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a b s t r a c t

This paper investigates the geometry, deformation history and age of the synkinematic granitic Årdal
dyke complex in the Upper Jotun Nappe, SW Norway. The typically subparallel north-trending dykes are
folded and boudinaged, reflecting emplacement and deformation in a top-to-southeast non-coaxial
strain field. The synmagmatic strain field is interpreted to reflect thrusting of the nappe at 427 � 1 Ma,
the zircon U–Pb TIMS age of the Årdal dyke complex. The Upper Jotun Nappe is a displaced part of the
Baltic Shield; the age is therefore a minimum age for initiation of Caledonian thrusting of crystalline
Baltica crust in western Norway.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Granitic magmatism is commonly associated with active oro-
gens, where the location and mode of granite emplacement will be
influenced by the prevailing strain field. Syntectonic granites thus
offer an opportunity to constrain the strain field at the time of
emplacement (e.g., Holdsworth and Strachan, 1988; Gleizes et al.,
1997; Spanner and Kruhl, 2002). As the timescale of granitic
magmatism is typically short compared to the evolution of an
orogen, this provides a snapshot of the strain field at a precise point
in time (Harris et al., 2000; Petford and Clemens, 2000; Petford
et al., 2000). Combined geochronological and structural studies of
syntectonic granites therefore represent a powerful tool in the re-
construction of orogenies.

The Upper Jotun Nappe in the Jotun Nappe Complex, part of the
Caledonian allochthon of south-western Norway (Fig. 1), was re-
cently confirmed as a displaced part of the Baltic Shield (Lundmark
et al., 2007). It hosts the synkinematic, granitic Årdal dyke complex,
previously thought to be of Proterozoic age (Koestler, 1982). The
dyke complex was recently re-dated to 427 � 1 Ma (Lundmark and
Corfu, 2007), linking it to the Scandian collisional phase of the
Caledonian orogeny (Stephens and Gee, 1985; Hacker et al., 2003).
The Årdal dyke complex thus offers an opportunity to investigate
the local Caledonian strain field and the involvement of the Baltic
: þ47 22 85 42 15.
mark).
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Shield in the Caledonian orogeny in south-western Norway. In this
study, granitic dykes at two localities in the Upper Jotun Nappe are
dated to verify the geographical extent of the Årdal dyke complex
and further constrain the timing of its emplacement, and the ge-
ometry and strain history of the dyke complex are examined.

2. Regional geology: south-western Norway
and the Jotun Nappe Complex

During the Palaeozoic Caledonian orogeny Baltica collided with
Laurentia, and southeast directed thrusting resulted in the em-
placement of a series of nappes on top of the Baltic Shield (Stephens
and Gee, 1985). These have traditionally been divided into four
units according to their inferred origin: the Lower and Middle
Allochthon represent oceanward parts of Baltica basement and its
cover sequence, the Upper Allochthon consists of the outermost
margin of Baltica and remains of the Iapetus Ocean, and the Up-
permost Allochthon comprises rocks of Laurentian affinity (Roberts
and Gee, 1985). The present-day geology of Norway is dominated
by the erosional remnants of these thrust sheets. A brief summary
of the current understanding of the timing of Caledonian collisional
tectonics in western Norway is given in Hacker and Gans (2005)
and Hacker et al. (2003).

