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Abstract Rift zones at the divergent plate boundary in
Iceland consist of central volcanoes with swarms of
fractures and fissures extending away from them. Fissure
swarms can display different characteristics, in accordance
with their locations within the ∼50-km-wide rift zones. To
better discern the characteristics of fissure swarms, we
mapped tectonic fractures and volcanic fissures within the
Kverkfjöll volcanic system, which is located in the
easternmost part of the Northern Volcanic Rift Zone
(NVZ). To do this, we used aerial photographs and satellite
images. We find that rifting structures such as tectonic
fractures, Holocene volcanic fissures, and hyaloclastite
ridges are unevenly distributed in the easternmost part of
the NVZ. The Kverkfjöll fissure swarm extends 60 km
north of the Kverkfjöll central volcano. Holocene volcanic
fissures are only found within 20 km from the volcano. The
Fjallgarðar area, extending north of the Kverkfjöll fissure
swarm, is characterized by narrow hyaloclastite ridges
indicating subglacial volcanism. We suggest that the lack
of fractures and Holocene volcanic fissures there indicates
decreasing activity towards the north in the easternmost part
of the NVZ, due to increasing distance from the long-term
spreading axis. We argue that arcuate hyaloclastite ridges at
the eastern boundary of the Northern Volcanic Rift Zone are
mainly formed during deglaciations, when three conditions

may occur; firstly, eruption rate increases due to decom-
pression of the mantle. Secondly, the high tensile stresses
accumulated during glaciations due to lack of magma
supply may be relieved as magma supply increases during
deglaciations. Thirdly, faulting may occur during unloading
due to differential movements between the thinner and
younger Northern Volcanic Rift Zone crust and the thicker
and older crust to the east of it.
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Introduction

Crustal extension at divergent plate boundaries shows
cyclic behavior, each cycle lasting from a few hundred to
a thousand years (e.g., Buck et al. 2006; Foulger et al.
1992). This deformation cycle has been divided into three
phases: inter-, co- and post-rifting (Sigmundsson 2006a).
Co-rifting deformation occurs when magma intrudes
fractures within fissure swarms to form dikes. Post-
rifting refers to the time period after the rifting episode,
when the movements around the fissure swarm are
governed by viscous coupling between the crust and the
mantle, while the inter-rifting period is characterized by
elastic strain accumulation across the rift zone. The spreading
between the Eurasian and the North American plates is about
2 cm/year (Sigmundsson 2006a). Subaerial rifting episodes at
divergent plate boundaries have only been instrumentally
recorded four times on Earth. Those were the Krafla rifting
episode in 1975–1984 (e.g., Einarsson and Brandsdottir
1980; Tryggvason 1984), the Asal-Ghoubbet rifting episode
in 1978 (e.g., Cattin et al. 2005; Vigny et al. 2007), the
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Tanzania rifting in 2007 (e.g., Biggs et al. 2009; Calais et al.
2008), and the Afar, Ethiopia, rifting episode, which has
been ongoing since 2005 (e.g., Ayele et al. 2009; Ebinger et
al. 2008; Hamling et al. 2009; Rowland et al. 2007; Wright
et al. 2006). Although these rifting events show common
characteristics, their exact behavior varies. As an exam-
ple, rifting events have occurred both with and without
any activity in the nearby central volcanoes (e.g.,
Bjornsson et al. 1977; Calais et al. 2008; Wright et al.
2006). Magma may propagate horizontally away from a
central volcano into a fissure swarm (e.g., Ayele et al.
2009; Einarsson and Brandsdottir 1980). Propagation
vertically directly from the mantle has also been suggested
(Gudmundsson 1995a). However, studies of rifting events
are limited by the low number of cases that have been
instrumentally recorded. Surface features, representing
past rifting events, can give important information on the
different processes that may cause or influence the
formation of fissure swarms.

The Northern Volcanic Rift Zone (NVZ) marks the mid-
Atlantic plate boundary in central and north Iceland
(Fig. 1). It is up to 200 km long, extending from the center
of the hotspot located beneath NW Vatnajökull glacier to
the northern coast. The NVZ consists of 5–6 central
volcanoes and their fissure swarms (Sæmundsson 1974).
In this paper, we focus on the structure of the Kverkfjöll
fissure swarm and the Fjallgarðar area, located north of the
fissure swarm (Fig. 1). These features delineate the eastern
margin of the NVZ.

We map Holocene fractures by using aerial photographs
and satellite images from a ∼3,300-km2 study area. We
compare our data with information on earthquakes from the
Icelandic Meteorological Office and with information on
surface formations mapped by Sigbjarnarson (1988, 1993,
1995) and Helgason (1987). We also compare our data with
interferometric synthetic aperture radar (InSAR) images
from the Upptyppingar area (Hooper et al. 2008b), where
earthquake swarms and surface deformation were associated
with a deep magma intrusion beneath the Kverkfjöll fissure
swarm in 2007 and 2008.

Our main goals are to determine how the Kverkfjöll
fissure swarm interacts with the Kverkfjöll central volcano
and to find the relationship between earthquakes and the
fissure swarm. We also want to establish the relationship
between the Kverkfjöll fissure swarm and the hyaloclas-
tite ridges in the Fjallgarðar area. Another goal is to
investigate whether this fissure swarm, which is located
at the eastern edge of the NVZ, is different from the
central NVZ fissure swarms. We have done similar work
on the Askja fissure swarm, which is located within
central NVZ (Hjartardottir et al. 2009).

