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Abstract
Iceland is located on the Mid-Atlantic Ridge which is the plate boundary between the Eurasian and the
North American plates. It is one of the few places on earth where an active spreading centre is located
onshore but the stress pattern has not been extensively investigated so far. In this paper we present a
comprehensive compilation of the orientation of maximum horizontal stress (SHmax ). In particular we
interpret borehole breakouts and drilling induced fractures from borehole image logs in 57 geothermal wells
onshore Iceland. The borehole results are combined with other stress indicators including earthquake focal
mechanism solutions, geological information and overcoring measurements resulting in a dataset with 495
data records for the SHmax orientation. The reliability of each indicator is assessed according to the quality
criteria of the World Stress Map project.
The majority of SHmax orientation data records in Iceland is derived from earthquake focal mechanism
solutions (35%) and geological fault slip inversions (26%). 20% of the data are borehole related stress indicators. In addition minor shares of SHmax orientations are compiled, amongst others, from focal mechanism
inversions and the alignment of fissure eruptions. The results show that the SHmax orientations derived
from different depths and stress indicators are consistent with each other.
The resulting pattern of the present-day stress in Iceland has four distinct subsets of SHmax orientations.
The SHmax orientation is parallel to the rift axes in the vicinity of the active spreading regions. It changes
from NE-SW in the South to approximately N-S in central Iceland and NNW-SSE in the North. In the Westfjords which is located far away from the ridge the regional SHmax rotates and is parallel to the plate motion.
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1. Introduction
The regional stress pattern along divergent plate
boundaries has not been studied extensively yet
due to the inaccessibility of submerged Mid Oceanic
Ridges. Few and scattered earthquake focal mechanism solutions are the only sources of stress orientation in these areas in the World Stress Map (WSM)
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database (Heidbach et al., 2008, 2010). These
indicators generally show a ridge parallel maximum horizontal stress (SHmax ) orientation (Zoback
et al., 1989; Zoback, 1992). In intraplate regions
the orientation of SHmax is often parallel to the absolute plate motion in a first order approximation
and therefore generally normal to the ridges and
subduction zones (e.g. Richardson, 1992; Müller
et al., 1992; Grünthal and Stromeyer, 1992; Zoback,
1992; Zoback et al., 1989). A systematic rotation
of SHmax from ridge parallel to ridge normal has
March 8, 2016

been observed close to ridges in the Indian Ocean
(Wiens and Stein, 1984) and at Mid Oceanic Ridges
in general (Sykes, 1967; Sykes and Sbar, 1974).
Iceland is one of the few places on the Earth with
an onshore divergent plate boundary (e.g. Ward,
1971; Sæmundsson, 1979; Einarsson, 1991, 2008;
Bird, 2003). It is in a unique geological and tectonic
setting, where an oceanic ridge (the Mid-Atlantic
Ridge) traverses a (purported) mantle plume (e.g.
Lawver and Müller, 1994; Wolfe et al., 1997; Allen
et al., 2002). The rift zones in and around Iceland
are dominated by various volcanic systems of different extents and activities (Thordarson and Larsen,
2007; Jóhannesson and Sæmundsson, 1998). Induced by the hotspot the plumbing of the volcanic
systems is extended compared to a usual divergent
plate boundary (Allen et al., 2002). As the plate
boundary crosses the hotspot, it breaks up into a
complex series of segments. Purely divergent segments are the Northern Volcanic Zone (NVZ) in
North Iceland, and the sub-parallel Western and
Eastern Volcanic Zones (WVZ, EVZ) in South Iceland which are generally assumed to be the expression of a ridge jump (Sæmundsson, 1979; Einarsson, 1991, 2008). In the South, the South Iceland
Seismic Zone (SISZ) is the connecting segment between the Reykjanes peninsula and the Eastern Volcanic Zone (Sæmundsson, 1974, 1979; Einarsson,
1991; Stefánsson et al., 2008). In the North the
Tjörnes Fracture Zone (TFZ) connects the NVZ
to the southern end of the submarine Kolbeinsey
Ridge (Sæmundsson, 1974, 1979; Einarsson, 1991;
Stefánsson et al., 2008). The WVZ and NVZ are
joined by a transverse E-W zone across central
Iceland. Outside of the immediate plate boundary, volcanism occurs in the South Iceland Volcanic
Zone, the Snæfellsnes Volcanic Zone and the Öræfajökull Volcanic Zone (e.g. Jakobsson, 1979; Sæmundsson, 1978, 1986).
This volcano-tectonic setting has received a particular attention in the first compilation of the
present-day crustal stress by Hast (1969). Since
then, several researchers investigated the state of
stress in different parts of Iceland. An extensive
campaign of in-situ stress measurements from shallow overcorings was carried out by Schäfer and Keil
(1979). Haimson and Rummel (1982) conducted
hydro-fracturing experiments in six onshore boreholes. Furthermore, extensive field campaigns to
collect geological fault slip data provide information on the current and palaeo-stress field in Iceland as well as its temporal evolution (Gudmunds-

