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By combining morphotectonic lineament analysis and digital geological mapping we investigate the significance of the fracture system on Hamarøya, and its relation to the adjacent Hamarøya Fault. Three fracture sets were encountered: (i) NNE–SSW striking, (ii) ENE–WSW striking and
(iii) NW–SE striking. These fracture sets, in combination with ductile foliation, define the regional morphotectonic lineament pattern mapped from
bathymetry and digital elevation models. The fractures are linked to several stages of pre-breakup rifting and subsequent stress patterns following
the opening of the North Atlantic Ocean. The ENE–WSW-trending fractures are interpreted to be the oldest and to have developed as joints during
NNW–SSE crustal extension. Locally, this fracture set is reactivated as sinistral shear fractures which act as transfer faults linking the NNE–SSWstriking, right-stepping fracture array. The latter is interpreted to represent WNW–ESE crustal extension in late Middle Jurassic–Early Cretaceous
times related to the development of the Hamarøya Fault, the southeastern boundary fault of the northern part of the Vestfjorden Basin. The NW–
SE-trending fracture set is the youngest and developed as a result of NE–SW crustal extension. It is interpreted as neotectonic joints reflecting the
present stress regime generally related to ridge-push forces, or at least the stress system prevailing since post-break-up time in the Eocene.
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Introduction
The rift basins on the Norwegian margin have evolved
during multiple tectonic events since Late Palaeozoic
times (e.g., Talwani & Eldholm, 1977; Ziegler, 1989;
Doré, 1991; Blystad et al., 1995; Lundin & Doré, 1997,
2002; Vågnes et al., 1998; Doré et al., 1999; Brekke,
2000; Mosar et al., 2002; Mosar, 2003; Olesen et al.,
2007; Faleide et al., 2008; Hansen et al., 2012). Many of
these tectonic events also affected onshore areas, where
distinct fracture sets can be observed (e.g., Gabrielsen
et al., 2002; Wilson et al., 2006; Bergh et al., 2007; Eig,
2008; Hansen, 2009; Eig & Bergh, 2011). Understanding
the origin and evolution of the onshore fracture system
consequently has implications for understanding the
offshore rift-basin evolution.
In this work we combine morphotectonic lineament
analysis and digital geological mapping in order to
investigate the temporal and spatial evolution of the
fracture system on Hamarøya and its relation to the
adjacent Hamarøya Fault. This fault is part of the fault
array bounding the rift basins on the Norwegian margin

(Fig. 1).The aims of the paper are to: (i) analyse temporal
and spatial evolution of the onshore fracture sets, (ii)
investigate the relationship between the onshore fracture
sets and the adjacent Hamarøya Fault, and (iii) interpret
the regional significance of the mapped fracture sets and
corresponding morphotectonic lineaments.

Geological and tectonic setting
Fracture mapping was carried out along the western
margin of Hamarøya, North Norway (Fig. 1). The
bedrock in the study area consists of plutonic rocks
belonging to the Late Palaeoproterozoic, anorthositemangerite-charnockite-granite suite of Lofoten (Griffin
et al., 1978; Tveten, 1978; Corfu, 2004), and is situated in
the onshore portion of a major footwall block adjacent
to the NE–SW-trending Hamarøya Fault (Fig. 2A).
The fault corresponds to a distinct dislocation of the
local magnetic anomaly pattern (Fig. 2B), and was
interpreted by Olesen et al. (1997, 2002) to represent
the southeastern boundary fault of the northern part of
the Vestfjorden Basin (Fig. 1). The Vestfjorden Basin is
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Cenozoic (e.g., Vågnes et al., 1998; Lundin & Doré, 2002;
Mosar et al., 2002). Recent earthquake activity (e.g.,
Atakan et al., 1994; Hicks et al., 2000) further suggests
that some areas onshore are tectonically active today.

Data and methods
Lineament analysis
The term lineament should be strictly reserved for
linear and curvilinear features identified by remotesensing methods (O’Leary et al., 1976). We use the term
morphotectonic lineaments (e.g., Jordan & Schott, 2005)
to describe morphological lineaments assumed to have
a tectonic origin. The term fracture lineament is applied
to those lineaments that are assumed to reflect a zone
of stress-induced mechanical weakness in the bedrock
(Braathen & Gabrielsen, 1998, 2000; Gabrielsen et al.,
2002), and hence represent brittle fault/fracture zones.

