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Abstract

Torfajökull is a large rhyolitic volcanic edifice with a 12-km-diameter caldera and abundant high-temperature geothermal

activity. It is located in the neovolcanic zone in south Iceland, at the junction of the eastern rift zone and a transform zone with the

intraplate volcanic flank zone of south Iceland. The latest eruption at Torfajökull occurred about 500 years ago. Torfajökull is a

source of persistent small-scale seismicity, where two types of earthquakes occur. High-frequency events are concentrated in the

western part of the caldera and low-frequency events cluster in the south. Small low-frequency earthquakes have been observed at

Torfajökull since the installation of a local analogue seismograph station in 1985. They typically occur in swarms; up to 300

earthquakes per day have been observed. The low-frequency events have a frequency content of about 1–3 Hz, and are difficult to

locate, because of the emergent nature of their phases. The 160 events located during the years 1994–2000 using the permanent

Icelandic seismic network cluster in the southern part of the Torfajökull caldera. A closer study of low-frequency events was carried

out between May and October 2002, with a dense network of twenty Güralp 6TD broadband seismometers in the Torfajökull area.

No distinct swarm activity was observed during this period, but small low-frequency events occurred almost on a daily basis.

About 330 low-frequency events were detected during the study period. They are located in the southern part of the caldera,

between two small glaciers. Areas of intensive geothermal activity surround the cluster of low-frequency events. It is argued that

these earthquakes are associated with active magma in the south part of the Torfajökull caldera, possibly a rising cryptodome.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Iceland is a unique landmass situated astride the

Mid-Atlantic ridge. Its geology is characterised by the

interplay between spreading at the mid-oceanic plate
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boundary and a hot spot, which has a centre located in

east-central Iceland (Wolfe et al., 1997). The North

American and Eurasian plate drift apart with a velocity

of approximately 2 cm/year. The plate boundary in

Iceland is located within the neovolcanic zone, a

chain of active volcanoes, which traverses the central

part of Iceland (Fig. 1). In the south it has two branches,

the Western and the Eastern volcanic zone, connected

by a transform, the South Iceland seismic zone. In the

north there is a single Northern volcanic zone. North of

Iceland the plate boundary is displaced to the west by

the Tjörnes fracture zone (Fig. 1).
al Research 153 (2006) 187–199
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Volcanism within the neovolcanic zone is expressed

by volcanic systems, which consist of a central volca-

no—the location of highest productivity—and a fissure

swarm transecting it (e.g. Jakobsson, 1979; Björnsson

and Einarsson, 1990). The central volcano Torfajökull

(Figs 1 and 2), the largest rhyolitic complex in Iceland

450 km2 in area, rises about 500 m above the surround-

ing basaltic landscape (Gunnarsson et al., 1998). Its

WNW–ESE axis is 30 km long, while its NNE–SSW

axis is 18 km long (McGarvie, 1984), and its caldera is

12 km in diameter (Sæmundsson, 1972, 1982). Torfa-

jökull has fissure swarms stretching to the NE and SW

of the central volcano. North of Torfajökull the volcanic

zone is characterised by rifting activity and to the south

it has the nature of a non-rifting flank zone. At the site

of Torfajökull rifting is propagating towards southwest

(Óskarsson et al., 1982).
Fig. 1. Index map of the Torfajökull area. Black inverted triangles are

seismic stations of the 2002 temporary network. Black squares are

digital SIL stations and grey squares the analogue stations LJ and HE.

The central volcanoes are outlined, their fissure swarms are shaded

grey (Einarsson and Sæmundsson, 1987) and the calderas are hatched

(Jóhannesson et al., 1990). Thick black lines approximately at 648N
and 208W are faults of the South Iceland seismic zone. To stands for

Torfajökull, Vfs for Veiðivötn fissure swarm, Tfs for Torfajökull

fissure swarm and H for Hekla. Dashed lines mark the glaciers and

thin solid lines outline rivers and lakes. The smaller index map shows

the locations of the areas related to the plate margin: Western (WVZ),

Eastern (EVZ) and Northern (NVZ) volcanic zones, South Iceland

seismic zone (SISZ) and Tjörnes fracture zone (TFZ).

ig. 2. General outlines of the geology of the Torfajökull region

óhannesson and Sæmundsson, 1989). Approximate locations of

e geothermal fields are rastered and black bars sketch postglacial

ruption sites (from Jóhannesson et al., 1990).
F

(J

th

e

Being a major centre of almost exclusively acidic

volcanism, Torfajökull is geologically anomalous in the

context of the spreading plate boundary. The eruption

products of Torfajökull itself are rhyolitic, but two

kinds of basaltic magma have been mixed with it.