One of the most prominent sets of thrust sheets in south-
western Norway is the far-travelled Jotun Nappe Complex (Milnes
and Koestler, 1985; Hossack and Cooper, 1986; Milnes et al., 1997).
The complex consists mainly of displaced slices of crystalline con-
tinental crust and is generally assigned to the Middle Allochthon,
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Fig. 1. Geology of south-western Norway (simplified after Gee et al., 1985; Lutro and Tveten, 1996; Fossen and Holst, 1995; Fossen and Dallmeyer, 1998). Localities are: (I) Fresvik, (II)
Kaupanger, (III) Galdhøpiggen. The cross-section represents an idealised traverse normal to the strike of the Jotun Nappe Complex to the southeast of Galdhøpiggen. Fold axes and
lineations relate to late-Caledonian top-to-northwest extension.
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implying an origin in the imbricated Baltoscandian margin. This
interpretation was recently confirmed by the similar Precambrian
tectonometamorphic histories of the nappe complex and the
Western Gneiss Region, the present outer edge of the Baltic Shield
below, and to the northwest, of the nappe complex (Lundmark
et al., 2007). The Jotun Nappe Complex is separated from the Baltic
Shield by a décollement zone of Neoproterozoic and early Palae-
ozoic parautochthonous phyllitic and quartzitic rocks (Milnes et al.,
1997). Top-to-southeast kinematic indicators within the décolle-
ment zone, relating to the collisional phase of the Caledonian
orogeny, were largely overprinted by top-to-northwest extensional
structures during late-Caledonian orogenic collapse, initiated
shortly before 400 Ma (e.g., Fossen, 1992; Andersen, 1998; Dunlap
and Fossen, 1998).
The polydeformed and polymetamorphosed Jotun Nappe
Complex has traditionally been divided into two units, the Lower
and the Upper Jotun Nappes, based on differences in metamorphic
grade (Battey and McRitchie, 1973; Lutro and Tveten, 1996). The
importance of this division was underlined by the recent re-dating
of the Årdal dyke complex, present only in the overlying Upper
Jotun Nappe, to 427 � 1 Ma (Lundmark and Corfu, 2007), thus
confirming juxtaposition of the two units during the Caledonian
orogeny.

The Lower Jotun Nappe, separated from the Upper Jotun Nappe
by complex shear zones, is dominated by para- and orthogneisses,
generally of syenitic to monzonitic (ca. 1.69 Ga) or gabbroic com-
positions (ca. 1.25 Ga), metamorphosed up to amphibolite facies
conditions during the Sveconorwegian orogeny (ca. 910 Ma;
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Schärer, 1980). An overturned basement-cover contact links the
late Precambrian Valdres Sparagmite to the Lower Jotun Nappe. The
allochthonous sparagmites (meta-arkoses and conglomerates) are
commonly correlated with the (par-) autochthonous cover of the
Baltic Shield (Hossack et al., 1985; Nickelsen et al., 1985; Milnes
et al., 1997).

The Upper Jotun Nappe consists mainly of variably retrograded
granulite facies rocks; the north-eastern parts are dominated by ca.
1.65 Ga orthogneisses (Lundmark et al., 2007), while the central
and southern parts are dominated by a ca. 965 Ma anorthosite–
gabbro-troctolite suite (Lundmark and Corfu, 2008). Sveconorwe-
gian regional high-grade metamorphism was locally followed by
late-Sveconorwegian amphibolite facies retrogression/hydration,
anatexis and shearing, which in the Hurrungane area was dated to
ca. 950 Ma (Lundmark et al., 2007).

The Jotun Nappe Complex is cut by the northeast trending, ca.
20–45� northwest dipping extensional Lærdal-Gjende Fault (Fig. 1),
which along with numerous minor top-to-northwest faults in the
nappe complex marks the final stage of the Devonian orogenic
collapse. The polyphase fault is marked by an up to 200 m thick
zone of top-to-northwest extensional cataclasites (Milnes and
Koestler, 1985; Andersen et al., 1999). The fault becomes less
marked to the southwest and eventually dissolves in an array of
extensional shear zones/faults. It has been suggested that the
Lærdal-Gjende Fault represents a shallow level, late phase expres-
sion of the 600 km long ductile Hardangerfjorden Shear Zone
(Fossen and Hurich, 2005). Reactivation of the Lærdal-Gjende Fault
has taken place on several occasions, most importantly during the
Permian (Andersen et al., 1999).

3. The Årdal dyke complex

3.1. General features

Typically north trending and eastward dipping leucogranitic
dykes, often incorrectly referred to as trondhjemites in the litera-
ture (cf. Lundmark and Corfu, 2007), intrude the variably retro-
graded granulite facies rocks of the Upper Jotun Nappe. The dyke
complex is centred on the Årdalfjord (Fig. 1), where the granites
locally are the dominant rock type. To the northeast and southwest
of the Årdalfjord, the dykes gradually become less frequent. The
dykes typically range in width from centimetres to several tens of
Table 1
U–Pb isotopic data and ages, Årdal dyke complex