son et al., 1996; Bergerat and Angelier, 1998; Garcia and Dhont, 2005; Angelier et al., 2008; Plateaux
et al., 2012). In total, the compilation of stress data
records in the World Stress Map (WSM) database
2008 resulted in 38 data records of the contemporary SHmax orientation and the stress regime (9 focal mechanism solutions, 5 hydro-fracturing orientations, and 24 overcoring measurements, Heidbach et al., 2008, 2010). However, this small data
set is not sufficient to reveal the presumably high
variability of the stress field pattern of Iceland.
This is especially important since Iceland’s peculiar
location causes extensive interactions between tectonic and volcanic processes which influence the local stress field (e.g. Sæmundsson, 1979; Gudmundsson, 2006; Andrew and Gudmundsson, 2008).
In this paper we present a new comprehensive
compilation of the contemporary SHmax orientation
for Iceland with 495 data records (Fig. 1). In particular, we analysed 37 km of borehole acoustic image
logs from 57 geothermal wells to interpret presentday stress indicators, i.e. borehole breakouts (BOs)
and drilling induced fractures (DIFs). Furthermore,
we revised the 38 data records from the WSM 2008
and conducted an extensive literature study to compile published focal mechanism solutions and geological stress indicators, e.g. fault slip inversions
or the alignment of volcanic vents and fissures.
All data records are quality ranked according to
the WSM quality ranking system (Zoback, 1992;
Sperner et al., 2003; Heidbach et al., 2010). We
identify the regional pattern of the SHmax orientation by four different stress provinces with different
mean SHmax orientations on Iceland.
2. Stress data compilation
The first comprehensive compilation of the contemporary SHmax orientation was made by Sbar
and Sykes (1973) who mapped the stress pattern
in North America. This effort was later institutionalised by Zoback et al. (1989) in the framework
of the WSM project (e.g. Müller et al., 1992; Heidbach et al., 2010). In the literature there are several
methods to determine the orientation of SHmax in a
rock volume (Ljunggren et al., 2003; Zoback et al.,
1989; Zang and Stephansson, 2010). However, these
different methods may result in different orientations due to the depth of the phenomena, different reliability, or superposition of different forces
at different scales (Heidbach et al., 2007). Hence,
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Figure 1: The first comprehensive stress map of Iceland with 318 data records with A-D quality according to the World Stress
Map quality criteria (Sperner et al., 2003; Heidbach et al., 2010). Lines represent the orientation of maximum horizontal stress
SHmax with the length proportional to quality. The symbols in the middle of the lines display the method used for stress
determination. The colour coding is according to the stress regime with red indicating normal faulting, green indicating strike
slip faulting, blue indicating thrust/reverse faulting, and black for unknown regimes. The plate boundaries according to Bird
(2003) and Einarsson (2008) are indicated in grey. Two rose diagrams display the unweighted frequency distribution of the A-C
and A-D quality data respectively. Mean SHmax orientations and their standard deviations are calculated with the circular
statistics of bi-polar data (Mardia, 1972).
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comparison between the SHmax from different indicators have received a particular attention to establish a quality ranking scheme for the WSM database
(Zoback and Zoback, 1991; Zoback, 1992; Zoback
et al., 1989; Sperner et al., 2003; Heidbach et al.,
2010). Following this scheme each data record is assigned a quality from A (reliability of orientation ±
15◦ ), B (± 15-20◦ ), C (± 20-25◦ ), D (± 25-40◦ ) up
to E (> ± 40◦ ) (Heidbach et al., 2010). A detailed
description of the WSM quality ranking scheme for
individual stress indicators can be found in Zoback
(1992), Sperner et al. (2003), and Heidbach et al.
(2010).

Sv

DIF
SHmax

SHmax

BO
Shmin

Our stress data compilation extends from 62◦ to
68 northern latitude and from -11◦ to -26◦ longitude. The image log data from the 57 geothermal
wells resulted in 36 new A-D stress data records.
In addition, we estimated 17 SHmax orientations
from crater rows of fissure eruptions of different
volcanic systems. Furthermore, an extensive literature review resulted in 374 new stress data
records which are mainly from focal mechanism solutions of earthquakes. These new data records
are from different earthquake catalogues such as
the Global CMT (Ekström et al., 2012; Dziewonski et al., 1981), Geofon Potsdam (Centre, 1993)
and Zurich Moment Tensors. Furthermore data
records were included from published papers by Angelier et al. (2004); Batir (2011); Bergerat et al.
(1990); Bergerat and Angelier (1998); Bergerat
et al. (1998); Bergerat and Plateaux (2012); Bjarnason and Einarsson (1991); Einarsson (1979, 1987);
Forslund and Gudmundsson (1991); Garcia et al.
(2002); Garcia (2003); Green et al. (2014); Gudmundsson et al. (1992); Gudmundsson (1995); Gudmundsson et al. (1996); Jakobsson (1979); Jefferis
and Voight (1981); Hagos et al. (2008); Haimson
and Voight (1977); Keiding et al. (2009); Khodayar
and Franzson (2007); Kristjánsdóttir (2013); Lund
and Slunga (1999); Lund and Bödvarsson (2002);
Nakamura (1977); Plateaux et al. (2014); Rögnvaldsson and Slunga (1994); Roth et al. (2000);
Schäfer and Keil (1979); Sigmundsson et al. (2005);
Sigurdsson (1970); Soosalu and Einarsson (1997);
Stefánsson (1966); Tibaldi et al. (2013); Villemin
et al. (1994). The detailed dataset of the Iceland
stress map is provided in the supplementary material. In the following sections we briefly describe
each individual stress indicator used for the Iceland
stress dataset.
◦

Figure 2: A vertical borehole section with stress indicator
pairs. Top: Drilling induced fractures (DIFs) are narrow vertical fractures which indicate the orientation of SHmax . Bottom: Borehole Breakouts (BOs) are broad vertical widened
zones of the borehole which indicate the orientation of
Shmin . These two features occur diametrically on both sides
of the borehole wall.