One of the basalts is laterally injected tholeiite from

the ~100-km-long Veiðivötn fissure swarm northeast of

Torfajökull (Fig. 1). The other is olivine basalt from its

own magma system (Larsen, 1984; McGarvie, 1984).

The latest eruption in the Torfajökull area occurred at

the end of the fifteenth century (Larsen, 1984). Ash

zone Z-2 in Atlantic sediments and Greenland ice cores

is thought to have originated from a major eruption of

Torfajökull about 52,000 years ago (Grönvold et al.,

1995).

The Torfajökull central volcano contains one of the

most powerful high-temperature geothermal fields in

Iceland (Arnórsson et al., 1987) (Fig. 2). The activity

is grouped into geothermal areas, many of which are

within or around the area of recent postglacial rhyolite

eruptions. Individual geothermal features are scattered

throughout the entire complex but are much less com-

mon in the eastern part (McGarvie, 1985).

Seismically Torfajökull is characterised by persistent

small-scale activity. Two sorts of events are observed,

and they do not overlap spatially or temporally (Soo-

salu and Einarsson, 1997). High-frequency earth-

quakes, with local magnitudes typically smaller than

ML 3 occur frequently in the western part of Torfajökull

(Einarsson, 1991; Soosalu and Einarsson, 1997; Lip-
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pitsch et al., 2005). After the installation of an analogue

vertical-component seismometer in the area in 1985,

low-frequency Torfajökull earthquakes were discovered

(Brandsdóttir and Einarsson, 1992). Their magnitudes

are generally smaller than ML 1 and they often occur in

swarms. Tentative locations made by Soosalu and

Einarsson (2004) suggest an origin in the southern

part of the Torfajökull caldera.

A network of twenty portable three-component

seismometers was installed in the Torfajökull area in

the summer of 2002 in order to observe the seismicity,

especially low-frequency events, in more detail. Addi-

tional data are provided by the digital Icelandic national

SIL (South Iceland Lowland) network and two local,

vertical-component analogue stations. Our purpose is to

describe and interpret the nature and temporal behav-

iour of the low-frequency events, locate their origin and

seek explanations for their causes. Concluding from our

observations and geological character of Torfajökull we
Fig. 3. Temporary seismic network (black inverted triangles) and recorded

map view, and E–W and N–S vertical sections. Open circles are high-fr

denote the 38 low-frequency events with best locations, located with the p

lower right corner.
suggest that the low-frequency seismicity is linked to

the existence of a cryptodome, a dome-shaped structure

created by the ascent of viscous magma and its accu-

mulation at shallow depth.

2. The seismic network and data set

Torfajökull low-frequency events have been ob-

served since the deployment of the local analogue

station LJ (see Fig. 1), north of the Torfajökull caldera

in 1985 (Brandsdóttir and Einarsson, 1992). The ana-

logue seismograms of the station LJ and a second

station HE, on the flank of the Hekla volcano approx-

imately 30 km away, provide a qualitative estimate on

the occurrence of Torfajökull low-frequency events

throughout the last two decades.

In 1990 the SIL network of eight three-component

digital seismometers was installed in south Iceland

(Stefánsson et al., 1993). The network, later expanded
seismicity at Torfajökull in 2002. Earthquake locations are shown in

equency events as described in Lippitsch et al. (2005). Grey stars

rogram NonLinLoc. Velocity model used for relocation is shown in



Fig. 4. Example waveforms (components: Z—vertical, N—north and

E—east) of swarms of both types of Torfajökull earthquakes recorded

by station HRAF. a) High-frequency events, in b5 km distance from

HRAF. The data are high-pass filtered at 0.8 Hz for excluding

microseismic noise. The channels are in same arbitrary scale and

the N component is clipped because of illustrating purposes. b)

Low-frequency events, in ~7 km distance from HRAF. The data are

band-pass filtered at 0.8–6.0 Hz. The three channels are in same

arbitrary scale, the N component is clipped because of illustrating

purposes.
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to other parts of the country (Böðvarsson et al., 1999),

is maintained by the Icelandic Meteorological Office.