Figure 1. Location of the study area on Hamarøya shown in relation
to the regional setting of the Mid-Norwegian continental margin and
onshore-offshore fault array. The topography and bathymetry data are
from ETOPO2v2 (NOOA, 2006). Fault zones are compiled by Hansen
et al. (2011). Abbreviations: FP–Finnmark Platform, HaB–Harstad
Basin, HB–Hammerfest Basin, Lo–Lofoten, LVM–Lofoten and Vesterålen margin, TB–Tromsø Basin, TP–Trøndelag Platform, VB–Vestfjorden Basin, Ve–Vesterålen, VM–Vøring Margin.

situated between mainland Norway and the islands of
Lofoten and Vesterålen and initiated in response to late
Middle Jurassic–Early Cretaceous crustal stretching
(Blystad et al., 1995).
The Hamarøya Fault is part of a similar system of NNE–
SSW- to ENE–WSW-striking faults on the Lofoten and
Vesterålen margin including the islands of Lofoten and
Vesterålen (Olesen et al., 1997, 2002; Tsikalas et al., 2001;
Wilson et al., 2006; Bergh et al., 2007; Eig, 2008; Hansen,
2009; Hansen et al., 2012), and can further be linked to
major boundary faults and basin-internal faults along the
Norwegian rifted margin (Fig. 1). These faults evolved
during multistage rifting following the collapse of the
Caledonian orogen, culminating with final separation
and passive margin development in the Eocene (e.g.,
Talwani & Eldholm, 1977; Ziegler, 1989; Doré, 1991;
Blystad et al., 1995; Lundin & Doré, 1997; Doré et al.,
1999; Brekke, 2000; Mosar, 2003; Olesen et al., 2007;
Faleide et al., 2008; Hansen et al., 2012). Following
breakup, the Mid-Norwegian margin was subjected to
inversion and compressional reactivation during the

In the study area, the morphotectonic lineaments were
mapped on a regional scale from digital elevation models
and bathymetry data (Fig. 2C). The bathymetry and
topography data comes from the DTM 50 Sea, DTM 50
Land and DTM 10 Land databases from the Norwegian
Mapping Authority. Lineament azimuth and length was
calculated using the ESRI ArcGIS field calculator in
combination with the ‘Easy Calculate’ extension from ET
Spatial Techniques. Lineaments were then categorised
into four equally sized groups according to orientation
(Fig. 2D), and lineament density maps were created
for each group to investigate the spatial distribution
of lineament orientation (Fig. 3). The lineamentdensity maps were created using the ESRI ArcGIS line
density tool, with lineament length as population, a
search window of 2000 m and a grid cell size of 250 m.
Using lineament length as population means that each
lineament is counted as many times as its length, thus
giving more weight to longer lineaments than to shorter
ones. For instance, a lineament which is 100 m long is
counted 100 times whereas a lineament which is 10 m
long is counted ten times.
Digital geological mapping
Digital Geological Mapping (DGM) is the process of
mapping, collecting and georeferencing geological data
using some form of portable computer connected to a
Global Positioning System (GPS) (e.g., McCaffrey et al.,
2005; Clegg et al., 2006). We applied a relatively cheap but
flexible, robust and portable DGM system consisting of a
small hand-held computer (PDA) running ESRI ArcPad,
connected to a wireless GPS unit with an accuracy
generally within 5 m. A georeferenced aerial photograph
was used as a basemap for easy detection of fracture
lineaments and areas of fracture intersection. The
mapping procedure consisted of walking along major
fracture lineaments and systematically georeferencing
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Figure 2. (A) Geological map
of Hamarøya with location
of the study area in Fig. 5.
The bedrock map is from the
Geological Survey of Norway
online database (NGU, 2009);
foliation measurements are
digitised from Tveten (1978),
and the location of the Hamarøya Fault is from Olesen et al.
(1997, 2002). (B) 50 km, highpass filtered, magnetic anomaly
map showing the anomaly dislocation interpreted to represent
the Hamarøya Fault (Olesen et
al., 1997, 2002). The anomaly
map comes from the Ra3 compilation (Olesen et al., 2003)
and is draped on an aspect
map to enhance culminations
of the anomalies. (C) Onshore/offshore relief map of the
Hamarøya area. Note that the
Hamarøya Fault correlates with
the prominent escarpment just
offshore Hamarøya. The photography locations and orientations of Fig. 4 are also given.
Bathymetry and topography
comes from the Norwegian
Mapping Authority DTM
50 Sea and DTM 50 Land
databases, respectively. (D)
Morphotectonic lineaments of
Hamarøya and adjacent areas
mapped from the topography
and bathymetry map in Fig.
2C. The rose diagram shows the
dominant lineament trends for
all lineaments in map view.