Fractiona Weight
(mg)b

U
(ppm)b

Th/Uc Pbcom
(pg)b,d

206Pb
204Pb

e 207Pb
235U

f 2 sigma
(abs)f

Fresvik (Locality I)
Z1 eu fr 9 1047 0.01 7.3 5550 0.5233 0.0021
Z2 sr 1 536 0.24 1.4 3478 1.4312 0.0062
Z3 eu fr [4] 2 2498 0.04 0.8 27131 0.5246 0.0016
Z4 eu <1 >653 0.03 2.4 1176 0.5253 0.0033
Z5 sh fr [5] 5 799 0.03 2.0 8590 0.5256 0.0023

Galdhøpiggen (Locality III)
Z6 eu fr 2 224 0.02 1.1 1780 0.5295 0.0031
Z7 eu tip [5] 1 230 0.00 0.9 1134 0.5268 0.0044
Z8 eu tip 1 248 0.01 0.9 1179 0.5340 0.0044
Z9 eu fr 1 481 0.01 4.4 493 0.5204 0.0052
Z10 eu sh 19 86 0.01 4.3 1634 0.5256 0.0039
Z11 eu fr 18 249 0.01 19.7 999 0.5229 0.0020

a fr, fragment; eu, euhedral grain; sh, subhedral grain; sr, subrounded grain; [N], num
b Weight and concentrations are known to about 10% for samples larger than 5 mg and
c Th/U model ratio inferred from 208/206 ratio and age of sample.
d Pbcom, total common Pb in sample corrected for spike and fractionation (initial þ b
e Raw data corrected for fractionation.
f Corrected for fractionation, spike, blank and initial common Pb; error calculated by
metres, with thicknesses in excess of 200 m inferred for poorly
exposed dykes north of the Årdalfjord. The dykes cross-cut each
other and include pegmatitic and aplitic varieties. The geographical
extent of the Caledonian granites has been uncertain. Away from
the central area occupied by the dyke swarm, the appearance of the
granite tends to change as it becomes coarser grained and the
content of mafic minerals decreases. Coincidentally, pre-Caledo-
nian felsic dykes and pegmatites, rare or absent in the central parts
occupied by the dyke complex, are common in this outer region (cf.
Lundmark et al., 2007). Some of these, when retrograded, can easily
be confused with the Caledonian dykes.

3.2. Geochronology

To determine the geographical extent of the Årdal dyke com-
plex, coarse grained dykes to the northeast and southwest of the
main complex were dated. Handpicked zircons from two crushed
leucogranitic dykes at localities I and III (Fig. 1) were dissolved,
spiked with 205Pb/235U and dated using isotope dilution thermal
ionisation mass spectrometry (ID-TIMS; for details of analytical
procedure see Lundmark and Corfu, 2007 and references therein).
At locality I along the road to Fresvik (UTM 3865E6740N) a ca. 3 dm
wide, gently south dipping dyke cut by a top-to-southeast shear
zone was sampled. The dyke has a northwest dipping foliation
defined by biotite, and cuts the fabric of the augen gneiss country
rock. The second sample was collected at locality III ca. 5 km
northeast of Galdhøpiggen (UTM 4657E6838N), and is representa-
tive of ubiquitous thin, felsic dykes in the generally highly sheared
gneisses in the area. The dykes range from parallel to oblique to the
main gneissic foliation and are in general themselves sheared and/
or folded. The dated sample, leucocratic granite with sporadic
coarse biotite and cm-sized potassic feldspar, represents the latest
generation, which cuts across the sheared rocks without being
visibly deformed. The samples yield ages of 427.6 � 1.3 Ma and
427.5 � 1.9 Ma respectively (Table 1; Fig. 2A,B), overlapping with
the previous 427.1 � 0.7 Ma titanite and zircon age from the main
dyke complex in the Kaupanger (locality II) area (Lundmark and
Corfu, 2007). This links the dated dykes to the Årdal dyke complex,
extending the confirmed presence to include most of the Upper
Jotun Nappe. The overlapping ages also indicate a relatively brief
magmatic event, as the age difference between the main dyke
complex and the last, undeformed dykes cannot be resolved.
206Pb
238U

e 2 sigma
(abs)f

rhof 207Pb
206Pb

f 2 sigma
(abs)f

206Pb
238U
(Ma)f

207Pb
235 U
(Ma)f

207 Pb
206 Pb
(Ma)f

0.06822 0.00027 0.82 0.05563 0.00013 425.4 427.3 437
0.14075 0.00052 0.88 0.07375 0.00015 848.9 902.1 1035
0.06865 0.00019 0.94 0.05542 0.00005 428.0 428.2 429
0.06850 0.00026 0.62 0.05562 0.00028 427.1 428.7 437
0.06913 0.00028 0.91 0.05515 0.00010 430.9 428.9 418