2.1. Borehole data
The possibility to determine the in-situ stress
orientation from failure of borehole walls was first
recognised by Bell and Gough (1979) in Alberta,
Canada. They showed that if the stresses around
a borehole exceed the strength of the rock, some
pieces of the borehole wall spall off and the borehole
is elongated in one orientation. According to Kirsch
(1898) and Scheidegger (1962) the highest stresses
around a circular hole are encountered perpendicular to the orientation of maximum compression
(SHmax ). These resulting broad elongated zones
of so called borehole breakouts (BO, see Fig. 2) indicate the orientation of minimum horizontal stress
(Shmin ) which is perpendicular to SHmax under the
assumption that the vertical stress (Sv ) is one of
the principal stresses (Bell and Gough, 1979).
Furthermore, if the minimum circumferential
stress around a borehole wall is smaller than the
tensile strength of the rock, drilling induced fractures (DIF, see Fig. 2) occur (Aadnoy, 1990; Aadnoy and Bell, 1998). Therefore drilling induced
4

fractures are recognised as an indicator for the orientation of SHmax as well (Wiprut et al., 1997; Bell,
1996; Sperner et al., 2003).
Acoustic image logs provide a picture of the borehole wall based on acoustic contrast of borehole wall
and fluids. Borehole breakouts usually appear as
broad vertical zones of a low acoustic amplitude on
opposite sides of the borehole wall (separated by
180◦ ) while drilling induced fractures are indicated
by narrow vertical zones of low amplitude (Fig. 3).
A pair of DIFs or BOs on opposite sides of the borehole wall is considered as a single feature. Since the
shapes of BOs and DIFs depend on rock strength
and the elastic properties of rocks and these features are time dependent, incipient breakouts form
at the initial stage of the formation of borehole
breakouts (Aadnoy and Bell, 1998).
Iceland’s volcano-tectonic setting results in large
geothermal resources which are extracted by various boreholes (Ragnarsson, 2015). In 2002 through
2015 the Iceland GeoSurvey (ÍSOR) ran borehole
image logs in 57 geothermal and scientific boreholes
mainly in the South Iceland Lowlands and around
Akureyri and Krafla in the North (see Fig. 4 for
locations). From these data we collected and analysed 37 km of acoustic image logs. Most of them
are slightly deviated from vertical (< 10◦ ) which
still allows the interpretation of stress related features in every stress regime (Mastin, 1988; Tingay
et al., 2005; Peška and Zoback, 1995).
27 boreholes contained at least one BO or one
DIF (Table 1, Fig. 4). In the case that both BOs
and DIFs are found in the same well, the independently inferred SHmax orientations are generally in
good agreement with each other (Table 1). In addition to the newly analysed borehole images 3 BOs
and 1 DIF from published articles were included. In
the analysed boreholes stress indicators are mainly
found between the surface and 1 km depth. Some
few BOs/DIFs are located in deeper sections of the
boreholes with a maximum depth of 2.34 km in well
RN-34 on the Reykjanes peninsula (Fig. 4). Thus
borehole stress data bridge the gap between shallow stress indicators from geological data and focal
mechanism solutions at greater depth.
Table 1 shows the results of image log interpretation and observed BOs/DIFs in the studied wells.
11 data records have a A-C quality and 25 data
records have a D quality. The high number of low
quality data records is partly related to the challenges of well-logging in a high temperature and igneous environment resulting in a partly poor image

HJ-20
Akureyri
ST-16

Reykjavík
RN-34

Figure 4: The location of geothermal boreholes with acoustic
image logs. The black and grey triangles denote the location
of boreholes with and without stress indicators (based on
our image log analysis) respectively. The white triangles
show the location of borehole HJ-20 Hjalteyri, ST-16 Sigtún
(Fig. 3) as well as in RN-34 Reykjanes.

quality. Special tools adapted to high temperatures
are required and can only remain in the well for a
short time period (Ásmundsson et al., 2014). In
addition, in some of the studied wells image tools
were not centralised and produced low quality images with numerous vertical artefacts which do not
allow a reliable detection of BOs and DIFs.
2.2. Focal mechanism solutions
Focal mechanism solutions of earthquakes have
been used to infer stress information, both orientation and relative magnitudes, in the deeper part of
the earth’s crust which is beyond common drilling
plans (Sbar and Sykes, 1973; Gephart and Forsyth,
1984; Zoback, 1992; Heidbach et al., 2010). The
orientation of SHmax is estimated from the principal strain axes of the double couple components
of the focal mechanism (McKenzie, 1969; Barth
et al., 2008). However, these axes are not necessarily reliable proxies for the stress axis orientation
(McKenzie, 1969; Célérier, 2010; Heidbach et al.,
2010). Therefore, single focal mechanism solutions
are never eligible for a quality better than C in the
WSM database (Heidbach et al., 2010; Barth et al.,
2008). A stress determination though the averaging of several focal mechanism’s P, B, and T axes
(FMA) is less reliable and is hence assigned D quality.
Between 1994 through 2007 250,000 seismic
events were recorded by the Iceland Meteorological
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63.425023
63.83951
63.83951
63.98881
63.98881
63.995165
64.008906
64.008906
64.033132
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64.026124
64.041
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64.391916
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Date

Longitude

HH-08
RN-34
RN-34
KH-34
KH-34
SO-01
HE-21
HE-21
HE-58
HN-01
HN-01
HK-15
HN-12
HN-16
NJ-28
HF-01
ASK-29
ASK-57
ASK-122
HO-02
ST-16
ST-16
BO-3
KV-01
KV-01
K-18
HJ-17
HJ-13
HJ-20
HJ-20
HJ-15
ARS-32
ARS-32
SK-28
SD-01