fracture and foliation orientation in addition to photo
location and azimuth. Special attention was paid to
fracture interaction and variation in fracture orientation
at fracture intersections.
Fracture analysis
Geological fractures include approximately planar
discontinuities such as dykes, faults, joints and veins
(Peacock et al., 2000). Fracture analysis can convey
information on the tectonic stress field which was active
at the time the fracture was formed, and thus be used
to infer the character of the ancient stress field and its
variation through time (e.g., Dunne & Hancock, 1994;
Mandl, 2005). It is, however, important to distinguish the
type of fracture studied, as this has implications for the
state of stress during fracture development and hence for
its kinematic history.
Fractures are generally classified into mode I (tension),
mode II (shear) and mode III (antiplanar shear) fractures

(e.g., Pollard & Aydin, 1988; Mandl, 2005). Mode III
fractures will not be considered further in this work.
Mode I fractures or joints are extensional and open
perpendicular to the maximum tensile stress, whereas
Mode II fractures are shear fractures that develop at an
angle to the maximum principal stress and accommodate
strain by slip along the fracture plane. They are thus
mechanically different. It can, however, be difficult
to distinguish Mode I and Mode II fractures in the
field (e.g., Mandl, 2005). Consequently, we follow the
recommendations of Pollard & Aydin (1988) using
the term fracture for ambiguous fractures, further
subdividing this into joint or shear fracture/fault where
possible.
Fracture interaction, abutting and cross-cutting
relationships (e.g., Dyer, 1988; Pollard & Aydin, 1988;
Mandl, 2005) were used to separate different fracture
sets and determine their relative age. We also considered
stress perturbation (deflection) in the vicinity of
open fractures (e.g., Dyer 1988; Mandl, 2005) and
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faults (Rawnsley et al., 1992; Nüchter & Ellis, 2011)
when evaluating the relative age and palaeostress for
the different fractures. There is also an important
relationship between joints and faults as many faults
initiate as joints (e.g., Reches & Lockner, 1994; Peacock,
2001; Crider & Peacock, 2004). It is therefore important
to distinguish whether joints developed prior to, during
or after faulting, as joints formed synchronous with faults
may reflect the same stress regime as that which caused
the faulting (Peacock, 2001).

Results
Lineament analysis
The magnetic anomaly representing the Hamarøya Fault
(Fig. 2B) corresponds to a distinct escarpment (Fig. 2C).
The escarpment marks a relief of up to c. 600 m to the
deeper parts of Vestfjorden in the east, and is composed
of discrete NNE–SSW- and ENE–WSW-trending
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lineaments. Some of these lineaments continue onshore
where they and similar-trending lineaments align with
major breaks in topography and represent the dominant
morphotectonic lineament pattern (Fig. 2D). In addition
to the NNE–SSW- and ENE–WSW-trending lineaments,
WNW–ESE-trending lineaments also represent a
significant portion of the onshore lineaments, whilst
NNW–SSE-trending lineaments represent the smallest
group (Fig. 2D).
The NNE–SSW-trending lineaments have their highest
density in coastal areas near the Hamarøya Fault (Fig.
3A), but also occur more frequently along major breaks
in topography on Hamarøya and between Hamarøya
and the mainland (cf., Figs. 2C, D, 3A). The ENE–
WSW-trending lineaments have a more uniform
distribution with highest densities along major ENE–
WSW-trending breaks in topography (cf., Figs. 2C, D,
3B). Importantly, the high-density areas of NNE–SSWtrending lineaments are offset across the most prominent
ENE–WSW-trending lineaments (cf., Figs. 2C, D, 3A,

Figure 3. Lineament
density maps showing
the spatial distribution
of morphotectonic lineaments from Fig. 2D. (A)
N–S- to NE–SW-trending lineaments, (B) NE–
SW- to E–W-trending
lineaments, (C) E–W- to
NW–SE-trending lineaments, and (D) NW–SEto N–S-trending lineaments.
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Figure 4. Photographs of morphotectonic lineaments on Hamarøya. Photograph locations and orientations are shown in Fig. 2C. (A) NNE–SSWtrending morphotectonic lineaments correspond with zones of higher fracture density and consequently represent fracture lineaments. (B) Faults
with cataclasite are observed locally along the NNE–SSW-striking fracture set. (C) Prominent ENE–WSW-trending morphotectonic lineament
that aligns with a distinct ENE–WSW-striking ductile shear zone (D) dipping c. 36° to the NNW. (E) The WNW–ESE-trending morphotectonic
lineaments represent subvertical ductile shear zones (cf., Fig. 2A).