0.06917 0.00026 0.71 0.05551 0.00023 431.2 431.5 433
0.06901 0.00032 0.64 0.05537 0.00036 430.2 429.7 427
0.06905 0.00031 0.65 0.05610 0.00036 430.4 434.5 456
0.06863 0.00029 0.59 0.05500 0.00045 427.9 425.4 412
0.06849 0.00021 0.45 0.05566 0.00037 427.0 428.9 439
0.06852 0.00014 0.61 0.05535 0.00017 427.2 427.1 427

ber of grains in multi-grain fractions.
not better than 50% for small single grains.

lank).

propagating the main sources of uncertainty.
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Fig. 2. Concordia diagrams. (A) Locality I, Fresvik. Point Z5 is reversely discordant,
while Z2 (not shown) has an inherited component. Points Z1, Z3 and Z4 yield a con-
cordant age of 427.5 � 1.9 Ma. Omitting point Z1, which may reflect minor recent lead-
loss, produces no significant change to the age. (B) Locality III (Galdhøpiggen). Points
Z6 and Z8 show components of inheritance, remaining points yield a concordant age of
427.6 � 1.3 Ma.
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3.3. Locality I, Fresvik

Locality I is situated to the southeast of the main dyke swarm,
where the dykes are exposed along road cuts in the Djupedal area
on the road to Fresvik (Fig. 1). The country rock is a variably
(re-)hydrated garnet bearing granulite augen gneiss. The leucog-
ranitic dykes, ca. 0.5–20 cm wide, are generally northeast striking
and dip towards southeast (Fig. 3A); the (sub-) parallel dykes are
oblique to the gneissic fabric of the country rock and are locally
emplaced in top-to-southeast shear zones.

In one instance, a ca. 1 dm wide Caledonian dyke is hosted by
a shear zone lined by deflected foliations defining a top-to-south-
east shear sense (Fig. 4A). The shear zone (and the dyke) is parallel
to the other dykes in the area, and cross-cuts ca. 890 Ma neosomes
(Lundmark and Corfu, 2008) in the country rock. The deflected
foliations, and deformation of a pre-Caledonian, garnet bearing
felsic dyke (possibly related to the neosomes; Fig. 4A) are not
mirrored in the Caledonian dyke; the shear zone is therefore pre- to
synmagmatic.
A northwest dipping foliation defined by biotite is present in the
dykes (Fig. 3B) but typically difficult to measure due to the small
width of most dykes in the area, the relatively coarse grain size, and
the lack of sufficient mafic minerals in the leucocratic dykes to
easily visualize the fabric. The dykes are cut at a low angle by
decimetre to metre scale top-to-southeast post-emplacement
shear zones that are sub-parallel to the dykes, but more gently
dipping. A ca. 155� trending mineral elongation lineation is de-
veloped on top-to-southeast shear surfaces and in a mylonite zone
(Fig. 3B). The strike of the foliation in the dykes is parallel to the
strike of the dykes, and normal to the lineation (maximum density
in stereoplot; Fig. 3A,B), relations consistent with top-to-southeast
non-coaxial strain.

During non-coaxial shear the minimum compressive stress (s3)
is oblique to the shear direction, presenting a potential weakness
for magmas to exploit if they intrude as self-propagating dykes,
whereas Riedel, P and C shear faults represent fault controlled
pathways. At this locality, the angle between the dip of the dykes
and the orientation of the foliation is ca. 130�, similar to the �120�

angle expected if synthetic Riedel faults controlled emplacement of
the dykes. The prevalence of one of the conjugate faults (normally
the synthetic faults) is a common feature of non-coaxial shear
zones (e.g., Anderson, 1951; Christie-Blick and Biddle, 1985).
The inferred C shear direction at Fresvik approximately matches the
observed, post-emplacement synthetic faults that cross-cut the
dykes at a low angle with a dip of ca. 10–25�.