With these stations the largest low-frequency events can

be detected. However, location accuracy is poor, be-

cause station-event distances are 25 km or more, and

emergent onsets of the low-frequency events impair the

reading precision.

Between May and October 2002 a network of

twenty broadband Güralp 6TD three-component

seismometers was deployed in the Torfajökull area

to study low-frequency earthquakes in more detail

(Figs. 1 and 3). The sampling rate was set to 50

samples/s, and the instruments measured continuously.

Earlier studies (Soosalu and Einarsson, 2004) indicat-

ed that low-frequency earthquakes cluster in the south-

ern part of the caldera. Hence, the network was

designed to record these low-frequency events and

to be logistically functional. The latter point is a

challenge in remote areas like the Torfajökull region

with its rough terrain. Sites must be relatively easy to

reach to ensure effective station maintenance. Thus, all

stations were mounted next to mountain tracks, leav-

ing the poorly accessible eastern part of the caldera

without stations.

Low-frequency events have small amplitudes and

emergent onsets of phases. Event detection is, therefore,

not straightforward and has to be done manually. Seis-

mograms of the two or three closest stations (HRAF,

MAEL, STRU, THRA, TORF, depending on availabil-

ity) were examined for the entire study period, and low-

frequency events were visually identified. About 330

low-frequency events were detected in total. To locate

these events, we initially used the location program

HYPOINVERSE (Klein, 1978), with a crustal model

consisting of layers with constant velocity gradient

(Soosalu and Einarsson, 1997). The 38 best events

(root mean square travel time residual (rms)V0.18 s,

horizontal standard error (erh)V0.9 km, vertical stan-

dard error (erz)V1.6 km, largest gap between observing

stations 46–1438, and 5–13 P-readings) were used in

further, refined analysis.

Lippitsch et al. (2005) analysed the high-frequency

events observed in the Torfajökull region. They calcu-

lated a 1D velocity model (Fig. 3) for the region by

jointly inverting for hypocentre and origin time. To

obtain more reliable hypocentre locations and better

estimates on the location error, we used the non-linear

location program NonLinLoc (Lomax et al., 2000;

Lomax and Curtis, 2001) in combination with this

velocity model. The resulting event locations give an

improved image of the low-frequency activity and are

used as the basis for our interpretation.
3. Features of seismic activity in the Torfajökull area

Persistent small-scale seismic activity is character-

istic for the Torfajökull central volcano. Two event

populations are observed: high-frequency earthquakes

in the western part of the caldera and low-frequency

earthquakes in the south (Fig. 3). The clusters of

these two types of events do not overlap either

spatially or temporally (Soosalu and Einarsson,

1997). Fig. 4 shows example seismograms for both

types of earthquakes recorded at station HRAF, lo-

cated inside the caldera. High-frequency events have

a typical frequency range of 4–10 Hz, whereas low-

frequency events reveal a narrow frequency band

with a peak at ~1–2 Hz.
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3.1. High-frequency earthquakes

Small (ML typicallyb3) high-frequency earthquakes

are a well-known, permanent feature in the western part

of the Torfajökull caldera and further to the west (Einars-

son, 1991; Soosalu and Einarsson, 1997). Such events

are mainly restricted to the geothermal fields within the

volcanic region and do not occur in the southern or

eastern part of the caldera. Because of their distribution

and the persistence of seismicity in Torfajökull, Einars-

son (1991) suggested that heat mining and thermal

cracking cause these high-frequency events.

Soosalu and Einarsson (1997) analysed high-fre-

quency earthquakes at Torfajökull, which occurred be-

tween 1990 and 1995. The data set consisted of

approximately 160 events, about 80 of which were

bwell-locatedQ (with the criteria: rmsV0.2 s, erhV1.0
km, erzV2.0 km, and gapV1808). Their event locations
show a spherical distribution of hypocentres in the

uppermost 13 km. Within this cluster an aseismic vol-

ume was found, with a radius of about 4 km and a

centre at about 8 km depth. This feature was interpreted

as a cooling magma chamber, not molten but in a

ductile state (Soosalu and Einarsson, 1997, 2004).