B). Regarding the WNW–ESE-trending lineaments,
these have their highest density in the easternmost part
of the map area, with a slight decrease approaching the
coast and the NNE–SSW-trending lineaments (Fig.
3C). The NNW–SSE-trending lineaments occur locally
throughout the study area and also align with prominent
topographic lineaments and breaks in topography (cf.,
Figs. 2C, D, 3D).
Regional mapping combined with correlation to
previously published maps (Tveten, 1978) reveals that
the morphotectonic lineaments represent both brittle
fracture zones and/or ductile shear zones (Figs. 2 and
4). NNE–SSW-trending lineaments correspond with
brittle fractures and fracture zones, where the most
prominent lineaments represent zones of higher fracture
density (Figs. 4A and 5). Cataclasites are also found
locally along these fracture zones in coastal areas (Fig.
4B). They are thus classified as fracture lineaments. The

ENE–WSW-trending lineaments represent both brittle
fracture zones and a ductile foliation (Figs. 2, 4C, D,
5). In coastal areas, brittle fracture zones or fractures
overprinting the foliation dominate, whereas farther
inland the foliation is most prominent. The WNW–ESEtrending lineaments represent a ductile fabric and steep
shear zones (Fig. 4E). In coastal areas, NW–SE-striking
fractures are abundant (Fig. 5). These fractures, however,
do not correspond with significant morphotectonic
lineaments. The NNW–SSE-trending lineaments
represent both fractures and foliation. This group only
occurs locally, either linking NNE–SSW-trending
fracture arrays or along regional fold systems (cf., Figs.
2A, 3D, 5).
Fracture analysis
The fracture system in the main study area at the
northwestern point on Hamarøya corresponds well
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Figure 5. (A) Aerial photo
graph of the northwest
coast of Hamarøya showing
the georeferenced fracture
and foliation measurements in addition to photography locations. The map
location is given in Fig.
2A. (B) Contoured poles
to all fracture measure
ments shown on the map.
(C) Close-up of aerial photograph showing the curving of NNE–SSW-striking
fractures into ENE–WSW
fractures. (D) Close-up of
aerial photograph show
ing the curving of NW–
SE-
striking fractures into
NNE–SSW fractures.

with the regional morphotectonic lineaments, and is
dominated by NNE–SSW-, ENE–WSW- and NW–
SE-trending brittle fractures (Figs. 5 and 6). The local
bedrock consists of homogeneous mangerites and
the fractures are generally not controlled by bedrock
heterogeneities. An exception is the topographic low
in the central part of the area which corresponds to a
ductile shear zone with a steep, N–S- to NNW–SSEstriking foliation (Fig. 5A). Here, the advancing brittle
fractures locally bend into and merge with the foliation.
In the study area, the NNE–SSW-striking fractures
are most abundant (Fig. 5A, B). They commonly
dip to the WNW and occur along discrete zones of
higher fracture density (Fig. 6A), aligning with the