We conclude that the most likely explanation for the observa-
tions is top-to-southeast non-coaxial strain during and after the
intrusion of the dykes, giving rise to synthetic Riedel faults that
served as conduits for the granitic magma. Both the Caledonian
dykes and the shear zones are typically enveloped by hydrated
zones, easily distinguished by a colour change in the country rock
from light brown to black as the garnet/pyroxene/amphibole as-
semblage is transformed into a biotite-dominated mineral assem-
blage. Locally, the post-emplacement faults have transformed the
gneiss into biotite schist.

3.4. Locality II, Kaupanger

Locality II is situated above the village of Kaupanger, close to the
geographical centre of the dyke swarm. Here, a ca. 1.5 km north-
west striking transect through the Upper Jotun Nappe along road
cuts gives an exceptionally good exposure of the Årdal dyke com-
plex. The country rock is a banded metatroctolite, locally coronitic,
with northeast dipping mafic and felsic (anorthosite) layers
(Fig. 3C) that vary in width from a few millimetres to approximately
one metre. The Caledonian dykes range in width from 0.5 cm to ca.
100 m and are typically northwest striking and northeast dipping
(Fig. 3D,E). Despite the overlapping orientations of the dykes and
the compositional layering of the metatroctolite in stereographic
plots (Fig. 3C,E; only �1 m wide dykes, thin dykes are generally
reoriented by post-emplacement deformation), the dykes are typ-
ically oblique to the layering, albeit at a small angle. Given the
marked anisotropy of the metatroctolite, we conclude that the
orientation of the dykes was primarily determined by an external
stress field, consistent with the observation at other localities that
the dykes typically are (sub-)parallel and, as at Fresvik, generally
oblique to the fabric of the country rocks.

Shearing is ubiquitous; most thin dykes are either folded or
drawn out into boudins, depending on their orientations, and dykes
of all sizes exhibit a foliation defined by biotite grains (Fig. 3F–H
and Fig. 5). The deformation primarily reflects top-to-southeast,
heterogeneous simple shear parallel to the compositional layering
of the country rock (Fig. 4B and Fig. 5). An associated mineral
elongation lineation on shear surfaces trends ca. 153� and plunges
to the southeast (Fig. 3F). As at Fresvik, the strike of the foliation in
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Fig. 3. (A–H) Stereographic plots (lower hemisphere, equal area projection). Data plotted as poles to planes, except for lineations. Contours show % data per % area. (A) and (B) depict
data from Fresvik, (C)–(H) depict data from Kaupanger.
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the dykes is parallel to the strike of the dykes and normal to the
lineation, a geometry compatible with top-to-southeast non-
coaxial strain. Deformation of the metatroctolite is primarily con-
fined to mafic layers and is associated with a mineralogical change
from a competent assemblage of garnet, pyroxene and amphibole
to biotite schist, where shear bands (S-C fabrics) consistently in-
dicate a top-to-southeast shear sense. The effect of hydration is also
readily seen in the felsic layers, where the plagioclase changes



Fig. 4. (A) Locality I, Fresvik. North-facing road cut. A Caledonian dyke (d) intrudes a top-to-southeast shear zone, cross-cutting a garnet bearing felsic dyke (f) that shares the pre-
Caledonian fabric of the country rock. The geometry and style of the shear zone points to a Caledonian age, while absence of corresponding shearing in the dyke indicates that
shearing was pre- to synmagmatic. (B) Locality II, Kaupanger. South-facing road cut. A cm-wide Caledonian dyke (d) in metatroctolite. The dyke is progressively deformed as it
traverses thin, mafic layers that have been transformed into biotite schist. Arrows indicate top-to-southeast shear sense. The section is ca. 50 cm long. (C) Locality II, Kaupanger.
South-facing road cut. A syntectonic Caledonian dyke (d) interacts with a mylonitic shear zone (s). The dyke cross-cuts part of the mylonitic fabric, but is also deformed by the shear
zone. Arrows indicate top-to-southeast shear sense and the position of the deformed and drawn out dyke. (D) Locality III, Galdhøpiggen. North-facing rock face. Caledonian
syntectonic granitic dykes (d) in gneiss interact with a convergent set of mylonites (s). Arrows indicate a dyke cross-cutting a mylonite and a mylonite cross-cutting a dyke. Walking
pole for scale.
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colour from lilac to white. The local minimum strain can be esti-
mated by matching the offset of a given dyke as it gets deformed in
successive mafic layers to the length of the section measured. For
the ca. 4 m wide section depicted in Fig. 5, the minimum angular
shear (j) is 11�, the equivalent of a minimum shear strain (g) of 0.2.
The section is gauged to be typical of the locality.