The high-frequency earthquakes were interpreted as

the result of thermal cracking around the cooling

body, assisted by deep circulation of geothermal water.
Fig. 5. Histogram showing monthly number of Torfajökull low-frequency e

stations LJ and HE and the SIL network. There is a data gap between Decem

net are not included.
Lippitsch et al. (2005) studied the high-frequency

earthquakes that were detected by the portable network

which operated during the summer of 2002, and nine

surrounding SIL stations. With the aim to obtain precise

hypocentral relocations they constructed an improved 1-

dimensional velocity model, used the non-linear location

program NonLinLoc (Lomax and Curtis, 2001), and

further calculated relative locations of correlated event

pairs using the program HypoDD (Waldhauser and Ells-

worth, 2000, 2002). They relocated 121 of these events,

with local magnitudes of 0.2 to 2.3. These events cluster

tightly at shallow depths (0–6 km). The study confirmed

that Torfajökull high-frequency earthquakes occur only

in the western part of the caldera.

3.2. Low-frequency earthquakes

Low-frequency events are a persistent feature of

Torfajökull seismicity. However, the level of activity

varies considerably. They typically occur in swarms,

separated by quieter intervals. Fig. 5 shows a statistical

view of the number of observed low-frequency events

in the years 1991–1995 and 1997–2002, constructed

using paper records from the analogue stations LJ and

HE, and events detected by the permanent SIL network.

Swarms of low-frequency events begin abruptly, rise

quickly to the level of up to a few hundred events per day,
vents between July 1991 and December 2002, recorded by analogue

ber 1995 and October 1997, and observations of the Torfajökull 2002



ig. 6. Velocity seismograms of a low-frequency event on July 29,

002, 638 54.25VN, 198 05.81VW, at 7 km depth, with ML 0.7. Com-

onents are rotated: Z—vertical, R—radial, T—transverse and the

ata band-pass filtered at 0.8–8.0 Hz. Distance to stations is shown in

e low right. The seismograms of TORF (R-component clipped for

resentation purposes) are three times larger than all the others, which

re in the same arbitrary scale. P-arrivals and a later phase (X) are

arked.
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and can last a few days (Brandsdóttir and Einarsson,

1992; Soosalu and Einarsson, 1997). This sort of

swarm activity was distinct after the eruption of the

neighbouring volcano Hekla in January–March 1991,

in late 1991 and early 1992, with a peak of over 600

events on October 29–31, 1991. Based on earlier obser-

vations of Icelandic volcanoes displaying concerted ac-

tivity, Soosalu and Einarsson (1997) speculated that

there is a link between these two volcanoes. However,

after the Hekla eruption in February–March 2000 no

similar increase in Torfajökull low-frequency event ac-

tivity was observed.

The permanent seismic stations are capable of detect-

ing the largest of the low-frequency Torfajökull earth-

quakes. However, locations are poorly constrained, due

to the emergent nature and small size of the events, and

distance to the closest SIL stations (N25 km). A dense

network of seismometers was available for the first time

in summer 2002. Although the level of low-frequency

seismicity was modest (see Fig. 5), small low-frequency

events were detected almost on a daily basis, occasion-

ally occurring in swarms of a few events (Fig. 4b). Some-

times events were merged with each other, resembling

tremor. No such burst observed lasted longer than a

minute.

Low-frequency earthquakes at Torfajökull are typi-

cally small in size, up to ML 1 and they have similar

waveforms. Their P-wave arrivals are very small and

emergent, and, hence, hard to identify. Example seis-

mograms of one of the largest events are shown in Fig.

6. There is a later clearer arrival (marked with X), with

a considerably larger amplitude than P. These later

arrivals are more impulsive than those of P and easier

to identify. The radial component has typically the

highest amplitudes. Later reverberations are usual,

sometimes with strikingly regular waveform and har-

monic appearance. The events exhibit a narrow band of

frequencies, having a peaked spectrum in the frequency

band of 1–3 Hz, mainly within 1–2 Hz (Fig. 7), with

little variation in spectrum between the observing sta-

tions. The most distinct local feature is that waveforms

recorded at station TORF often have a broader spec-

trum, up to 4–5 Hz.