Location

Latitude

Borehole ID

Table 1: Stress indicators from the analysed acoustic borehole images of A-D Quality. All the information required for the
WSM quality ranking is included in the Table. Azimuth: Interpreted orientation of SHmax . Number: The amount of recognised
feature pairs (BOs or DIFs) in a single well. S.D.: Standard deviation calculated according to the circular statistics of bi-polar
data by Mardia (1972) with a weighting depending of the length (short: L) of the feature. Length: The added length of
the fractured borehole sections. Top and Bottom: The depth of the uppermost and lowermost stress indicator found in the
borehole. Depth: The mean between top and bottom. Date: Date of the tool run.
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Figure 3: Borehole related stress indicators in acoustic image logs. Left: Borehole breakouts (BOs) in well ST-16 Sigtún close
to Akureyri. The inferred overall orientation of SHmax from BOs is 127◦ in this well. Right: Drilling induced fractures (DIFs)
in well HJ-20 Hjalteyri close to Akureyri. The inferred overall orientation of SHmax from DIFs is 144◦ in this well. The location
of the two wells is shown in Figure 4.

Office with 11 events of M > 5 (Einarsson, 1991,
2008; Jakobsdóttir et al., 2002; Jakobsdóttir, 2008;
Einarsson et al., 1977; Keiding et al., 2009). The
detection threshold in this time frame has been between Ml =2 and Ml =0 depending on the region
(Jakobsdóttir, 2008). Focal mechanism solutions
were publicly available for only a fraction of the
recorded seismic events.
Presumably especially in Iceland many seismic
events are related to volcanic eruptions or dyke
intrusions and thus are potentially spatially and
temporally restricted manifestations of the stress
field (e.g. Roman et al., 2004; Sánchez et al., 2004;
Einarsson, 1991; White et al., 2011). Hence they do
not necessarily represent the long-term stress field
but only short-term fluctuations of a perturbed regional stress field. In addition, such events may
have a low double-couple and high compensated
linear vector dipole (CLVD) component (Nettles
and Ekström, 1998). That means the main strain
component is due to an inflation or deflation above
some pressure source in contrast to a double-couple
mechanism (Nettles and Ekström, 1998; Ekström,
1994). Therefore events which can be spatially and
temporally attributed to a volcanic eruption or rift-

ing event are assigned E quality. However, seismic
events which are only located at a volcano but cannot be linked to an eruption remain with a quality
C. In the Vatnajökull area several thrust faulting
events were recorded during an inter-volcanic period. Nettles and Ekström (1998) and Einarsson
(1991) suggest that these events are a movement of
the Barðabunga caldera rim. Hence they are not
directly temporarily related to a volcanic eruption
and assigned the quality C.
Furthermore, the phenomenon of induced seismicity in geothermal reservoirs is reported in Iceland (Flóvenz et al., 2015). The stress field in
geothermal or hydrocarbon reservoirs can change
significantly due to depletion and/or reinjection
(Segall and Fitzgerald, 1998; Martínez-Garzón
et al., 2013). Hence, focal mechanisms of seismicity
located in the vicinity or within active reservoirs are
prone to exhibit a perturbed stress state compared
to the virgin in-situ stress state. Therefore seismic
events which are in spatial and temporal proximity to e.g. dams or geothermal power plants are
identified as potentially induced and are assigned E
quality as well.
In addition to single focal mechanism solutions
7

(FMS) or an average of FMS (FMA), inversions
of focal mechanisms (FMF) can be performed (e.g.
Gephart and Forsyth, 1984; Angelier, 1984). Generally results from inversions provide high quality (A
or B) stress data records (e.g. Keiding et al., 2009;
Kristjánsdóttir, 2013). However, the inversions of
focal mechanism solutions performed by Bergerat
et al. (1998); Garcia et al. (2002); Angelier et al.
(2004), and Plateaux et al. (2014) show the existence of two spatially or temporally different local
stress fields. Due to the high quality of the inversions they are included in the database anyway but
assigned E quality since these two stress fields cannot be distinguished.

stress indicators which are definitely from the currently active stress field (e.g. a borehole breakout
or focal mechanism solution). Their similar orientation is at least an indicator that the age restriction
also applies in Iceland. Even though local stress
perturbations do occur due to the presence of local structures (Rajabi et al., 2016; Heidbach et al.,
2007) hence different SHmax orientations in close
spatial proximity must not be judged as unreliable.
2.4. Vent alignments
Nakamura (1977) was one of the first to recognise
the alignment of volcanic vents, eruptive fissures,
and dykes (GVAs) as stress indicators. GVAs are
always related to volcanic eruptions which tend to
be easier to date compared to fault slip, since often
the age of volcanic eruptions are known.
The high volcanic activity in Iceland allows inclusion of young eruptive fissures, vent alignments
and dykes from the Quaternary. We therefore included 17 GVAs produced by recent volcanic activities (even in historic times, Thordarson and Larsen
2007). The data originates in geological mapping
campaigns and is also displayed in the Geologic
Map of Iceland – Bedrock (Hjartarson and Sæmundsson, 2014). Table 2 shows the stress orientations inferred from eruptive fissures mainly deduced from geologic mapping also presented in the
map by Hjartarson and Sæmundsson (2014). They
are quality ranked according to the WSM criteria
shown in Table 3.