NNE–SSW-trending morphotectonic lineaments (cf.,
Figs. 2D , 3A, 5). NNE–SSW-striking fractures appear
both as steep to moderately dipping continuous fractures
(Fig. 6A, B) and as discontinuous fractures (Fig. 6C, D,
E). No diagnostic indicators of shear movement (e.g.,
slickensides, grooves or striations) have been observed
on the fracture surfaces, nor have plumose markings
indicating extension fractures or joints been observed.
However, the homogeneity and coarse-grained nature
of the local bedrock combined with coastal erosion
makes it difficult to observe minute displacements and
fracture-plane morphology. Twist hackles (e.g., Dunne &
Hancock, 1994; Younes & Engelder, 1999) do, however,
occur at the termination of the discontinuous fractures
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Figure 6. Photographs and stereonets showing the fracture sets on Hamarøya. Photograph locations and orientations are shown in Fig. 5. All
the stereonets represent equal-area, lower-hemisphere projection of fracture planes (great circles) and their respective poles (open dots), and
was created using Orient 2.1.1 (Vollmer, 2010). (A) Continuous NNE–SSW-striking fractures interpreted as shear fractures. The fractures are
localised within discrete zones representing the most prominent morphotectonic lineaments in the area. (B) Stereonet showing the orientation
of the NNE–SSW-striking shear fractures shown in Fig. 6A. (C) Discontinuous NNE–SSW-trending joints terminate in NE–SW-striking twist
hackles. (D) Close-up of joint termination with twist hackles. (E) Stereonet showing the orientation of NNE–SSW-striking joints that terminate
in NE–SW-striking twist hackles. (F) NNE–SSW-striking fractures systematically curve into and abut against ENE–WSW-striking fractures
resulting in clockwise curving-parallel geometries. (G) Orientation of the NNE–SSW- and ENE–WSW-striking fracture sets. Whereas the
ENE–WSW-striking fractures are subvertical and show little variation in strike, the NNE–SSW-trending fractures have steep to moderate dips
and curve into the latter set. Grooves and corrugations are observed locally on some ENE–WSW-striking fractures and indicate a component
of sinistral shear. The tangent-lineation (slip-linear) plot (e.g., Twiss et al., 1991) shows the general movement direction of the hanging-wall
block. The fault lineations are also shown as lines on their respective fault planes (black squares). (H) NW–SE-striking joints systematically
curve into and abut against NNE–SSW fractures resulting in clockwise curving-parallel geometries. (I) Stereonet showing the change in attitude of the NW–SE-striking fracture set as it curves into the NNE–SSW-trending fracture set.
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(Fig. 6C, D, E). In these cases the master fractures have
a NNE–SSW strike whilst the twist hackles are NE–SW
striking. Because twist hackles are associated with the
termination of joints, we interpret the discontinuous
NNE–SSW-striking fractures to represent joints (Fig.
6C). Similar to the breakdown of NNE–SSW-trending
joints into NE–SW-striking twist hackles, the more
continuous NNE–SSW-striking fractures systematically
curve in a clockwise manner towards, and abut against
ENE–WSW-striking fractures, resulting in curvingparallel geometries (cf., Dyer, 1988; Mandl, 2005) (Figs.
5A, B, C, 6F, G). The NNE–SSW-striking fractures have
an average strike of c. 195° midway between the ENE–
WSW-striking fractures while the strike is c. 230° in the
vicinity of the ENE–WSW-striking fractures (Fig. 6G).
These fractures also show an increase in fracture density
approaching the main fracture lineaments (Fig. 6A). This
may indicate a local increase in damage due to slip along
the master fracture plane (cf., Peacock, 2001). We thus
interpret these fractures to represent shear fractures/
faults.
The ENE–WSW-trending fractures in the study area
have a regular spacing and are dominantly subvertical
(Figs. 5A, B, C, 6F, G). They represent the most laterally
continuous and rectilinear fracture set. Grooves and
corrugations (cf., Power & Tullis, 1989; Doblas, 1998)
are locally observed along these fractures (Fig. 6G) and
indicate a component of sinistral strike-slip motion.
However, no evidence of significant offset is observed.
There is, in addition, no indication of any increase in
fracture or strain intensity towards the ENE–WSWstriking fractures, nor has cataclasite or gouge been
observed along the fractures. Based on the occurrence
of grooves and corrugations on the ENE–WSW-striking
fractures, combined with the curviplanar nature of
the adjacent NNE–SSW-trending fractures that curve
into the ENE–WSW fracture set, we interpret them to
represent shear fractures/faults. There is, however, no
observable offset of the N–S- to NNW–SSE-striking
ductile shear zone at the continuation of these fractures,
indicating either that they die out or step across the
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foliation, or that the actual strike-slip displacement
across these fractures is small.
NW–SE-striking fractures show a systematic distribution
in the study area, but vary in intensity locally. They are
subvertical and have an average strike of c. 127° (Figs.
5A, B, D, 6H, I). These fractures systematically abut and
curve in a clockwise manner into the NNE–SSW-striking
fractures resulting in curving-parallel geometries (Figs.
5D, 6H, I). Since no evidence of faulting or layer-parallel
shear has been observed across these fractures, combined
with their steep attitude we interpret them to represent
joints.

Discussion
Fracture analysis
Digital geological mapping on Hamarøya has been
used to register and distinguish between three fracture
sets, i.e., ENE–WSW, NNE–SSW and NW–SE. The
morphology and interaction of these fractures have
been used to evaluate their relative timing and to infer
the character of the ancient stress field and its variation
through time using dynamic analysis (e.g., Dunne &
Hancock, 1994; Mandl, 2005). The ENE–WSW-striking
fractures are interpreted to represent shear fractures
or minor faults, the NNE–SSW-trending fractures are
interpreted to occur both as joints and as shear fractures
whilst the NW–SE-striking fractures are interpreted as
joints.
Relative age of fracturing
Abutting relationships between fractures can be used
to determine their relative age; e.g., a younger joint will
abut against an older fracture if the latter acted as a
free surface, a younger fault may, in contrast, truncate
an older fracture, and joints may, in addition, develop
during different stages of faulting (Dunne & Hancock,
1994; Peacock, 2001; Mandl, 2005). Systematic abutting