We find that Holocene volcanic fissures within the
Kverkfjöll fissure swarm become fewer with increasing

distance from the Kverkfjöll central volcano. We also
speculate that the termination of the Kverkfjöll fissure
swarm towards the north is caused by increased distance
from the Kverkfjöll fissure swarm to the center of the long-
term spreading axis. We suggest that the hyaloclastite ridges
in the Fjallgarðar area, north of the Kverkfjöll fissure
swarm, formed during deglaciations.

Regional setting

The Kverkfjöll fissure swarm, along with the hyaloclas-
tite ridges in the Fjallgarðar area, delineates the eastern-
most part of the NVZ in Iceland (Fig. 1). Together, they
extend about 120–145 km northward from the Kverkfjöll
central volcano, while the subglacial southern part of the
Kverkfjöll fissure swarm can be traced to about 10 km
distance SW of the volcano (Björnsson and Einarsson
1990; Helgason 1987).

Most of the bedrock of the Kverkfjöll fissure swarm is
pre-Holocene (formed more than 11,700 years ago). The
pre-Holocene bedrock was eroded by the glacier which
covered Iceland during the last glaciation 11,200 to
8,700 years ago (Ingólfsson et al. 2010; Kaldal and
Víkingsson 1991; Sigbjarnarson 1988). The bedrock of
the Kverkfjöll fissure swarm is mainly characterized by
hyaloclastite formations and lava shields. Information on
the age of these pre-Holocene formations is not available,
although hyaloclastite formations indicate formation beneath
a glacier (Kjartansson 1943), while lava shields are formed
subaerially. Holocene volcanic fissures are known in the
vicinity of the Kverkfjöll central volcano but are scarce
within most of the fissure swarm. Hyaloclastite ridges are
common within the vicinity of the Kverkfjöll central volcano
(see sharp ridges in Fig. 2). These ridges are characterized by
pillow lavas and hyaloclastites, with the latter increasingly
prominent towards the north. These ridges are estimated to
have formed below a glacier about 1.2–1.6 km thick in this
area (Hoskuldsson et al. 2006).

The bedrock of the southern and middle Fjallgarðar area
is characterized by three approximately parallel rows of
hyaloclastite ridges (Vilmundardóttir 1997). The western-
most row, which consists of sharp and narrow hyaloclastite
ridges, is considered to have formed during the last
glaciation (Helgason 1987; Vilmundardóttir 1997). The
two rows towards the east are much higher than the
westernmost row of hyaloclastite ridges. Generally, units
within each row of hyaloclastite ridges have been
suggested to be of similar age, while the age of
individual rows of hyaloclastite ridges is thought to
increase eastward (Vilmundardóttir 1997). The distinction
between the three rows becomes unclear in the northern
part of the Fjallgarðar area, in the Dimmifjallgarður
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mountains. There, the hyaloclastite/pillow lava formations
are thought to be Upper Pleistocene (Jóhannesson and
Sæmundsson 1998a).

The Kverkfjöll fissure swarm and the Fjallgarðar area
have been eroded considerably, both because of glacia-

tions and glacially originated floods. Catastrophic floods,
originating from the northern part of the Vatnajökull
glacier, flooded large areas in the Kverkfjöll fissure
swarm and in the Fjallgarðar area in the Holocene. The
floods, which likely took place in the period between

Fig. 1 The NVZ, Iceland.
Delineations of the fissure
swarms are from Einarsson
and Sæmundsson (1987).
Earthquake data for the time
period of October 1991 to
December 2009 are from the
Icelandic Meteorological Office
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2,000 and 7,100 years BP, had a suggested discharge ranging
between 0.2 and 1.0×106 m3/s (Alho et al. 2005; Elíasson
1977; Helgason 1987; Sæmundsson 1973; Tómasson 1973;
Waitt 2002).

The two calderas of the Kverkfjöll central volcano are
covered by a glacier. They are both elliptical in shape and
about 8 km long and 5 km wide, although the orientation of
their long axis is different. The long axis of the north
caldera is NE–SW oriented, while it is NW–SE oriented in
the south caldera (Thorarinsson et al. 1973). Considerable
geothermal activity occurs in the Kverkfjöll central volcano
itself. No clear evidence exists for eruptive activity there
during historical times (Björnsson and Einarsson 1990;
Friedman et al. 1972), even though Óladóttir (2009)
estimated, based on tephrochronological studies, that about
70 prehistorical eruptions took place in the Kverkfjöll
volcano during the last 6,500 years.

Generally, earthquakes in the area occur near the Kverkfjöll
central volcano. However, in February 2007, a persistent
earthquake swarm of ∼14–22 km depth started about 40–
50 km NNE of the central volcano, beneath the Kverkfjöll
fissure swarm (Fig. 3) (Jakobsdottir et al. 2008; White et al.
2011). Inflation, centered below the Álftadalsdyngja lava
shield, was detected by GPS geodetic measurements and
InSAR images (Hooper et al. 2008a). This earthquake swarm
came to a halt in the spring of 2008. Since then, a dense
cluster of persistent earthquakes has been detected at about
6 km depth ∼2 km north of Mt. Upptyppingar.

