry of volcanic conduits. Turbu-
lent motion in the vapour-gas-magma mixture makes
the volcanic pipes oscillate (e.g. Seidl et al. 1981; Fer-
rick et al. 1982), and the frequency content of the
tremor may vary with the length of the conduit. The
characteristic low frequencies of Hekla tremor could
indicate that the magma channel of Hekla is very
large, i.e. the conduit would extend to a considerable
depth and the magma chamber be at a deep level. Al-
though the degassing-related origin of the tremor is
shallow, the resulting vibration can occur in the long
channel and produce the characteristic low frequen-
cies. Other models suggest that volcanic tremor is
produced by vibrations of tensile, fluid-filled, jerkily
or suddenly opening cracks (Aki et al. 1977; Chouet
1981, 1985). In these models the excess pressure and
degassing in the fluid generates the trembling. Ac-
cording to Chouet (1992) volcanic tremor is the re-
sponse of the tremor-generating system to sustained
bubble oscillations in the fluid. Julian (1994) explains
the cause of the volcanic tremor to be nonlinear exci-
tation by fluid flow, analogous to the excitation mech-
anism of musical wind instruments.

Volcanic tremor often begins prior to the actual
surface outbreak of an eruption and may extend be-
yond the duration of surface activity (e.g. Chouet
1981; Montalto et al. 1995). This was not the case at
Hekla, where the tremor started at the same time as the
eruption and also terminated simultaneously with the
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eruptive activity. Apparently the tremor-producing
mechanism at Hekla could not start before the magma
conduit was opened, indicating that the tremor is
closely related to degassing of magma. Schick (1988,
1992) states that strong tremor is not necessarily ac-
companied by strong lava emission, but strong de-
gassing of a volcano does coincide with strong tremor.
In the light of our observations on the latest Hekla
eruptions, the Hekla tremor reflects the vigour of the
eruption rather than the amount of produced lava.

The sudden swarm of at least one hundred shallow
earthquakes at Hekla, which occurred in June 1991, is
an unusual phenomenon. It may have been a failed
attempt to revive the eruptive activity after its cessa-
tion on 11 March. Two former cases of resumed ac-
tivity at Hekla are known: the August 1980 eruption
continued after several months of quiescence in April
1981 (Gronvold et al. 1983), and the major eruption
in 1766-1768 died down for six months in between
(Porarinsson 1967). The June 1991 earthquake swarm
was not accompanied by a strain signal indicating
the start of an intrusion, as was observed in January
1991 (Kristjan Agastsson 2000, pers. comm.). Inter-
estingly, the 1980—1981 eruption was similar in this
sense. In the initial phase of the eruption on August
17, 1980 an intrusion-related strain signal was ob-
served, but not when the eruption continued on April
9, 1981 (Ragnar Stefansson 2003, pers. comm.). An
additional observation supporting an attempt to re-
sume the eruption is the three volcanic-looking earth-
quakes that occurred during the swarm.

Following both the 1991 and 2000 eruptions,
Hekla earthquakes have been few, and with an un-
usual low-frequency appearance, but with clear S-
wave arrivals. This points to brittle failure in the
crust rather than to a volcanic origin. Apparently,
the reason for the low-frequency appearance is that
the crust is still hot and weak after the eruption, and
breaks under low stress-drop. Low-frequency vol-
canic earthquakes typical for many volcanoes in the
world (e.g. Chouet 1996) have almost never been ob-
served at Hekla. The only known exception so far oc-
curred during the June 1991 swarm. High-frequency
earthquakes at Hekla proper are observed almost ex-
clusively during its eruptions. High-frequency Hekla
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events are generated during times of high strain, i.e.
during an eruption or an attempt to resume an erup-
tion.