Figure 7. Conceptual models showing possible explanations for the
development of curving fractures
and their relative age. (A) Curvingparallel geometries develop as a
result of simple shear resulting in
material rotation and drag of older
fractures towards younger fractures.
(B) Stress perturbation in the vicinity
of open fractures or faults causes
younger fractures to propagate in the
direction of the perturbed stress field,
resulting in curving-perpendicular or
curving-parallel geometries (modified from Dyer, 1988).
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and curving relationships are observed both between the
NNE–SSW- and ENE–WSW-striking fractures (Fig. 6F,
G) and between the NW–SE- and NNE–SSW-striking
fractures (Fig. 6H, I). Such curving relations could either
be explained by: (i) material rotation and drag of older
fractures towards younger fractures as a result of simple
shear (Fig. 7A), or (ii) stress perturbation in the vicinity
of open fractures (Dyer, 1988; Mandl, 2005) or faults
(Rawnsley et al., 1992; Nüchter & Ellis, 2011), causing
the younger fractures to grow and propagate in the
direction of the perturbed stress field (Fig. 7B). The first
model implies that the curving fractures are older than
the fractures they curve into, whilst the second model
implies that the curving fractures are younger than or
developed synchronously with the fractures into which
they curve.
Regarding the relationship between the NNE–SSWand the ENE–WSW-striking fractures, the first model
implies that the NNE–SSW fractures are older and were
later dragged towards the younger ENE–WSW-striking
fractures (Fig. 7A). This would require several metres of
dextral strike-slip displacement along the ENE–WSWstriking fractures. As a consequence, pronounced offset
of older structures and fabrics, in addition to an increase
in strain towards the ENE–WSW-striking fractures,
would be expected. The second model implies that
the NNE–SSW-striking fractures are younger than, or
developed synchronously with, the ENE–WSW fractures
(Fig.7B). This does not require shear displacement
along the ENE–WSW-striking fractures. Since we see
no evidence of an increase in strain or fracture intensity
approaching the ENE–WSW-striking fractures, nor any
evidence of metre-scale offset along them, we reject the
first model (Fig. 7A) and conclude that the NNE–SSW
fractures grew in a perturbed stress field. Therefore,
the second model best explains their origin (Fig. 7B).
This implies that the ENE–WSW-striking fractures are
older than, or developed at the same time as, the NNE–
SSW fractures. Such an interpretation is supported by
striations and corrugations (Fig. 6G) which indicate
a component of sinistral shear along the ENE–WSWstriking fractures and not dextral as would be the case
for the first model (cf., Fig. 7A, B). We further interpret
the ENE–WSW fractures to represent the oldest fracture
set and infer that they originated as joints and were later
reactivated as shear fractures/faults during development
of the NNE–SSW-striking fractures. Evidence for this is
somewhat circumstantial. However, the through-going
nature, steep attitude and regular spacing of the ENE–
WSW-striking fractures indicate that they originated as
systematic joints.
Regarding the NNE–SSW and NW–SE fractures,
the relative age is fairly straightforward. The NW–
SE-striking joints systematically abut and curve into the
NNE–SSW fractures (Fig. 6H, I) in a similar manner
as the NNE–SSW fractures curve into and abut against
the ENE–WSW-trending fractures. No indications of