Methods

We mapped Holocene fractures and volcanic fissures within
our study area both from aerial photographs and satellite
images. The aerial photographs were contact images from
Landmælingar Íslands (The National Land Survey of
Iceland) and digital images from both Landmælingar
Íslands and Loftmyndir Corp. These images were taken
at ∼6,000 and ∼3,000 m altitude, respectively. We
obtained satellite images both from SpotImage© and the
ASTER archive. We consider it necessary to use satellite
images as they often show large structures more clearly
than the aerial photographs. Field trips were also made to
various areas within or close to the fissure swarm for
ground checking.

Fig. 2 The Kverkfjöll and Askja volcanic systems. Hyaloclastite
ridges within the Kverkfjöll fissure swarm and the Fjallgarðar area are
visible as sharp ridges and elongated mountains (such as the
Dimmifjallgarður mountains) on the image. The background is from
the National Land Survey of Iceland, and the delineations of the
fissure swarms are from Einarsson and Sæmundsson (1987)

Fig. 3 Orientation of Holocene tectonic fractures and volcanic
fissures within the Kverkfjöll fissure swarm. Frame 1. denotes the
Kverkfjöll–Rani segment, frame 2. the Upptyppingar segment, and
frame 3. the Kverkárnes subswarm. The earthquake data (from
October 1991 to December 2009) are from the Icelandic Meteorological
Office. Some of the earthquakes in the easternmost part of the map, in the
Kárahnjúkar area, are due to man-made explosions

b
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To better constrain interpretations of the age of the
fractures and fissures, we used the lava flow mapping by
Sigbjarnarson (1988) and Helgason (1987). We also
obtained information on earthquakes located in the area,
from the Icelandic Meteorological Office, for comparison of
their locations and the locations of tectonic features. The
earthquake data covered the period from October 1991 to
December 2009. To filter out poorly located earthquakes,
we excluded earthquakes which were determined by a
network which had an azimuthal gap of more than 150°.

Structural architecture

Overview

The eastern part of the Northern Volcanic Rift Zone
forms a curved structure extending from the Kverkfjöll
central volcano, almost to the north coast of Iceland
(Fig. 1). It has been a matter of debate how much of this
structure belongs to the Kverkfjöll volcanic system (e.g.,
Helgason 1987; Jóhannesson and Sæmundsson 1998b;
Sæmundsson 1974). In an attempt to clarify this, we
divide the area into segments according to its physio-
graphic and tectonic style: Kverkfjöll–Rani segment,
Kverkárnes subswarm, Upptyppingar segment, and the
Fjallgarðar area (Figs. 1 and 3).

Based on our fracture mapping, the majority of visible
fractures active in the Holocene are located within ∼60 km
of the Kverkfjöll central volcano (Figs. 3 and 4). However,
the number of mapped fractures may be influenced by
factors other than tectonics, such as the age of the fractured
lava flows and erosion due to glaciers and glacially
originated floods. As Holocene catastrophic floods have

swept the area north of the Kverkfjöll fissure swarm, the
exact extent of the Kverkfjöll fissure swarm towards the
north is not clear.

Hyaloclastite ridges, the product of subglacial fissure
eruptions (Kjartansson 1943), are common both near the
Kverkfjöll central volcano and in the Fjallgarðar area. In
both areas, the hyaloclastite ridges are narrow, with sharp
features. The abundance of ridges is nevertheless much
higher in the area close to the Kverkfjöll central volcano
than in the Fjallgarðar area north of the fissure swarm.
However, the area in between these two areas, the northern
part of the Kverkfjöll fissure swarm, has very few
hyaloclastite ridges.

The orientation of the KFS and the Fjallgarðar area
follows the orientation of other fissure swarms at a similar
latitude in the NVZ. This orientation gradually changes
from south to north (Figs. 2 and 5). In the southern and
middle part, the Kverkfjöll fissure swarm and the southern
Fjallgarðar area are NNE oriented, while the northern
Fjallgarðar area is more northerly oriented.

Fractures within the study area are tensional fractures
and normal faults. We did not find any evidences of strike-
slip faults, such as push-ups or en echelon tensional
fractures (Einarsson 2010). However, that does not exclude
the existence of such features, as many fractures in this area
are situated in loose deposits.

Holocene volcanic fissures are common close to the
Kverkfjöll central volcano, but are only found up to a
distance of ∼20 km NNE of the volcano. No clearly defined
Holocene volcanic fissures are therefore found in large
parts of the Kverkfjöll fissure swarm. This pattern is
different from that of the Askja fissure swarm, where
Holocene volcanic fissures are found all the way along the
swarm (Hjartardottir et al. 2009).