An atypical but illustrative field example demonstrates the
emplacement of the dykes under semi-brittle conditions in a top-
to-southeast non-coaxial strain field, and the sequence of events.
The emplacement of a thin granitic dyke (1; Fig. 6A) was followed
by top-to-southeast deformation, primarily confined to the mafic
layers of the country rock (see top left corner of Fig. 6A; cf
Fig. 4B). Next, a second dyke intruded the country rock (2;
Fig. 6A); three segments are parallel to the country rock layering,
while two segments cross-cut the layering at a high angle. Gently
deflected compositional layers in the host rock along the cross-
cutting segments indicate top-to-northwest shearing. Further
top-to-southeast strain induced a foliation defined by biotite in
the dyke (cf. Fig. 3F). A critical observation to explain the geom-
etry of the dyke is that, contrary to the norm, the main segments
of the dyke are parallel to the compositional layering of the
country rock.

The dilation of zigzag dykes, as described by Hoek (1991), is
normal to the envelope and oblique to the segments of the dyke
(Fig. 6B). Zigzag dykes typically form due to the presence of
a structural weakness oblique to the overall direction of extension
(s3). The structural weakness, for example a strong anisotropy in
the country rock, reorients the dilation, i.e., the dyke. To achieve
overall extension normal to s3, a set of fractures develops at an
angle to the structural weakness, making room for a second set of
dyke segments. In a qualitative application of this model to the
dyke described above, we suggest that top-to-southeast shearing
was accompanied by a preferred direction of dilation (s3), ap-
proximated by the two-dimensional displacement vector (arrows
in Fig. 6C), at an angle to the structural weakness, i.e., the compo-
sitional layering in the country rock, leading to formation of a zig-
zag dyke. The oblique set of top-to-northwest faults approximately
matches the inferred direction of antithetic Riedel faults, suggest-
ing that the angle of the oblique fractures was not coincidental, but
also reflects a top-so-southeast non-coaxial strain field.



Fig. 5. Locality II, Kaupanger. South-facing road cut. Caledonian dykes (d) emplaced obliquely to the compositional layering of the metatroctolite. Post-emplacement deformation is
generally parallel to the compositional layers and concentrated to the mafic parts of the country rock, producing drawn out (2) and folded (3) dykes. Arrows indicate shear sense.
Compass for scale. Modified after Lundmark and Corfu (2007).
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Subsidiary shear zones cutting across the compositional layer-
ing of the country rock also deform the dykes, and are locally in-
truded by them; some of these synmagmatic shear zones indicate
a top-to-northwest shear sense, some are mylonitic (Fig. 4C).
Sparse, 1–2 cm wide mylonites developed in the anorthositic layers
contain remnants of lilac plagioclase, are cut by the Caledonian
dykes and are not associated with hydration; these are tentatively
correlated to Sveconorwegian mylonites elsewhere in the Upper
Jotun Nappe (cf. Lundmark et al., 2007). Top-to-northwest (reac-
tivation of) shear zones, typically coinciding with the development
of a green chlorite dominated mineral assemblage, post-date all
other deformational structures and are related to late- to post-
Caledonian extension.

We conclude that the observations above are consistent with
top-to-southeast non-coaxial strain during emplacement of the
dyke complex, followed by later top-to-northwest, brittle de-
formation. A comparison of the angle between the orientations of
the dykes (�1 m wide) and the foliations (maximum density in
stereoplot; Fig. 3E,F) yields ca. 168�. The closest match is the ca.
148� (g ¼ 0.2) angle expected if emplacement of the dykes was
controlled by synthetic P faults.
3.5. Locality III, Galdhøpiggen