2.3. Geological indicators
Geological indicators of past fault slip events can
also provide information on the stress state and
the data reliability is equal in comparison to other
methods (Sperner et al., 2003). However, to prevent
a mix of palaeo-stress and contemporary stress data
records, geological indicators are generally not allowed to be older than Quaternary, i.e. not older
than 2.85 Ma (Zoback, 1992). Sometimes the age of
a fault slip or dyke intrusion is measured (e.g. radiocarbon dating), the relative age deduced by the
stratigraphy (e.g. in Bergerat and Angelier, 1998),
or the maximum age of the rock is otherwise known
(e.g. in Bergerat and Plateaux, 2012). If this is not
the case geological maps can provide information of
the age of the indicators. Note that the rule applies
to the age of the fault slip and not the age of the
rock, in case where they can be distinguished.
In the new Iceland Stress Map a large amount of
data records are provided by geological indicators,
i.e. stress tensors inferred from fault slip data. This
is due to the extensive work on the stress inversions
of fault data (GFI) by J. Angelier, F. Bergerat & A.
Guðmundsson undertaken in Iceland (e.g. Bergerat
et al., 1990, 1998; Angelier et al., 2004).
We assessed geological indicators (GFI) following
strictly the WSM quality ranking scheme (Heidbach
et al., 2010; Sperner et al., 2003). Zoback (1992)
discusses the possible necessity to alter the age restriction according to the tectonic setting. In case
two or more different temporally successive stress
states are inferred in the exact same location and
both originate in the Quaternary only the youngest
can be taken into account in this compilation (as
is the case in e.g. Bergerat and Angelier, 1998). In
several instances, stress indicators from fault slip
data are in close proximity to similarly oriented

2.5. Further stress indicators
In total 25 overcoring (OC) stress measurements
are available throughout Iceland. Due to their shallow depth (0 - 30 m) the inferred stress state may be
highly influenced by local topography or strength
contrasts. Therefore the data records are assigned
to E quality. Previous data records from the WSM
2008 which were assigned a different quality according to an outdated version of the ranking scheme
were updated.
In addition 9 SHmax orientations are available
from hydraulic-fracturing (HF). Previously listed
HF data records were revisited and assigned a quality according to the most recent quality ranking
scheme.
3. Stress map & pattern of Iceland
The new compilation of stress data for Iceland
has 495 data records with 318 having A-D and 188
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a

C
C
B
C
C
B
C
C
C
B
C
C
C
C

65.6

-16.8

8

B

Reykjahlíð

65.7
-16.8
6
C
Krafla
65.9
-16.35
11
C
Hólssandur
Thordarson and Larsen 2007, b Haflidason et al. 2000,

1990,

f

Hjartarson 2003,

g

c

Type

Quality

45
18
56
43
35
33
43
47
30
22
29
21
9
8

Vents

Azimuth

-20.2
-18.83
-21.8
-18.65
-18.3
-18.6
-20.84
-20.5
-16.6
-17.3
-17.15
-16.6
-16.8
-16.45

S.D.

Longitude

63.43
63.82
63.9
63.94
64.1
64.25
64.29
64.4
64.75
64.8
65
65.15
65.4
65.5

Location
Vestmannaeyjar
Eldgjá (South)
Reykjanes
Eldgjá (Middle)
Eldgjá (North)
Veiðivötn
Þjófahraun
Langjökull
Kverkfjöll
Dyngjuháls
Trölladyngja/ Frambruni
Askja
Fremrinámur
Nýjahraun

Number

Latitude

Table 2: Newly included volcanic vent and fissure alignments (GVAs) which are also shown in Hjartarson and Sæmundsson
(2014). The required information for the World Stress Map as well as the age of the most recent eruption of the associated
(central) volcano is listed. Number: The amount of parallel vent/fissure alignments. Vents: The overall number of vents/fissures
which are considered. In case of parallel alignments the standard deviation is calculated according to the circular statistics of
bi-polar data by Mardia (1972).

Last eruption/
rifting event
1
5
vents
1973 A.D.a
1
6
fissures
934-940 A.D.a
4
5
21
vents
1231 A.D.b
1
5
fissures
934-940 A.D.a
1
9
fissures
934-940 A.D.a
4
13
67
fissures
1477 A.D.a
1
11
fissures
3600 B.P.c
2
3
10
vents
950 A.D.c
1
7
fissures
9000 B.P.b
3
6
28
fissures
1902-1903 A.D.e
1
8
fissures
1300 A.D.f
1
14
vents
1961 A.D.b
1
9
vents
4000 B.P.d
2
6
16
fissures
1874-75 A.D.d
1975-1984
4
2
16
fissures
A.D.a
1975-1984
1
10
fissures
A.D.a
1
7
fissures
Holoceneg
Sinton et al. 2005, d Sigurdsson and Sparks 1978,

e

Björnsson and Einarsson

Hjartarson and Sæmundsson 2014

Table 3: The World Stress Map quality ranking scheme version 2008 for borehole breakouts and drilling induced fractures from
image logs and volcanic vent alignments (Heidbach et al., 2010). s.d. = standard deviation.
Stress indicator
Borehole
Breakouts

Drilling induced fractures

Volcanic
Vent Alignment

A
SHmax
±15◦
≥ 10 distinct
breakout
zones
and
combined
length ≥ 100
m in a single
well
with
s.d. ≤ 12◦
≥ 10 distinct
fracture
zones in a
single
well
with a combined length
≥ 100 m and
s.d. ≤ 12◦
≥ 5 Quaternary
vent
alignments
or "parallel"
dikes
with
s.d. ≤ 12◦