In the location procedure of low-frequency events

we treated phase X as an S-wave arrival. We have

conducted tests to check if this assumption is valid.

First, we plotted a Wadati diagram with observations of

both high- and low-frequency earthquakes, recorded by

the temporary network, augmented with earlier low-

frequency earthquake data of Soosalu and Einarsson

(2004) (Fig. 8). The linear regression indicates a Vp /Vs

ratio of 1.77, high- and low-frequency events following
F
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Fig. 7. Examples of spectra of a low-frequency event, July 19, 2002,ML 0.8. Distance to the event is shown for each station. Z—vertical, R—radial,

T—transverse component. The spectra are clipped at 0.4–8.0 Hz, as below 0.4 Hz microseismic noise is dominant and above 8.0 Hz peaks are of

negligible size.
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the same line. This indicates that phase X is indeed an

S-wave arrival.

In a second test we examined the validity of assump-

tion of phase X being an S by relocating the events with

(i) P-readings only and (ii) with P and X, assuming phase

X=S. We performed several relocation runs with the

depth fixed, using the location program Hypoellipse

(Lahr, 1999) and the 1-dimensional crustal model of
Lippitsch et al. (2005). We used the event shown in

Fig. 6 (observed by fifteen stations) and fixed its depth

at 1 km intervals between 0 and 15 km. The best depth

estimate is that for which the root mean square travel

time residual (rms) reaches its minimum. We observed

small rms (b0.18 s) for depths between 0 and 7 km, with

a drastic increase in rms for deeper event locations. The

rms valuewas very similar for depths between 3 and 7 km



Fig. 8. A Wadati diagram for high- and low-frequency Torfajökull

earthquakes. Low-frequency earthquake observations are from Soo-

salu and Einarsson (2004) and this study, high-frequency events from

Lippitsch et al. (2005).

H. Soosalu et al. / Journal of Volcanology and Geothermal Research 153 (2006) 187–199194
(~0.16 s) and had a minimum at 5 km. The non-unique

result was to be expected; as the closest stations are about

7 km away, the depth resolution of shallow events is

generally not very good. Additionally, the reading error

in emergent P-phases increases the location error. How-

ever, adding phase X (=S) to the location procedure

altered neither the rms nor the hypocentral locations.

Differences in the epicentral co-ordinates and rms be-

tween the two runs (i) and (ii) were negligible. In com-

parison, hypocentral depth of 7 km was found with the

program NonLinLoc of Lomax and Curtis (2001).

In a third test we plotted particle motion for the same

event. The resulting plots are shown in Fig. 9. It

illustrates that after the arrival of the phase X there is

considerable linear movement in the radial plane, sim-

ilar to a particle motion expected for a radially polarised

S-wave. From these tests we conclude that if phase X is

not a direct S-wave, it at least has a similar velocity and

particle motion.

3.3. Relocation of low-frequency events

About 330 small low-frequency events were

recorded with the temporary Torfajökull network be-

tween May and October 2002. For 240 events we could

obtain a stable solution for the location using the linear

location procedure HYPOINVERSE (Klein, 1978). The

resulting epicentres form a diffuse cloud in the southern

part of the volcano. We selected 38 high-quality events

and made an attempt to improve their hypocentral
locations by calculating a probabilistic, non-linear so-

lution to the location problem with the program Non-

LinLoc (Lomax et al., 2000; Lomax and Curtis, 2001)

using the 1D velocity model calculated by Lippitsch et

al. (2005). Two major advantages of this relocation

routine are (1) NonLinLoc is a non-linear approach

and (2) it provides comprehensive uncertainty and res-

olution information, represented by a posterior proba-

bility density function (PDF) of model parameters. The

location algorithms follow the probabilistic formulation

of inversion of Tarantola and Valette (1982). In brief,

the complete, probabilistic solution can be expressed as

a posterior PDF if the calculated and the observed

arrival times are assumed to have Gaussian uncertain-

ties expressed by covariance matrices, and if the prior

information on origin time is taken as uniform. This

assumption allows a direct, analytical evaluation of the

PDF for the spatial location and the origin time. A

complete description of this formulation is given by

Tarantola and Valette (1982) and Moser et al. (1992).