Locality III is situated in the north-western part of the Upper
Jotun Nappe (Fig. 1). Good exposures are few and far apart, and
fewer Caledonian dykes are observed than at the previously de-
scribed localities. Here, the leucogranitic dykes are generally coarse
grained, ranging in width from half a centimetre to a few deci-
metres. The discordant dykes intrude a garnet bearing, light brown
gneiss. Pre-Caledonian leucosomes and pegmatites (likely of Sve-
conorwegian age, cf. Lundmark et al., 2007) are common, and are
generally oriented parallel to the gneissic foliation of the country
rock. The pegmatites act as zones of weakness that control the
orientation of mylonitic shear zones (similar features were de-
scribed by Koestler, 1988). The Caledonian dykes generally strike
east and dip to the south, but the pattern of largely straight, (sub-)
parallel dykes at the previously described localities is less de-
veloped. Some mylonitic shear zones can be identified as syn-
magmatic with respect to the Caledonian granites, both deforming
and being cross-cut by the dykes (Fig. 4D). In places, ductile folding
on the scale of tens of metres can thus be determined to be coeval
with intrusion of the leucogranitic dykes. The sense of shear,
marked by deflected foliations, drawn out and boudinaged dykes
and rotated porphyroclasts is mostly top-to-south with accompa-
nying north–south lineations. As observed at localities I and II,
some dykes intrude along shear zones, and some dykes are
enveloped by ca. 1 dm wide, biotite-rich, hydrated zones. Thin
dykes cross-cut many top-to-south deformational structures, in-
dicating that the bulk of the top-to-south strain coincided with the
main magmatic event at this locality.
4. Interpretation

4.1. Caledonian deformation, hydration and magmatism
in the Upper Jotun Nappe

The Upper Jotun Nappe is dominated by dry, granulite facies
rocks; a conspicuous lack of Caledonian deformation, apart from
discrete mylonite zones and brittle extension related faults, has
been reported from most of the nappe (Bryhni and Sturt, 1985;
Milnes and Koestler, 1985; Milnes et al., 1997). This contrasts
sharply with the localities described above. As illustrated at Kau-
panger, the deformation style is typically semi-brittle, with faults



Fig. 6. Locality II, Kaupanger. South-facing road cut. The dykes are slightly tilted to the
northeast. (A) A thin granitic dyke (1) deformed by top-to-southeast layer parallel
deformation (top left corner) is offset by two top-to-north-west antithetic faults ac-
commodating a ca. 5 dm thick leucogranitic dyke (2). The geometry of the leucogra-
nitic dyke is determined by the faults and the compositional layering of the country
rock. (B) The presence of a structural weakness in the country rock oblique to the
overall extension can result in formation of a zigzag dyke (modified after Hoek, 1991).
Dilation is normal to the envelope of the zigzag dyke. (C) The overall dilation of the
Caledonian zigzag dyke is indicated by the two-dimensional displacement vector
(arrows), parallel to the minimum compressive stress (s3) and normal to the envelope
of the dyke, but oblique to the compositional layering of the country rock. The typical
orientation of dykes in the area is represented by a dyke in the lower left corner.
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cross-cutting felsic and mafic layers alike in the country rock, or
ductile and confined to hydrated mafic layers in the country rock.
On a larger scale, hydration and associated deformation of the
metatroctolite are essentially confined to areas where the Caledo-
nian dykes are present. At Kaupanger, with its multitude of dykes,
wholesale hydration has left behind only lenses of the pre-Cale-
donian mineral assemblage, typically in uncommonly thick mafic
and felsic layers of the country rock. The locally important influence
of Caledonian magmatism and the associated metamorphism on
the country rock is also reflected in the U–Pb systematics of zircon
and titanite. Silurian lead loss and titanite growth in massif anor-
thosite in the central Upper Jotun Nappe is dated to 425 � 5 Ma
(Lundmark and Corfu, 2008), overlapping with the age of the Årdal
dyke complex. The Caledonian influence on the U–Pb system is less
pronounced in the north-eastern parts of the nappe (Lundmark
et al., 2007), corresponding to a decreasing number of dykes, and is
all but absent from the Lower Jotun Nappe, which lacks Silurian
magmatism (Schärer, 1980).
The geographical correlation between Caledonian magmatism
on one hand and hydration and top-to-southeast deformation of
the country rock on the other, is suggestive of a scenario where
deformation, magmatism and hydration fed of each other in a cycle
of reaction softening as heat and fluids introduced by the mag-
matism facilitated further deformation, leading to increased access
to fluids, and more deformation (e.g., Brodie and Rutter, 1985). At
Galdhøpiggen, undeformed late dykes and the absence of biotite
schist suggest lower fluid availability, possibly reflecting a longer
distance to the base of the Upper Jotun Nappe, or the smaller vol-
ume of Caledonian magmatism.