Fig. 4 The number of eruptive
fissures and tectonic fractures
with distance from the
Kverkfjöll central volcano.
The central volcano is covered
with glacier. Therefore, no
fractures were mapped in the
immediate vicinity of the
volcano. The number of
fractures and fissures is
calculated within 2-km-wide
frames, which are parallel to
the plate spreading vector in the
area (DeMets et al. 1994). Note
that the number of fractures may
depend on the age of the lava
flows or hyaloclastite units in
which they are located
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Kverkfjöll–Rani segment

While the Kverkfjöll central volcano and the southern
Kverkfjöll fissure swarm are covered by a glacier and
therefore not observable, the area just north of the
Kverkfjöll central volcano has been severely eroded due
to propagation of the glacier as well as glacier-originated
floods (e.g., Carrivick et al. 2004; Marren et al. 2009;
Rushmer 2006). This must be taken into consideration
when studying the fractures (or the lack of them) in the
vicinity of the glacier.

The area immediately close to the Kverkfjöll central
volcano is characterized by numerous hyaloclastite
ridges, while fractures are scarce (Fig. 6). Hyaloclastite
ridges and fractures in the western part trend more towards
the NNE, while hyaloclastite ridges and fractures in the
eastern part trend more towards the NE (Figs. 3 and 5b).
The NNE-oriented features form a part of the Kverkfjöll
fissure swarm, while the Kverkárnes subswarm is situated
in the continuation of the NE-oriented features.

The number of fractures in the Kverkfjöll–Rani segment
increases with distance from the Kverkfjöll central volcano.
We found both normal faults and tensional fractures in this
area. Although there are numerous faults in the area, this
part of the fissure swarm is only about 5 km wide. The
length of this part of the fissure swarm is about 30 km.

However, the division between the Kverkfjöll–Rani
segment and the Upptyppingar segment is only deter-
mined by changes in the width of the swarm. Holocene
volcanic fissures are prominent in the Kverkfjöll–Rani
segment, while they are absent in the Kverkárnes
subswarm (Fig. 6).

The Kverkárnes subswarm

East of the Kverkfjöll fissure swarm, we find the
Kverkárnes subswarm, a subtle but distinct fracture system
which extends from Kverkfjöll via Kverkárnes to Mt.
Kárahnjúkar (Fig. 7). In general, the Kverkárnes subswarm
is about 30–40 km long and about 8 km wide (although the
width varies considerably). Compared with the Kverkfjöll
fissure swarm, the fractures within this subswarm are few
but long. Many of the faults have vertical offset, although
we cannot determine if that applies to all fractures in the
area. Despite the few identified fractures, indications of
Holocene activity within the subswarm have been observed
in the field. Sæmundsson and Jóhannesson (2005) found
evidence for Holocene movements on the “Sauðárdalur
fault” which is located at the northern end of the
Kverkárnes subswarm.

In Kverkárnes, sharp and long fractures are located in
direct continuation of the NE-oriented hyaloclastite ridges

Fig. 5 a Orientations of
fractures in the Kverkfjöll
fissure swarm. Numbers in rays
are the orientations in degrees.
Numbers in circles represent the
cumulative length (in meters)
of fractures within each ray.
Rose diagrams in (b), (c), and
(d) represent the orientations of
fractures in the Kverkfjöll–Rani
segment, the Kverkárnes
subswarm, and the
Upptyppingar segment,
respectively
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in Kverkfjöll (Fig. 3). The fractures in Kverkárnes, which
generally have a NE orientation, are located in hyalo-
clastite/pillow lava units (Fig. 5c) (Sigbjarnarson 1988).

We found no Holocene volcanic fissures within this
fissure swarm, and the NE-oriented hyaloclastite ridges
close to the Kverkfjöll central volcano were the only

Fig. 6 The Kverkfjöll–Rani segment. The Kverkfjöll central volcano is located in the SW corner of the image. The satellite image is from
SpotImage©
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evidence we found for subglacial fissure eruptions within
the Kverkárnes subswarm. This subswarm, therefore, is
less active than the main fissure swarms within the
NVZ.

The Upptyppingar segment

The Upptyppingar segment is about 10–15 km wide and
about 30 km long. Fractures in this area have various
orientations (Figs. 3 and 8). Most of them are oriented
∼NNE, parallel with the fissure swarm (Fig. 5d). For
example, Mt. Lónshnjúkur is characterized by the regular
NNE orientation and NNW-oriented fractures. Fractures
within the Álftadalsdyngja lava shield, however, have

more diverse orientations. There, many of the fractures are
NNE oriented, while NW, ENE, NNW, and WNW
fractures are seen. On top of the Álftadalsdyngja lava
shield, some of the WNW-oriented fractures together form
a ∼6.5-km-long lineament. The Upptyppingar area has
many ∼NNE to N trending fractures, and the same applies
for the Krepputunguhraun lava. Generally, the orientation
of fractures in the eastern part is therefore more heteroge-
neous than in the western part, where N- to NNE-oriented
fractures are dominant.

The fractures in the area have a different appearance
according to their location within older or younger lava
formations. Fractures in the older formations are generally
normal faults, while fractures within Holocene lava flows

Fig. 7 The Kverkárnes subswarm. The satellite image is from SpotImage©
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are generally tensional fractures (Fig. 9a). There are also
more heterogeneous fracture orientations in the older
formations. Based on cross-cutting relationships and vari-

able sharpness of the fractures, it can be inferred that the
NNE-oriented fractures are younger than fractures of other
orientations.