The frequency content of the few inter-eruption
earthquakes at Hekla can potentially be useful for
long-term anticipation of eruptions by giving hint of
a strain build-up. After 1991, the few Hekla earth-
quakes which occurred had a low-frequency appear-
ance, until small high-frequency events were detected
in February 1998 and July 1999. The re-appearance
of high-frequency events may indicate that stress is
starting to build up at Hekla and a new eruption is
in preparation. The signal is vague, though, because
the events are small and few. Our post-2000 eruption
dataset demonstrates that Hekla events have again had
a low-frequency appearance, until September 2004
when a clearly high-frequency earthquake occurred
in the central part of Hekla. Another high-frequency
event was observed at Hekla in March 2005. These
events may be the first seismic indications that stress
is building up again at Hekla. In addition, current tilt
observations suggest increasing magma pressure un-
der Hekla (Sturkell et al. 2005b).

Seismicity at the east end of the South Iceland
seismic zone is of interest because of its similarity to
inter-eruption seismicity in the Hekla-Vatnafjoll area.
We have studied the area east of 20°12°W and ob-
served that the earthquakes mainly occur along two
N-S lineaments (Soosalu and Einarsson 1997, 2002).
The seismicity is highest in the area of mapped sur-
face faults (approximately 10 km in length), but in to-
tal, the epicentral lineaments are considerably longer,
about 20-30 km. Our observations are in harmony
with the boundary element calculations of Hackman
et al. (1990) which imply that the South Iceland seis-
mic zone faults have to be longer than observed on the
surface, or the zone cannot accommodate the required
transform deformation. Nearly all the hypocentres
are concentrated at 612 km depth, with a peak at 8-
10 km. This is consistent with the general pattern of
earthquake depths within the seismic zone; hypocen-
tres deepen towards the east (Stefansson et al. 1993).

We interpreted earlier (Soosalu and Einarsson
1997) that the earthquake lineaments of the seis-
mic zone are associated with the Hellar fault (in the



west) and the Leirubakki fault (in the east) which
are visible at the surface (Einarsson and Eiriksson
1982). However, the hypocentres are displaced about
1 km east from the faults at the surface, and thus the
faults should be dipping approximately 80°. Recent
field mapping has revealed two formerly unknown
faults, Skardsfjall fault east of the Hellar fault (Ein-
arsson et al. 2002; Figure 2) and a fault east of the
Leirubakki fault (Einarsson et al. 2003). The faults in
the Leirubakki area are currently named as the west-
ern (formerly known) and the eastern (newly found)
Leirubakki fault (Figure 2). The recently mapped
faults are located above our earthquake lineaments
and are more likely the origins for them.

Although the volcano Torfajokull is next to Hekla,
its seismic behaviour is completely different. It is far
more active, as small earthquakes occur persistently.
Two sorts of events are identified: high-frequency
events in the western parts of its caldera, hypothesised
to be related to a cooling, but solidified magma cham-
ber (Soosalu and Einarsson 1997) and low-frequency
events in the south, which apparently are related to ac-
tive magma (Soosalu and Einarsson 2003). Torfajok-
ull seismicity is volcano-related and not affected by
the transform tectonics of the South Iceland seismic
zone.

CONCLUSIONS

The seismicity at Hekla and its immediate surround-
ings is quite unique and has a dual nature. In non-
eruptive periods there is little seismicity and the few
earthquakes that do occur are not related to the vol-
cano itself. Instead, they have the same characteris-
tics as the seismic activity in the South Iceland seis-
mic zone located to the west of Hekla. The ultimate
eastern terminus of transform tectonics of the South
Iceland seismic zone therefore lies between the volca-
noes Hekla and Torfajokull.

The Hekla eruptions in recent decades have been
quite similar in size and general behaviour. Volcano-
related seismicity occurs at Hekla in the form of an
initial earthquake swarm, continuous low-frequency
tremor and eventual sporadic small earthquakes dur-
ing later phases of the eruption. The eruption-related
seismicity starts only tens of minutes earlier with a
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swarm of hundreds of small earthquakes which in-
crease in size towards the onset of the eruption. The
sizes of earthquakes, M, < 3, culminate around the
very start of the eruption. They turn subsequently to
a slight decline in size, continue for a few hours and
then stop altogether. Only few earthquakes occur dur-
ing the later phases. Rather little seismic energy is re-
leased during opening of eruptive conduits at Hekla,
corresponding to a single event of My, 3.4 in 1991 and
My, 3.2 in 2000, respectively. All the detected events
during eruptions have been high-frequency, volcano-
tectonic earthquakes.