B SHmax ±
15 - 20◦
≥ 6 distinct
breakout
zones
and
combined
length ≥ 40
m in a single
well
with
s.d. ≤ 20◦
≥ 6 distinct
fracture
zones in a
single
well
with a combined length
≥ 40 m and
s.d. ≤ 20◦
≥ 3 Quaternary
vent
alignments
or "parallel"
dikes
with
s.d. ≤ 20◦

C
SHmax
±20 - 25◦
≥ 4 distinct
breakouts
and
combined length
≥ 20 m with
s.d. ≤ 25◦

D
SHmax
±25 - 40◦
< 4 distinct
breakouts or
< 20 m combined length
in a single
well with s.d.
≤ 40◦

E
SHmax
>±40◦
Wells without reliable
breakouts or
s.d. > 40◦

≥ 4 distinct
fracture
zones in a
single
well
with a combined length
≥ 20 m and
s.d. ≤ 25◦
Single wellexposed
Quaternary
dike
or
Single alignment with ≥
5 vents

< 4 distinct
fracture
zones in a
single well or
a combined
length < 20
m and s.d.
≤ 40◦
Volcanic
alignment
inferred from
< 5 vents

Wells without fracture
zones
or
s.d. > 40◦
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Number of indicators A-D
100
150

200

0

0

2.5

2.5

Depth [km]

5

5

7.5

7.5

10

10

12.5
15
17.5
20

Table 4: An overview of the quality and type of all stress
indicators in the designated area (N: 62◦ - 68◦ , W: 11◦ - 26◦ ).
They include the revisited and re-ranked data from the WSM
2008 as well as the newly analysed data from acoustic image
logs, the alignments of volcanic craters and fissures, and data
records from literature research.

250

12.5
Method:
FMS
FMF
BO/DIF/HF
GVA
GFI

15

Regime:
Normal
Strike-Slip

17.5

Type

50

Depth [km]

0

Reverse

20
100

75

50

25

0%

Figure 5: The depth distribution of the 318 stress indicators
(A-D quality) is displayed here. The cluster of seismic events
around a depth of 10 km is biased since many of the events
with an uncertain depth were assigned this depth arbitrarily. The data is colour coded according to the type of the
indicator. The width of the bar indicates the quality of the
data from A (thick/left) to D (thin/right). Please note that
the colour coding is independent of the width of the bar in
this plot. In addition the variation of the stress regime with
depth is shown on the right side.

FMF
FMS
FMA
BO
DIF
HF
OC
GFI
GVA
Total

A
15
1
1
1
18

B
7
3
1
11
11
33

Quality
C
D
63
22
9
6
13
1
15
2
6
40
63
25
2
137 130

E
14
90
30
1
25
14
3
177

Total
36
175
9
49
21
9
25
129
42
495

type of faulting is described by Zoback (1992). Figure 5 shows that normal faulting prevails at the
surface. However, within the first kilometre this
changes. In the following topmost 10 km a strike
slip regime is dominant. With a further increase
in depth the normal faulting regime prevails. Indicators for a reverse faulting regime are observed in
all depths in a relatively small abundance. Nevertheless, around 1 km and 10 km depth they have a
significant share.

A-C quality (Table 4, Figs. 1 & 5). Most of the A-D
quality data records are from focal mechanism solutions (35%) and geological fault inversions (26%).
Borehole related indicators (BOs, DIFs, HFs) have a
share of 20% while the alignments of volcanic vents,
fissures and craters contribute with 8%. The inversion of several focal mechanism solutions make up
7% of the dataset.
56% of the data records are from the depth range
of 0 to 1.25 km (Fig. 5). These are mainly geological stress indicators which are either exhumed faults
or surface manifestations of the stress field. Most
borehole indicators are in the same depth range.
Even some very shallow focal mechanism solutions
and inversions of several focal mechanisms are located in that depth range. Around 2.5 km depth
stress indicators from deep boreholes and earthquake related indicators are equally abundant. Below that depth, focal mechanism solutions of seismic events are the only available stress indicators.
The peak of events around 10 km is artificial because many focal mechanisms of small magnitude
seismic events are assigned this depth as a default
value if the depth cannot be estimated otherwise.
Some stress indicators (e.g. focal mechanism solutions, fault inversions) allow characterisation of
the Andersonian faulting type of the stress field
(Anderson, 1905, 1951). The method to derive the

The prevailing orientation of SHmax in Iceland
inferred from A-C quality ranked data records is
determined according to circular statistics of bipolar data (Mardia, 1972) which shows a mean SHmax
orientation of 18◦ ± 35◦ for the entire dataset. A
closer look at Figure 1 demonstrates four predominant regional orientations of SHmax . In the Southwest and the Southern Iceland Lowlands SHmax
is oriented approximately NE-SW (Fig. 6). In
the Northern Volcanic Zone (north of the Vatnajökull glacier) which is presently the active rift zone,
SHmax has almost N-S orientation (Fig. 7). SHmax
is rotated by about 20◦ to NNE-SSW in the easternmost part of Iceland (Fig. 7). In Northern Iceland
SHmax is rotated from the N-S orientation in the
Northern Volcanic Zone to a predominant NNWSSE orientation (Fig. 8). Finally in the Westfjords
the SHmax trend is approximately NW-SE oriented
(Fig. 9). For these four subsets the standard deviation for A-D quality data is between 19◦ and
29◦ which is comparable to other regional stress investigations (e.g. Pierdominici and Heidbach, 2012;
10