We relocated the 38 events using the Oct-Tree algo-

rithm (Lomax and Curtis, 2001), which uses recursive

subdivision and sampling of cells in 3D to generate a

cascade of sampled cells. The number of sampled cells

follows the values of the PDF at the cell centre, thus

leading to a higher density of cells in areas of higher

PDF (lower misfit). The solution is fully non-linear and

reflects location uncertainties due to the geometry of

the network, picking errors of the observed arrival times

and travel time calculation errors. The location uncer-

tainties are shown by density scatter plots and the final

hypocentral location is given by its maximum likeli-

hood (or minimum misfit) value or by the expectation

hypocentral location (Gaussian estimator).

Fig. 10 images the resulting locations (maximum

likelihood location) and the corresponding uncertainties

visualised by 68% confidence ellipsoids. The map view

shows that all 38 events are densely clustered between

the three stations HRAF, TORF, and STRU. The con-

fidence ellipsoids indicate an epicentral location error

of less then +/� 1 km for most cases. The depth plots

show that the error in depth is markedly bigger than the

horizontal, indicated through vertically elongated ellip-

ses, reaching absolute values of about 5 km.

The location errors are relatively large compared to

those obtained for the high-frequency earthquakes (e.g.

500 m horizontal error, 1500 m vertical error in Lip-

pitsch et al., 2005). Main threshold in locating the low-

frequency events, apart from the distance to the closest

station of about 5–9 km, was the small number of high-

quality P-wave arrival time readings. However, with

these improved locations we can restrict the occurrence



Fig. 9. Velocity seismograms at TORF for the event shown in Fig. 6 with the particle motion plots, second by second starting 0.5 s before the

P-onset. A cross marks the start and a diamond the end of motion.
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of low-frequency earthquakes to a small area in the

southern part of the Torfajökull caldera between the

two glaciers. In depth, these events do not exceed 14

km, and are most likely shallower.

Only one of these events (ML 0.7) was detected by

the SIL network. With this magnitude as a reference,

we calculated the local magnitudes for the 13 best

constrained events with the program Seismic Handler

(Stammler, 1992) using the formula

ML ¼ log10 Að Þ þ r

where A is the maximum digital amplitude and r is a

tabulated function of epicentral distance in kilometres.

For the Torfajökull low-frequency events magnitude

values ranged from 0.3 to 0.9, with most of the events

near the top of the range.

By calculating the cross-correlation coefficient for S

waveforms of the 38 events, we investigated similarities
in these low-frequency events. Two waveforms were

considered similar within a tapered 3-s (150 samples)

window if the S-wave arrivals had a cross-correlation

coefficient greater than 0.75. Most of the events corre-

lated rather well with each other. Fig. 11 shows wave-

forms from 5 different events recorded at station STRU.

The good correlation of these waveforms (Table 1)

suggests that the corresponding events occur at the

same or a very close by location, and that these events

have similar focal mechanisms.

4. Discussion

Low-frequency earthquakes, or long-period earth-

quakes, are observed at many active volcanoes. These

events are generally small in magnitude and in many

cases related to ongoing or impending eruptive activity

(Minakami, 1974). They often have a higher-frequency



Fig. 10. The best constrained Torfajökull low-frequency events shown with their error ellipsoids, viewed from above, south and east.
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onset followed by harmonic waveform containing fre-

quencies between 0.5 and 5 Hz (Chouet, 1996), most

typically at 2–3 Hz (McNutt, 2000). P-waves of the

low-frequency events are usually emergent and the S-

waves are not clear or are absent (Minakami, 1974;

McNutt, 2000). Low-frequency events are thought to be

caused by fluid pressurization processes such as bubble
Fig. 11. Example of radial component seismograms for five different

events recorded at station STRU. Cross-correlation analysis within a

tapered 3-s (150 samples) window, shown with a bar above each

seismogram, is performed for these events.
formation and collapse, and also by shear failure, ten-

sile failure, or non-linear flow processes which occur at

very shallow depths (McNutt, 2000).