Fig. 8 Fractures in the Upptyppingar segment. No eruptive fissures were found in this area. The satellite image is from SpotImage©
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Small amounts of scoria mark a volcanic fissure in the
eastern part of the Arnardalsalda lava shield. This fissure
has been suggested to be Holocene or from the end of the
last glaciation (Helgason 1987; Sigbjarnarson 1988).
However, we found tillite on top of the scoria, indicating that
the volcanic fissure existed during the last glaciation. This
suggests that the fissure is pre-Holocene. Vilmundardóttir
(1997) reached a similar conclusion. The absence of
Holocene volcanic fissures in the area is notable as the
density of tectonic fractures there is high.

The Fjallgarðar area

This area is characterized both by long, narrow, and sharp
hyaloclastite ridges and larger hyaloclastite mountains,
while fractures are scarce compared with the Kverkfjöll
fissure swarm (Figs. 1, 9b, 10, and 11). Near the
Arnardalsalda lava shield, where the Holocene Kverkfjöll
fissure swarm ends, the ridges are usually NNE oriented.
They have therefore similar orientations as the most

common orientation of the fractures within the Kverkfjöll
fissure swarm and are also in the direct continuation of the
fissure swarm (Figs. 2 and 10).

The majority of the few fractures in this area have
similar orientations as the Kverkfjöll fissure swarm and the
hyaloclastite ridges. Other orientations are, however, com-
mon, although none are prevalent. A large part of the
southern Fjallgarðar area has been eroded and covered by
sediments from Holocene catastrophic glacial floods, which
may have covered surface fractures in the area (Helgason
1987). It is therefore possible that the number of fractures in
Fjallgarðar area has been underestimated.

The northernmost part of the Fjallgarðar area contains
the ∼30-km-long Holocene Kerlingar fault (Fig. 11). Our
field studies indicate that the fault has a throw down to the
east (Hjartardóttir et al. 2010). The hyaloclastite mountains
in which the Kerlingar fault is located are subparallel to the
∼NNW-oriented fault. However, narrow rows of hyaloclas-
tite ridges, less than 10 km west of the fault, are more
northerly oriented. Therefore, the tectonic features in the

Fig. 9 a Normal fault south of Upptyppingar. b Hyaloclastite ridges with pillow lava on top in the southern Fjallgarðar area. c Normal fault with
sinkholes southeast of Upptyppingar
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Fig. 10 The southern Fjallgarðar area. The satellite image is from SpotImage©

154 Bull Volcanol (2012) 74:143–162



Fig. 11 The northern Fjallgarðar area. The satellite image is from SpotImage©
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northern part of the Fjallgarðar area have a rather heteroge-
neous orientation.

Discussion

In this study, we mapped tectonic fractures and volcanic
fissures within both the northern Kverkfjöll fissure swarm
and the Fjallgarðar area. The Kverkfjöll fissure swarm also
extends to the south from the Kverkfjöll central volcano.
However, the southern Kverkfjöll fissure swarm is poorly
known as it is subglacial. The southern fissure swarm may
be influenced by the complicated tectonics observed beneath
the NW Vatnajökull glacier. There, several volcanoes (i.e.,
Bárðarbunga, Grímsvötn, and Hamarinn) are situated in a
relatively small area, compared with the lower density of
volcanoes within other areas at the divergent plate boundary
in Iceland. This highly volcanic area is considered to be the
central area of the Iceland hotspot (e.g., Wolfe et al. 1997). A
triple junction of the North American, Eurasian, and the
Hreppar microplates has been suggested to be located in
the same area (e.g., Einarsson 2008; La Femina et al.
2005), whereas Gudmundsson (1995b) prefers to regard
the Hreppar microplate as a block between overlapping
spreading centers.

The Kverkfjöll fissure swarm, located at the eastern
boundary of the NVZ, differs from the central NVZ fissure
swarms in some respects. The surface lava flows in the
Kverkfjöll fissure swarm are older than the surface lava
flows in central NVZ (Sigbjarnarson 1988). Also, the
orientation of tectonic fractures is more heterogeneous in
the Kverkfjöll fissure swarm than in central NVZ fissure
swarms. This may highlight the difference between fissure
swarms that are located in the center of rift zones and the
fissure swarms that are located at the boundaries of rift zones.

Although the Kverkfjöll fissure swarm and the hyaloclas-
tite ridges in the Fjallgarðar area are two distinct features, they
form together an arc-shaped feature. This feature delineates
the eastern part of the NVZ. Notably, such an arc-shaped area
of hyaloclastite ridges is not found along the western
boundary of the NVZ, making the structure of the NVZ
asymmetric.

The orientation of fractures in the northernmost part
of the Kverkfjöll fissure swarm

The majority of fractures in the Kverkfjöll fissure swarm
are oriented N to NE, approximately perpendicular to the
plate spreading vector (DeMets et al. 1994). However, there
are numerous fractures with other orientations in the
northernmost part of the fissure swarm, in the Upptyppingar
segment (Figs. 3 and 5). We suggest three different reasons
for these unusual fracture orientations:

1. The variable fracture orientations in this area occur as
the Kverkfjöll fissure swarm ends here, i.e., numerous
dikes stopped propagating in this area. The stress field
in front of dikes favors the formation of strike-slip
faults in a Y-shaped pattern (Rubin and Pollard 1988).
This may cause a complex pattern of fractures in an
area where a fissure swarm ends suddenly.