Reiter et al., 2014; Reinecker et al., 2010).
Generally the standard deviation of the mean
SHmax orientation of stress data records with A-C
quality is found to be within ±25◦ (see rose diagrams in Figures 1, 6, 7, 8, & 9). If D quality data
records are included the mean SHmax orientation
changes by ≤4◦ . The standard deviation increases
by approximately 5◦ reflecting that D quality data
introduces more noise to the dataset. Therefore D
quality data should not be used individually for a
local stress field analysis. Surprisingly the standard
deviation decreases by 1◦ with the introduction of
11 D quality data records in North Iceland. 10
of these data records are from boreholes and their
quality depends on the short length of the feature
and/or missing information on the standard deviation. These circumstances show that a well-picked
distinct single feature in a borehole provides valuable information on the orientation of SHmax .
The types of available stress indicators varies in
the different subsets. While all types of indicators
are represented close to the plate boundary, in the
Westfjords and Eastfjords the stress state is mainly
derived from geological indicators and boreholes.
That means that in those regions the information
on the stress field is based mainly on shallow data.
Apart from lateral variations of the orientation
of SHmax , the possibility of a vertical layering exists (Cornet and Röckel, 2012; Gudmundsson, 2002;
Heidbach et al., 2007). In some regions, mainly sedimentary basins, moderate (Reiter et al., 2014; Reiter and Heidbach, 2014) or significant (Röckel and
Lempp, 2003; Roth and Fleckenstein, 2001; Rajabi
et al., 2016) stress rotations occur with depth. For
example, Rajabi et al. (2016) reported significant
rotation of the SHmax orientation with depth in the
Clarence-Moreton Basin of eastern Australia due
to presence of geological structures including intrusions of igneous rocks into sedimentary successions.
It is indicated by the propagation of dykes, that
such a layering also exists in Iceland on a local
scale (Gudmundsson, 2002, 2003). To find regionalscale depth-dependent differences in the SHmax orientation we compiled surface data (GFI, GVA) as
well as intermediate (0.2-2 km) borehole indicators (BO, DIF) and deep (2-20 km) focal mechanism solutions (Fig. 5). In all areas where more
than one type of indicator is available, the orientation of SHmax remains consistent with depth which
highlights the independence from the type of stress
indicator and the vertical homogeneity of SHmax
throughout the crust. Thus a potential regional-

scale depth-dependency of SHmax is not observed.
4. Discussion
This study presents the first comprehensive and
systematic compilation of the present-day tectonic
stress in Iceland where all results are ranked based
on a quality ranking scheme for the in-situ stress
state. A high density of data records is achieved
on the Reykjanes peninsula, in South Iceland, East
Iceland, and the Akureyri area and Tjörnes Fracture Zone in North Iceland (Fig. 1). Few or no data
records are available around Hofsjökull, Langjökull
in the western Highlands, on the Snæfellsnes peninsula, and in the Westfjords (Fig. 1). Based on the
available data from this compilation the orientation of the maximum compressive stress (SHmax )
in Iceland is organised in four subsets and is consistent with the main plate boundaries in the region.
This highlights the role of different plate boundary forces in the stress pattern of Iceland (Fig. 10).
Furthermore the highly dynamic geological setting
of Iceland is reflected in the stress field by effects of
eruptions, geothermal activity, and rifting events.
4.1. Regional stress pattern
In the South-West a ridge parallel SHmax orientation can be observed along the Reykjanes Ridge
(Fig. 1) which has the Eurasian plate to the East
and the North American plate to the West (Einarsson, 2008; Bird, 2003). At the Reykjanes peninsula where the ridge makes landfall SHmax remains
mostly ridge parallel (Figs. 1 & 6). This pattern of
SHmax is consistent with observations by e.g. Sykes
(1967) and Wiens and Stein (1984) who show ridge
parallel SHmax close to the spreading centre along
divergent plate boundaries in general and especially
in the Indian Ocean.
Ridge parallel stress is also indicated further to
the North along the WVZ (Fig. 1). The western
boundary of the Hreppar microplate is at the WVZ
and its northern boundary is the quietest Central
Iceland Volcanic Zone (CIVZ) which is not represented by stress indicators here (Einarsson, 2008).
In the South the Hreppar microplate meets the
Eurasian plate at the transform SISZ (Einarsson,
2008). This is one of the two areas with the largest
seismic events (M=7.2) in Iceland (e.g. Stefánsson
et al., 2000; Bergerat and Angelier, 2001). In the
SISZ the SHmax is NNE to NE (Fig. 6) which is
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Figure 6: The orientation of SHmax (A-D Quality) on the Reykjanes peninsula ridge (RPR), the transform South Iceland
Seismic Zone (SISZ), and parts of the Western Volcanic Zone (WVZ). Legend is the same as in Figure 1.
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Figure 7: The orientation of SHmax (A-D Quality) in the Eastern Highlands/Northern Volcanic Zone and the East Fjords.
Legend is the same as in Figure 1. Note that mainly surface geological indicators are available in this area.
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Figure 8: The orientation of SHmax (A-D Quality) in Northern Iceland. Displayed is the Tjörnes Fracture Zone with the
Grimsey oblique rift (GOR), the Húsavík-Flatey-Zone (HFZ), and the Dalvík Zone (DZ). Legend is the same as in Figure 1.
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Figure 9: The orientation of SHmax (A-D Quality) in the Westfjords. In the oldest area of Iceland (10-16 Ma, Moorbath et al.
1968; McDougall et al. 1984) SHmax is rotated from rift parallel to rift normal. Legend is the same as in Figure 1. Note that
only surface geological indicators are available in this area.
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Figure 10: A simplified tectonic map of Iceland with the mean orientations of SHmax in the four stress provinces estimated
from A-D quality data records (black lines). The standard deviation from A-C quality is shown by the large dark grey areas
while the light grey areas show the standard deviation from A-D quality. The plate boundaries are from Einarsson (2008) &
Bird (2003). The plate motion (mm/yr) is indicated by black arrows relative to the fixed North American plate (Geirsson
et al., 2006). The continental plates and the approximate location of the hotspot (grey circle, Wolfe et al., 1997) are indicated.
Furthermore the tectonic features are labelled as follows according to Einarsson (2008): RR: Reykjanes Ridge, RPR: Reykjanes
peninsula ridge, WVZ: Western Volcanic Zone, SISZ: South Iceland Seismic Zone, EVZ: Eastern Volcanic Zone, NVZ: Northern
Volcanic Zone, DZ: Dalvík Zone, HFZ: Húsavík-Flatey-Zone, GOR: Grimsey-Oblique-Ridge, and KR: Kolbeinsey Ridge.