The Torfajökull events have many of the general

characteristics of low-frequency earthquakes, such as

the frequency content (~1–3 Hz), harmonic coda and

emergent P-waves. There is, however, a relatively

distinct later arrival, which we initially called phase

X. Since these events occur within an active volcano,

one cannot rely on it being a direct S-wave arrival.

Our tests showed that velocity and particle motion of

phase X are very similar to those of an S-wave;

therefore we used it as an S in our location procedure.

High-frequency onsets of the Torfajökull low-frequen-

cy events have not been recorded, even at the closest

seismic stations 7–8 km away. The occurrence of low-

frequency events has not been accompanied by erup-

tive activity at Torfajökull.

Low-frequency earthquakes similar to those of Tor-

fajökull events have been described at a few other
able 1

ross-correlation values of S-phases for events shown in Fig. 11

orrelated events Cross-correlation coefficient

0020730–20020801 0.79

0020730–20020806 0.77

0020730–20020813 0.76

0020730–20020814 0.83
T

C

C

2

2

2

2
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volcanoes. Simiyu and Keller (2000) studied the earth-

quake activity at the Olkaria geothermal area in the

Kenya rift valley. They observed three types of events:

monochromatic low-frequency events, higher-frequen-

cy events with no clear phases after the onset and

events that have characteristics of both of the former

groups. Their low-frequency events have a dominant

peak at 2 Hz and a smaller peak at 4 Hz. The P- and S-

phases of these events are well-defined. Simiyu and

Keller remark that these signals are from deep events

and are probably related to volcano-tectonic activity.

Sherburn et al. (1999) describe the seismicity at the

andesitic volcano Ruapehu in New Zealand. Among

other seismic signals, they detected low-frequency vol-

canic events that have some similarities with those

detected at Torfajökull. They have an emergent onset,

are typically multiple events and have a sharply peaked

spectrum at about 2 Hz. These volcanic events can have

far larger magnitudes (up to ML 4) than have been

observed at Torfajökull, and they were observed to

accompany phreatic and phreatomagmatic eruptions.

As volcanoes rise above their surroundings, they

often are covered by ice caps. At Torfajökull there are

two small glaciers at the southern rim of its caldera. In

some cases low-frequency events observed at volcanoes

are interpreted as being related to glacial processes, not

to volcanic activity. For example, Weaver and Malone

(1976) studied low-frequency events at Mt. St. Helens

with a local network. Due to the shallow depth of the

events and restriction to glaciated areas they were

interpreted as ice-related. Ruiz et al. (1998) studied

low-frequency events at the Cotopaxi volcano in Ecua-

dor and found events with emergent phases like those at

Torfajökull, but not occurring in swarms. These events

take place at depths between 4 km a.s.l. and 8 km b.s.l.,

and are believed to be triggered by interaction between

magmatic heat and ground water, originating from gla-

cial thaw water. Almendros et al. (1997) draw similar

conclusions on the origin of volcanic tremor at Decep-

tion Island, Antarctica. They interpret the tremor to

consist of superimposed hybrid events, caused by in-

teraction between thaw water and hot materials in a

shallow aquifer.

Well-constrained locations of Torfajökull low-fre-

quency events indicate that glacial processes are un-

likely to be direct sources of these earthquakes. The

activity is clearly centred between the two glaciers, not

underneath them. However, the glaciers at Torfajökull

contribute to the groundwater system in the southern

part of the caldera and can have a secondary effect on

the seismicity, similar to the activity at Cotopaxi and

Deception Island.
Bjarnason and Ólafsson (2000) studied the chemical

composition of steam and water in geothermal springs

at several locations within the Torfajökull caldera. They

determined temperatures in hot springs from the chem-

ical compounds detected in the samples. For instance,

their temperature estimates using CO2 indicate that the

hottest values (z350 8C) are found in springs in the

southern part of the caldera. Heavy alteration of miner-

als observed in these locations supports their interpre-

tation (Bjarnason, J.Ö., pers. comm., 2004). The

locations of the low-frequency earthquakes coincide

with the geochemically defined hottest areas.