2. That strike-slip fractures form as extension decreases in
this area. Strike-slip fractures could form in this area as
there is much higher extension south of this area than
north of it, as indicated by the number of Holocene
fractures. In addition, this process could reactivate
some of the Y-shaped fractures discussed in 1.

3. The local stress field of the Askja central volcano can
extend to the northern part of the Kverkfjöll fissure
swarm, as is currently the case (Pedersen et al. 2009),
causing perturbations in the stress field of the fissure
swarm. Inflation in Askja central volcano may cause
compression within this part of the Kverkfjöll fissure
swarm, preventing dikes to propagate farther along the
Kverkfjöll fissure swarm. Deflation in the volcano on
the other hand can cause high extension in the fissure
swarm, which may cause a dike to loose its driving
pressure necessary for farther propagation. Duffield et al.
(1982) suggested a similar relationship between the
Kilauea and Mauna Loa volcanoes in Hawaii. The
variable stress field of the Askja central volcano might
also trigger opening of fractures in the Kverkfjöll fissure
swarm that were initially formed as strike-slip faults.

In general, some or even all of these three different
processes may influence the fracture pattern at the northern
end of the Kverkfjöll fissure swarm. Magma may have
intruded (or possibly formed) some of these unusual
fracture orientations. This occurred during the 2007–2008
Upptyppingar intrusion, which took place in the ductile part
of the crust. These events will be discussed in more detail
below.

Seismicity within the Kverkfjöll fissure swarm

Few earthquakes are detected in the Kverkfjöll fissure
swarm, and no rifting episodes have occurred there in
historic times. In general, few earthquakes are detected
within fissure swarms between rifting events (Einarsson
1991). However, in 2007, an intense earthquake episode
started near Mt. Upptyppingar and the Álftadalsdyngja lava
shield (Figs. 3 and 8). This activity was accompanied by
surface uplift and has been interpreted as an intrusion of an
ENE striking dike beneath this area (Geirsson et al. 2009;
Jakobsdottir et al. 2008; White et al. 2011).

These events are in many respects different from typical
rifting events. The earthquakes associated with the earlier
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part of these events were, as an example, generally deeper
than earthquakes that occurred in the Krafla rifting episode
(∼14–22 km deep and ∼0–6 km deep, respectively),
indicating that the dike was situated deeper in the crust
than the dikes that were emplaced during the Krafla rifting
episode (Brandsdottir and Einarsson 1979; Jakobsdottir et
al. 2008; White et al. 2011). In the Krafla 1975–1984 and
Askja 1875 rifting events, unrest was detected within the
central volcanoes. However, no unrest has been detected in
the Kverkfjöll central volcano during the current unrest in
the Kverkfjöll fissure swarm. In general, this implies that
unrest within fissure swarms can vary considerably.

Although the main intrusion seems to have occurred at
14–22 km depth, surface fracture movements were
observed by InSAR images (Hooper et al. 2008b). In
August 2007, we found fractures in this area with recent
sinkholes, probably formed during these events (Fig. 9c).
Interestingly, these movements were observed south of the
seismically active area, indicating aseismic faulting. The
fractures are located in the sedimented flood plains of the
Jökulsá á Fjöllum glacial river. The InSAR images from
Hooper et al. (2008b) indicated subsidence of a ∼1.5-km-wide
graben south of Mt. Upptyppingar.

Another interesting feature of the suggested dike is its
orientation. It dips ∼41–50° to the S, and its strike is ENE, that
is, oblique to the Kverkfjöll fissure swarm (Jakobsdottir et al.
2008; White et al. 2011). There is only one detectable fault
which has this orientation in the Álftadalsdyngja lava shield.
This fault, which consists of several smaller fault segments,
is located about 2–4 km south of the seismically active area.
Earthquake fault plane solutions indicate that normal,
reverse, and strike-slip faulting have taken place during
these events (Jakobsdottir et al. 2008). Sometimes, different
earthquakes occurring within a time frame of minutes and at
the same location within the dike plane have had different
fault plane solutions, flipping between normal and reverse
faulting (White et al. 2011).

In general, we conclude that the Upptyppingar–
Álftadalsdyngja events are not to be considered the type
of activity that is responsible for the formation of the
main fissure swarm. This is supported by the lack of
concurrent activity in the Kverkfjöll central volcano, the
unusual orientation of the dike, and that the earthquakes
associated with these events were in the lower crust.

Are hyaloclastite ridges in the Fjallgarðar area a part
of the Kverkfjöll fissure swarm?

The Kverkfjöll fissure swarm extends to the Arnardalsalda
lava shield, with distinct fractures including tension
fractures and normal faults (Figs. 3 and 8). North of this
lava shield, in the Fjallgarðar area, fractures are uncommon,
while sharp hyaloclastite ridges become prominent.