Low-frequency volcanic tremor begins simultane-
ously with the onset of the eruption, when a conduit
is open, and is closely related to degassing. Within
minutes it becomes the dominant element in the seis-
mic records. It is most violent during the first hours,
continues throughout the eruption and fades away to-
gether with it. The characteristic frequency band of
Hekla tremor is 0.5-1.5 Hz, with one or a few domi-
nant peaks at 0.7-0.9 Hz. Large attenuation of tremor
with distance compared to the eruption earthquakes
indicates that the tremor has a shallower origin than
the earthquakes. Particle motion observations point to
a large amount of surface waves in the tremor signals.

With close seismograph stations the initial earth-
quake swarm related to the onset of an eruption can
be detected soon after it begins, and with combined
use of seismicity and strain observations it is possi-
ble to foresee Hekla eruptions on a short-time scale,
approximately within an hour. The spectral low-
frequency character of the inter-eruption seismicity at
Hekla proper and its change to high-frequency seis-
micity when the strain is building up may provide a
tool for long-term forecasting of Hekla eruptions, but
its validity needs testing with future observations.
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Skjalftavirkni Heklu og nanasta umhverfis hennar

Eldgosin { Heklu 1991 og 2000 urdu innan tiltolulega
pétts nets jardskjalftamala og skopudu bannig ny
tekiferi til rannsdkna & edli og innvidum eldstodv-
arinnar. Hekla er medal virkustu eldstodva Islands og
er stadsett 4 flekaskilum par sem metast skjalftabelti
Sudurlands og eystra gosbeltid. Eldstodin er pd ekki
demigerd, hvorki fyrir islenskar eldstodvar né eld-
stodvar 4 glidonunarsvedum. Gosvirkni Heklu hefur
verid med nokkud reglubundnum hetti & sogulegum
tima, med 1-2 gos 4 0ld. Sidan 1970 hefur po6 petta
munstur breyst og sidustu gos hafa verid 4 um 10 ara
fresti. Gosin 1970, 1980-1981, 1991 og 2000 hafa
verid hvert 6dru lik, b&di hvad vardar goshetti, og
magn og gerd gosefna. Skjalftavirkni { Heklu er um
margt nokkud sérsted. Milli gosa er skjalftavirknin
litil, skjalftar eru fair og smair. Ekki hafa verio borin
kennsl 4 neina langtimaaukningu sem rekja megi
til vaxandi kvikuprystings { rotum eldstodvarinnar
fyrir gos. Skammtimaforbodi fyrir gos er p6 greini-
legur { skjalftavirkninni. Akafar hrinur smaskjalfta
hafa mealst & undan 6llum sidustu gosum Heklu og
byrja par 25-80 minGitum adur en gos kemur upp.
Skjalftar melast sidan fyrstu klukkustundir gossins
medan mestur gangur er { pvi en sidan dregur Gr
badi gosvirkni og skjalftum. Auk jardskjalfta malist
eldvirknioroi, p.e. stodugur 1agtionititringur, medan a
gosum stendur. Or6inn byrjar nanast um leid og gosid
og n&r hamarki a fyrstu klukkustundinni. Utslag hans
er { godu samraemi vid akafann { gosinu og hann deyr
at um leid og gosvirkni Iykur. Oro6i hefur aldrei malst
nema pegar gos er uppi. Peir fau og smau skjalftar
sem melast { og vid Heklu milli gosa virdast standa {
litlu sambandi vid eldstodina. Peir virdast hins vegar
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sverja sig { @tt vid skjalftabelti Sudurlands. Peir verda
flestir & 8—12 km dypi og rada sér & linur med N-S
stefnu svipad og gerist 4 skjalftabeltinu vestan Heklu.
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