oblique-slip displacement, however, have been observed
across the NNE–SSW-striking fractures. Consequently,
the curving relationship is attributed to local stress
perturbation in the vicinity of open fractures (Fig. 7B).
The NW–SE fractures are therefore younger than the
NNE–SSW fracture set.
Palaeostress determinations
Joints develop perpendicular to the minimum principal
stress (σ3) and propagate in the plane defined by the
maximum (σ1) and intermediate (σ2) principal stresses,
i.e., the σ1σ2-plane (e.g., Dunne & Hancock, 1994; Mandl,
2005). The strike of each joint is the intersection of
the σ1σ2-plane with the horizontal plane and thus the
direction of maximum horizontal stress (σH) at the time
of joint formation (Rawnsley et al., 1992). Consequently,
assuming that the ENE–WSW-striking fractures are
oldest and originated as a systematic joint set, this
indicates an ENE–WSW-striking σH (average 70°) at
the time of their formation and that they developed as a
result of NNW–SSE extension (Fig. 8A).
Joints propagating in perturbed stress fields will curve
in accordance with the directions of the stress field
trajectories (Rawnsley et al., 1992; Peacock, 2001; Mandl,
2005), and the strike of the joint will represent the
local σH. If an older, open, fracture set causes the stress
perturbation, the new joint will start midway between
the older joint where the uniform field of the remote
stresses is least affected by the joint planes and the
tensile stress σ3 has its highest value (Mandl, 2005). The
orientation and magnitude of the principal stresses in
the mid-region between, or at a sufficient distance from,
the older joints may thus be considered as unperturbed
and approximating the remote stresses (Dyer, 1988;
Mandl, 2005). In our case the strike of the NNE–SSW
fractures midway between the ENE–WSW-striking
fractures is c. 195° (Figs. 5C, 6G), indicating a WNW–
ESE regional extension (Fig. 8B). Such an interpretation
is in agreement with the orientation of the NNE–SSWstriking joints which break down into NE–SW-striking
twist hackles (Fig. 6C, D, E), as the main joint may be
interpreted to reflect the regional stress whereas the twist
hackles reflect a local stress perturbation (cf., Younes &
Engelder, 1999).
The youngest NW–SE-striking fractures, interpreted
as joints, show clockwise curving-parallel geometries
that developed as a result of local stress perturbation in
the vicinity of the open NNE–SSW fractures. At some
distance away from the NNE–SSW fracture zone, the
NW–SE-striking joints are subvertical and have an
average strike of c. 127° (Figs. 5D, 6H, I). Consequently,
following the discussion above, this indicates a NW–
SE-oriented σH and that these fractures developed as a
result of a NE–SW-trending extension (Fig. 8C).
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Figure 8. Relative age and dynamic interpretation of fracture systems
on Hamarøya (σH=maximum horizontal stress). (A) The ENE–WSWstriking fracture set is oldest and developed as systematic joints during
a NNW–SSE-trending extension. (B) WNW–ESE-directed extension
led to the development of NNE–SSW-striking joints and shear fractures. Sinistral shear reactivation of ENE–WSW-striking joints resulted
in a local stress perturbation and development of clockwise curvingparallel geometries at zones of fracture interaction. This deformation
event is related to the Hamarøya Fault. (C) The NW–SE-striking fracture set is youngest and resulted from a NE–SW-trending extension.
Stress perturbation in the vicinity of the older NNE–SSW-striking
fracture set resulted in clockwise curving-parallel geometries at zones
of fracture interaction. This deformation event is considered to be related to a neotectonic stress field, or at least to the stress field that has
prevailed since final breakup in the Eocene and is assumed to reflect
ridge-push forces.
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Regional implications
The Hamarøya Fault (Fig. 2A, B) parallels a prominent
escarpment characterised by discrete NNE–SSW- and
ENE–WSW-trending topographic lineaments observed
on bathymetry data (Fig. 2C). These lineaments
correspond to the dominant morphotectonic lineament
pattern recorded in coastal areas (Figs. 2D, 3A, B), and
aligns with the NNE–SSW- and ENE–WSW-striking
fracture sets (Figs. 4A, 5, 6). NNE–SSW-trending
morphotectonic lineaments represent zones of higher
fracture density (Figs. 4A, 5, 6A), which increase when
approaching the Hamarøya Fault (Fig. 3A). This indicates
that the NNE–SSW-striking fractures developed in
association with the Hamarøya Fault, either as pre-fault
or syn-fault fracturing, or a combination of these (cf.,
Peacock, 2001). ENE–WSW-trending morphotectonic
lineaments represent both fracture zones and a ductile
foliation (Figs. 2A, 4C, D, 6F, G), where the zones of
highest lineament density are aligned with zones across
which the NNE–SSW-trending tectonic lineaments are
offset (cf., Fig. 3A, B). Based on these observations we
interpret the NNE–SSW- and ENE–WSW fractures in
coastal areas to represent the damage zone (cf., McGrath
& Davidson, 1995; Kim et al., 2004; Berg & Skar, 2005)
of the Hamarøya Fault and, consequently, to reflect
the same stress system as caused the faulting offshore.
This means that the NNE–SSW-trending escarpments
aligning with the Hamarøya Fault (cf., Fig. 2C) represent
the main orthogonal fault system that developed
perpendicular to the trend of extension, whilst the ENE–
WSW-trending escarpments represent synthetic transfer
zones (cf., Morley et al., 1990) linking the NNE–SSWstriking fault array. The fact that some of the ENE–WSW
morphotectonic lineaments coincide with foliation and
ductile shear zones (Figs. 2A, 4C, D) indicates that some
of these synthetic transfer zones were localised along preexisting weakness zones in the basement. Accordingly,
the Hamarøya Fault developed under an overall WNW–
ESE-trending extensional regime resulting in an array of
NNE–SSW-striking, right-stepping, normal faults, hardlinked by ENE–WSW-striking synthetic transfer zones.
Since the Vestfjorden Basin initiated in response to late
Middle Jurassic–Early Cretaceous crustal stretching
(Blystad et al., 1995), corresponding with WNW–ESEtrending extension on the Lofoten and Vesterålen margin
(Hansen et al., 2012), we infer that the Hamarøya Fault
and associated fracture set also developed at this time.
A regional WNW–ESE-trending extension was also
inferred for the Lofoten Ridge by Wilson et al. (2006),
and also corresponds with the early (D1–S1) strain in
Bergh et al. (2007) and Eig (2008), based on onshore
kinematic analysis of faults and fractures from the same
area. The two last-mentioned publications, however,
considered a sequential evolution of the fracture system
with rotation of the regional extension trend from
WNW–ESE to NNW–SSE. This rotation resulted in
the truncation of NNE–SSW-striking faults by younger
ENE–WSW faults. Such a model could be proposed
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as an alternative interpretation of the fracture sets on
Hamarøya, where the more ENE–WSW-oriented fault
segments reflected a younger fault system truncating the
NNE–SSW fracture set, thereby creating the observed
zigzag geometry. However, this is inconsistent with the
timing constraints obtained by us, i.e., that the ENE–
WSW-trending fracture set was active simultaneously
with, and probably developed prior to, the NNE–SSWstriking fractures. The inferred sinistral shear sense
on the ENE–WSW fracture set would rather favour a
transfer-zone interpretation (Fig. 8B). This is supported
by seismic interpretations offshore Lofoten where the
dominant NNE–SSW-striking fault array is linked by
NE–SW- to E–W-trending transfer zones (Hansen, 2009;
Hansen et al., 2012).
NW–SE-trending fractures have been observed
regionally in the Lofoten area, and are interpreted also
here to represent the youngest fracture set (Wilson et
al., 2006; Bergh et al., 2007; Eig, 2008; Eig & Bergh,
2011). These fractures are assigned a Late Cretaceous–
Cenozoic age and are related either to a continued,
regional, NNW–SSE extension with local incremental
rotation and NNE-directed shear stress (Bergh et al.,
2007), or to NW–SE strike-slip faults (Wilson et al.,
2006). We propose an alternative explanation, i.e., that
they represent neotectonic joints (Hancock & Engelder,
1989; Khadkikar, 2002) characterising the current stress
regime, or at least the stress regime prevailing since
final breakup in the Eocene. In the Mid-Norwegian
province the maximum horizontal stress σH is NW–
SE-directed (Fejerskov et al., 2000) and interpreted to
reflect a ridge-push effect (Fejerskov & Lindholm, 2000).
Similar contemporary stresses have also been measured
in Finnmark (Pascal et al., 2005, 2012). These stresses
are in agreement with the σH trend interpreted from the
youngest NW–SE-striking joints (Fig. 8C). In support
of this model are interpretations by Grønlie et al. (1991)
who postulated that NW–SE-striking fractures in the
Møre–Trøndelag Fault Complex represent a stress field
of Tertiary age related to ridge-push forces, the inversion
effects of which are known from offshore Mid-Norway
(e.g., Vågnes et al., 1998; Pascal & Gabrielsen, 2001;
Lundin & Doré, 2002).