There may be two reasons for the apparent lack of
fractures in the Fjallgarðar area:

1. The fractures are there, but sediments from Holocene
catastrophic floods have erased their surface expression.

2. There are fewer fractures in these areas than in the
Kverkfjöll fissure swarm.

As Holocene catastrophic floods have covered the
southern part of the Fjallgarðar area (Helgason 1987), it is
clear that the sediments have covered surface features.
However, these floods did not cover the entire Fjallgarðar
area. As an example, the interglacial Arnardalsalda lava
shield has not been affected by these floods. However, the
fracture density there is at least an order of magnitude lower
than in the area to the south of it. Similarly, the catastrophic
floods have not covered the north part of the Fjallgarðar
area, which has also a low fracture density. This indicates
that the fracture density diminishes abruptly north of the
Álftadalsdyngja lava shield and that Holocene activity in
the Kverkfjöll fissure swarm ends in this area, or its
behavior changes significantly.

This sudden decrease in the number of fractures
indicates decreasing activity of the Kverkfjöll fissure swarm
northward from the Kverkfjöll central volcano. We suggest
that this decreasing activity occurs as the distance from the
Kverkfjöll fissure swarm to the center of the long-term
spreading axis increases northwards from the Kverkfjöll
central volcano. The spreading axis is here defined as the
line that extends through the central volcanoes within the
NVZ (Fig. 1). This long-term spreading axis has therefore
been active since the NVZ became fully operative, about 4
million years ago (Sæmundsson 1974). On a shorter time
scale, the location of the spreading axis along the NVZ is
likely to change, as the spreading center may temporarily
follow fissure swarms during and after rifting episodes in
the swarms. Such episodes occur on an average with a 100-
to 150-year interval in the NVZ (Bjornsson et al. 1977).
Recent InSAR images indicate that the axis of maximum
deformation today follows the south part of the Askja
fissure swarm, crosses the Askja central volcano, and
continues northward through Krafla and its northern fissure
swarm (Pedersen et al. 2009). The trend through Krafla is
likely to be the result of the 1975–1984 rifting episode in
Krafla's fissure swarm. In a similar manner, it is likely that
the axis crosses the northern part of the Askja fissure swarm
because of the rifting episode there in 1875 (Sigurdsson and
Sparks 1978). Despite the short-term deviations due to
rifting episodes, the long-term axis should be on average
located in the center of the NVZ, through the central
volcanoes. If so, the distance from the axis to the Kverkfjöll
fissure swarm increases towards the north, leading to less
extension in the northern part of the fissure swarm. In the
southernmost part, the distance from the center of the
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spreading axis to the southern part of the Kverkfjöll fissure
swarm is ∼30 km. This distance is ∼40 km in the
Fjallgarðar area (Fig. 1).

This could explain why the northern Kverkfjöll fissure
swarm is shorter than most of the fissure swarms extending
north from other central volcanoes in the Northern Volcanic
Zone. Lateral propagation of dikes away from central
volcanoes is controlled by both magma pressure and
tectonic stresses at the dike tip (Buck et al. 2006). As less
spreading would take place in the Fjallgarðar area than in
the Kverkfjöll and Upptyppingar areas, as well as in other
fissure swarms in the Northern Volcanic Rift Zone,
unusually high magma pressure would be required to drive
dikes into the Fjallgarðar area.

Active periods in the Fjallgarðar area

The Fjallgarðar area is characterized by hyaloclastite ridges,
while fractures and interglacial lava flows are uncommon.
The youngest ridges are estimated to have formed during the
last glaciation, 10–100 thousand years ago (Vilmundardóttir
1997). As hyaloclastite ridges are formed by subglacial
eruptions (Kjartansson 1943), this indicates that this area is
mostly active during periods of glaciation. We suggest that
the Fjallgarðar area mainly becomes active during deglaci-
ations, as there are three special circumstances that may
occur at the end of each glaciation:

1. Eruption rate is increased, due to decompression of the
mantle.

2. The tensile tectonic stresses in the lithosphere may have
become larger than during non-glaciated periods, as the
strength of the lithosphere becomes higher due to a
higher confining pressure (Sigmundsson 2006a, b). The
tensile component of tectonic stresses can therefore
grow higher before failure during glaciations.

3. The different response of the thinner NVZ crust and the
thicker crust east of the NVZ to the unloading during
deglaciation may cause differential movement and
fracturing at the boundary between these two crustal
blocks, as they have different density, thickness,
Young's modulus, and subcrustal viscosity (Hjartardóttir
et al. 2010).

The first point has been reported by various authors (e.g.,
Jellinek et al. 2004; Maclennan et al. 2002; Nowell et al.
2006; Singer et al. 2008). In the Askja central volcano,
which is located ∼20 km west of the Kverkfjöll fissure
swarm, a 30-fold increase in lava production occurred during
the beginning of the Holocene, compared with the current
lava production in the area (Sigvaldason 2002; Sigvaldason
et al. 1992). Therefore, we consider it likely that magma
supply may have increased beneath the Kverkfjöll fissure
swarm and the Fjallgarðar area during deglaciations.

Another point, which may contribute to increased
volcanic activity in the Fjallgarðar area during deglacia-
tions, is that tensile stresses in the crust may have become
larger during glaciations. Crustal stresses are likely to build
up to higher levels when magma supply is insufficient, as it
may occur during glaciations. The stress required to initiate
a slip on a normal fault at a 5-km depth without an
involvement of magma is an order of magnitude higher
than required for dike intrusion (Sigmundsson 2006b, and
references therein). When deglaciation occurs, the com-
bined effect of the highly stressed crust and increased
magma supply may therefore cause activity in areas that
otherwise remain inactive.