consistent with the surface ruptures of large earthquakes (e.g. Árnadóttir et al., 2003; Einarsson,
2008).

Zone (HFZ) and the Grimsey Oblique Rift (GOR)
(Sæmundsson, 1974). This is the second area with
large magnitude seismic events in Iceland (Jakobsdóttir, 2008) and shows a NNW - SSE trend for the
SHmax orientation which is mainly inferred from focal mechanism solutions (Fig.8).

In the North-East of the SISZ the EVZ and the
NVZ are the currently active rift zones (Einarsson,
2008). Most of the rifting events (Laki, Eldgjá,
Krafla fires, Holuhraun) and volcanic eruptions
(Grimsvötn, Gjálp, Askja, Hekla, Barðabunga) are
in these two zones (Sigmundsson et al., 2015; Thordarson and Larsen, 2007). This activity is related
to the current location of the centre of the hotspot
which is considered to be beneath the Vatnajökull
glacier at the transition from the EVZ to the NVZ
(e.g. Wolfe et al., 1997; Ito et al., 2003, Fig. 10).
The SHmax is found to follow the orientation of
the EVZ and NVZ which are considered as the
plate boundary from NE-SW in the South to N-S
in the North (Fig. 1). This pattern is also observed at some distance along the Icelandic east
coast (Fig. 7).

In the Westfjords which are the oldest part of Iceland (10-16 Ma, Moorbath et al. 1968; McDougall
et al. 1984) and also partly on the Snæfellsnes
peninsula a rotation of SHmax from ridge parallel
towards ridge perpendicular is observed (Figs. 9
& 1). This rotation is interpreted as the transition
from the ridge parallel stress orientation to the common intraplate stress orientation (Wiens and Stein,
1984; Sykes, 1967; Sykes and Sbar, 1974; Müller
et al., 1992; Grünthal and Stromeyer, 1992; Gudmundsson et al., 1996). This rotation is expected
in some distance from the spreading centre which
depends mainly on the composition of the rock and
only partly on the age and distance from the ridge
(Wiens and Stein, 1984). Such a rotation is also expected to occur off the Icelandic east coast to meet
the overall trend of SHmax observed in Europe (e.g.
Grünthal and Stromeyer, 1992; Müller et al., 1992;
Heidbach et al., 2007).

In the North, the TFZ connects the NVZ with
the Kolbeinsey Ridge north of Iceland (Sæmundsson, 1974, 1979; Einarsson, 1991; Garcia, 2003; Stefánsson et al., 2008). The spreading is distributed
between the Dalvík Zone (DZ), the Húsavík-Flatey14

Many of the stress indicators recognised in the
applied quality ranking, e.g. focal mechanism solutions or borehole breakouts, are manifestations of
a stress field which generally can be assumed as
the currently active in-situ stress field. Still, seismic events and volcanic eruptions may change the
local stress field in a very short time interval (e.g.
Reasenberg and Simpson 1992; King et al. 1994; Dieterich et al. 2000). Albeit, these changes induced
by seismic events are generally smaller than the regional stress magnitude (Hardebeck, 2010). Hence
they are assumed to be within the uncertainty of
SHmax ± 15◦ of even the highest quality stress indicators. As well the isostatic rebound from deglaciation is not expected to have an immediate impact
on stress orientation (Plateaux et al., 2014).

image logs from 57 geothermal boreholes. In total we compiled 495 SHmax orientations from different stress indicators. The main contributions
to the newly compiled database are from 171 surface geological information, 61 geothermal wells
(intermediate-depth), and 175 indicators from focal
mechanism solutions of earthquakes (deep). The
two key findings of this compilation are: (1) no
significant depth-dependent variation in the SHmax
orientation (±25◦ ) is observed while the stress
regime changes with depth. (2) four distinct contemporary stress provinces are present in Iceland.
The stress provinces are in agreement with the
large-scale regional tectonic setting.
Acknowledgement

4.2. Comparison with other observations
A comparison of the orientation of SHmax with
the direction of plate motion (Geirsson et al., 2006)
shows that they are in quite large areas perpendicular to each other (Fig. 10). In a more local study
Keiding et al. (2009) compared the stress and strain
in the Reykjanes peninsula. The stress is determined from the inversion of focal mechanism from
earthquake swarms while the strain is derived from
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Clifton and Kattenhorn 2006; Hjartardóttir et al.
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Even though eruptive fissures can be used as stress
indicators, surface fissure swarms do not provide
information on the stress field but on the deformation (Hjartardottir et al., 2015). The fissure swarms
are very similarly oriented to the orientation of the
SHmax . Especially in the NVZ the orientation of
the fissure swarms are well in agreement with eruptive fissures and other stress indicators (e.g. Hjartardottir et al., 2015).
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