Conclusions
Brittle fractures and ductile foliation exert the
dominant control on morphotectonic lineaments on
Hamarøya. NNE–SSW-trending lineaments represent
brittle fracture zones and are thus classified as fracture
lineaments. ENE–WSW- and NNW–SSE-trending
lineaments represent both brittle fracture zones and a
ductile foliation, whilst WNW–ESE-trending lineaments
represent ductile shear zones.
The fracture system on Hamarøya comprises three
fracture sets: (i) ENE–WSW-striking shear fractures, (ii)

NNE–SSW joints and shear fractures, and (iii) NW–SE
joints.
The ENE–WSW-striking fractures are oldest and
probably initiated as joints resulting from NNW–
SSE-trending extension. They were later reactivated
as sinistral shear fractures during development of the
NNE–SSW-striking fracture set, resulting from a WNW–
ESE-trending extension. The NW–SE-striking joints
represent the youngest fracture set on Hamarøya and
developed in response to a NE–SW-trending extension.
The Hamarøya Fault is characterised by discrete NNE–
SSW- and ENE–WSW-trending escarpments defining
the dominant morphotectonic lineament pattern. The
corresponding fracture sets observed along the coast are
interpreted as the damage zone of the fault.
The Hamarøya Fault developed during WNW–ESEtrending extension in late Middle Jurassic to Early
Cretaceous times, resulting in an array of right-stepping,
NNE–SSW-striking faults, hard-linked by ENE–WSWstriking synthetic transfer zones.
The NW–SE-trending fracture set is interpreted as
neotectonic joints and hence to represent the presentday stress regime or at least the stress regime that has
prevailed since final breakup in the Eocene, generally
interpreted as related to ridge-push forces.
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