The third process which may explain the existence of the
hyaloclastite ridges within the Fjallgarðar area is related to
the fact that the crustal thickness increases from 20 km west
of the area to 35 km east of the area (Staples et al. 1997).
When deglaciations occur, the isostatic response of the
thinner NVZ crust may be different from the response of
the thicker crust to the east (Hjartardóttir et al. 2010). This
causes differential movement in the area, which may
facilitate formation of fractures, which magma intrudes to
form dikes and fissure eruptions.

These three different processes may cause activity in the
slowly dilating Fjallgarðar area during deglaciations, while
the area remains inactive during other times (Fig. 12). The
deglaciation may, in this sense, play a triggering role for
rifting in the slow deformation cycle that occurs in the
Fjallgarðar area. It is possible that the fractures in which
magma intruded to form the hyaloclastite ridges in the
Fjallgarðar area were initially formed as boundary faults at
the early stages of the NVZ. Such faults have been observed
in various rift zones, i.e., in the Rhine valley (e.g., Lopes
Cardozo and Behrmann 2006) and in the Main Ethiopian
Rift, East Africa (MER) (e.g., Corti 2009). In the MER, the
boundary faults are thought to have formed at the early
stages of the rift and have been mostly inactive for 2 Ma
(Corti 2009). While surface load is a constant in the MER, it
varies in the NVZ due to periods of glaciations. This may
cause episodic activity of the boundary faults of the NVZ,
while the MER faults remain mostly inactive.

The three different processes suggested here are conceptual
ideas. To constrain them better, modeling (i.e., with Finite
Element Modeling) is preferable.

Conclusions

Two zones of fractures extend north of the Kverkfjöll
central volcano: the NNE-oriented Kverkfjöll fissure swarm
and the NE-oriented Kverkárnes subswarm. The Kverkfjöll
fissure swarm extends from the western part of the
Kverkfjöll central volcano, while the Kverkárnes subswarm

158 Bull Volcanol (2012) 74:143–162



extends from the eastern part of it. We found no Holocene
volcanic fissures within the Kverkárnes subswarm.

The Kverkfjöll fissure swarm extends northwards from
the Kverkfjöll central volcano to the Arnardalsalda lava
shield. North of the lava shield, in the Fjallgarðar area,
hyaloclastite ridges are common while fractures are few.
The distance to the center of the current NVZ rift axis
increases from about 30 km in the Kverkfjöll fissure
swarm to ∼40 km in the Fjallgarðar area (Fig. 1). We
suggest that this increasing distance explains why the
Kverkfjöll fissure swarm is more active than its continuation,
the Fjallgarðar area.

We suggest that the Fjallgarðar area may become active
during periods of rapid deglaciations, while remaining
inactive during other times. This is due to three processes.
Firstly, magmatic activity increases during deglaciations,
due to decompression of the mantle. Secondly, the crust
accumulates higher amounts of tectonic stresses during

glaciations than during other times. During deglaciations,
there is therefore both increased magma production and a
favorable tectonic condition for magma propagation in the
crust. The magma may therefore propagate farther into
Kverkfjöll's fissure swarm during deglaciations than during
other times. Thirdly, different crustal thicknesses in the area
may lead to differential movements, forming fractures
facilitating magma propagation.

NNE-oriented fractures are prominent in the Kverkfjöll
fissure swarm. However, other orientations are common in
the northernmost part of the fissure swarm. We suggest
three reasons for this unusual variety of fracture orienta-
tions. These fractures may have formed as strike-slip
fractures in front of dikes. They may be strike-slip faults
formed due to differences in extension rates north and south
of them, or they may have formed (or be reactivated) when
the local stress field of the Askja central volcano extended
to the Kverkfjöll fissure swarm.

Fig. 12 Sketch of the suggested relationship between diking/magma
productivity and glaciations in the Kverkfjöll fissure swarm. a During
glaciation, there is less magma supply due to elevated overburden
pressure. The less magma supply allows the tectonic component of the
stress in the crust to rise to higher levels of tensile stresses
(Sigmundsson 2006b). b During deglaciation, lowering overburden
pressure of the mantle causes increased magma production. The high
tensile stresses in the crust, accumulated during the glaciation, and the

increased magma supply together form conditions favoring a
propagation of a longer dike. Since the glacier is not completely
gone, hyaloclastite/pillow lava ridges are formed. c During interglacial
periods, there is more magma supply than during glaciation, as the
mantle has less overburden pressure. Therefore, tensile stresses are
relieved more frequently by dike intrusions. According to this, dikes
should generally propagate shorter distances during interglacial
periods than during deglaciations
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Holocene volcanic fissures within the Kverkfjöll fissure
swarm are located within 20 km distance from the
Kverkfjöll central volcano. We have also found this pattern
in the Askja fissure swarm, where eruptive fissures are most
common in the vicinity of the volcano, while the number of
tectonic fractures increases with distance from the volcano
(Hjartardottir et al. 2009).

Our study of the Kverkfjöll fissure swarm supports the
notion that the activity within individual fissure swarms is
highly episodic on time scale of thousands of years.
However, GPS measurements across the whole NVZ show
that the plate spreading is constant with time (Arnadottir et
al. 2008; Geirsson et al. 2010, 2006).
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