Soosalu and Einarsson (2004) suggested that the

low-frequency seismicity at Torfajökull is related to

active magma, while high-frequency earthquakes are

indications of seismicity linked to hydrothermal cooling

of another magma volume. Our current study is in

harmony with this view. Torfajökull low-frequency

earthquakes are very localised, within a single area of

diameter of 5 km, supported by our event locations and

the very similar appearance of their waveforms. These

observations together with the geochemical observa-

tions and the rhyolitic geology lead us to propose that

this seismicity is closely related to a cryptodome at the

locality where low-frequency earthquakes occur. A

cryptodome can be defined as a body of viscous

magma which has risen to a high level in the crust. It

actively deforms adjacent strata, but does not break

through to the surface (Riggs and Carrasco-Nunez,

2004). Current cryptodoming activity has been wit-

nessed at some acidic volcanoes in the world, such as

Mt. St. Helens in the U.S. (e.g. Donnadieu et al., 2001)

and Usu in Japan (Okada et al., 1981). In Iceland, a

similar cryptodome interpretation has been suggested

for the clustered seismicity at the Goðabunga rise with-

in Katla volcano south of Torfajökull (Soosalu et al.,

2006-this issue). Such a feature may, as well, be the

cause of seismicity at Skaftárkatlar area under the Vat-

najökull ice cap (Björnsson and Einarsson, 1990).

These two sites, together with Torfajökull, are the

only sources of persistent low-frequency seismicity in

Iceland. Other seismically active Icelandic volcanoes

produce mostly high-frequency events.

Geodetic measurements can assist in testing the

validity of the cryptodome interpretation. With the

current layout of the geodetic network in the Torfajö-

kull area (Ólafsdóttir et al., 2003) measurements cannot

confirm or dismiss the presence of a cryptodome. The

deformation field of a shallow cryptodome is very

localised and detectable only at close distances (e.g.

Soosalu et al., 2006-this issue). The closest tilt station,

near the seismic station HRAF is located 7–8 km from
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the area of low-frequency seismicity (Sturkell et al.,

2006-this issue). At this distance, a shallow and loca-

lised source, such as the inferred cryptodome, would

not give any signal (Sturkell, E., pers. comm., 2004).

Interferometric combination of synthetic aperture radar

(InSAR) satellite images covering the Torfajökull area

has been performed. Coherence in the area of interest is

however low, due to local glacial cover (Pedersen, R.,

pers. comm., 2004).

Our dense seismic network demonstrated that the

low-frequency events are a persistent feature at Torfa-

jökull, observed even on a daily basis. However, a

major part of this seismicity is not detectable with

stations further than a few kilometres away. Our net-

work could provide quite reliable epicentral estimates

for the largest of the low-frequency events. The hypo-

central accuracy is not as good, because the closest

stations were 7–8 km away from the locus of the

activity. However, it is obvious that these events are

shallow. None were observed deeper than at 14 km

depth, and most likely the centre of activity is located

at shallower depth.

The swarm-like behaviour of the low-frequency Tor-

fajökull events needs further research. If the crypto-

dome interpretation is correct, the fluctuation of

seismicity may be directly related to the state of activity

of the dome-building process. Currently, Torfajökull is

not considered likely to erupt in the near future, but it

still is a highly active volcano, capable of producing

major explosive eruptions. Further monitoring of the

low-frequency seismicity of Torfajökull may give im-

portant information for its eruptive scenarios.

5. Conclusions

Low-frequency earthquakes are a persistent feature

of the seismicity at the Torfajökull volcano. They

cluster tightly in a small area in the southern part of

the caldera and appear to be shallow. They are small

in size (ML typicallyV1), and often occur in swarms.

The activity can vary considerably, from a few hun-

dred events per day to practically no detectable activ-

ity. They are very monochromatic, with dominant

frequencies around 1–2 Hz, have small and emergent

P-phases and a later, more distinct phase, which we

used as an S-arrival.

We hypothesise that the low-frequency earthquakes

at Torfajökull are expressions of a shallow cryptodome

in some sort of state of activity. Our interpretation is

supported by the following facts: 1) seismicity is very

localised, 2) the low-frequency activity coincides with

the locations of highest temperature geothermal areas
within the volcano, 3) Torfajökull is a rhyolitic volcano

dominated by dome-building activity.
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