4.2. The relationship between the Kaupanger and Fresvik localities

Zircon U–Pb ages from localities I, II and III show that the
Caledonian dykes were emplaced simultaneously, within analytical
error, across the Upper Jotun Nappe. A pattern of (sub-)parallel
synkinematic dykes, deformed by top-to-southeast shearing nor-
mal to the strike of the dykes is observed at both Kaupanger and
Fresvik. It is reasonable to interpret this as reflecting a common
strain history from the time of dyke emplacement and during the
top-to-southeast phase of deformation. However, whereas obser-
vations at Fresvik indicate roughly horizontal top-to-southeast
shear strain, the dykes and structures at Kaupanger are tilted to the
northeast (Fig. 3A–H). To account for this present-day mismatch, it
is necessary to speculate concerning the events post-dating the
top-to-southeast deformation.

Kaupanger is situated in the hanging wall, in the area of maxi-
mum displacement, of the mainly Devonian, top-to-northwest
extensional Lærdal-Gjende Fault (Andersen et al., 1999), whereas
Fresvik is situated close to the south-western fault termination
(Fig. 1). This suggests that displacement in the Kaupanger area was
greater than in the Fresvik area. If the structures at the two local-
ities initially represented the same strain field, a semi-quantitative
restoration of the structures in the Kaupanger area to the pre-fault
state can be attempted, assuming rigid body block rotation.

The Lærdal-Gjende Fault is, in the area of interest, approximated
to a hinged normal fault, dipping 45� to the northwest. Top-to-
northwest extensional lineations and corresponding fold axes in
the Caledonian décollement zone in the region are approximately
normal and parallel to the Lærdal-Gjende Fault trace, respectively,
indicating extension towards ca. 302� (Fig. 1; Fossen and Holst,
1995).

Restoring the hanging-wall (the Kaupanger area) by 45� elim-
inates the secondary tilt of the dykes and structures at Kaupanger,
and aligns them with those recorded in the Fresvik area (Fig. 7A–F).
A post-restoration mismatch between the foliations at the two
localities testifies to the limitations of our assumptions, but is
consistent with the downwards rotation of the hanging-wall im-
plied in the cross-section in Fig. 1 (suggesting rotation about an
axis parallel to the fault trace). All the same, the crude restoration
achieves a reasonable fit between the structures observed at the
localities, which suggests that movements along the Lærdal-
Gjende Fault were indeed the main reason for the present-day
mismatch.

The 45� restoration implies ca. 10 km of vertical displacement
along the Lærdal-Gjende Fault in the Kaupanger area (assuming
zero displacement at Fresvik), roughly of the same magnitude as
previous estimates of ca. 6–8 km of vertical displacement (Lutro
and Tveten, 1996; Andersen et al., 1999).

A comparison to the pattern of intrusions and deformation ob-
served at Galdhøpiggen, the northernmost locality, which typically
shows a top-to-south direction of shear deformation, suggests
larger block movements, likely reflecting the presence of additional
extensional faults, such as the Utladalen Fault (Milnes and Koestler,
1985), to the northeast of Kaupanger.
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Fig. 7. (A–F) Locality II, Kaupanger. Stereographic plots (lower hemisphere, equal area projection). Contours show % data per % area. All data restored to the inferred pre-extensional
fault configuration by 45� rotation about an axis parallel to the lineation in the décollement zone and normal to the fault plane that is assumed to dip 45� to the northwest.
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4.3. The Årdal dyke complex as strain marker: the relation
between the Upper Jotun Nappe and the Caledonides
of south-western Norway

The large scale translation of thrust sheets during the contrac-
tional phase of the Caledonian orogeny was approximately normal
to the trend of the orogen (Soper et al., 1992). Important variations
exist along the orogen and between the different levels of the
thrust stack. For the Jotun Nappe Complex, however, the direction
was towards ca. 160� throughout the orogeny (Hossack, 1983;
compilation in Soper et al., 1992). The restored orientation of the
top-to-southeast strain recorded in the Årdal dyke complex match
the ca. 160� direction of transportation. Furthermore, the strike of
the Årdal dykes is parallel to the inferred Caledonian orogenic front
northwest of the present day nappe complex, and the synmagmatic
top-to-southeast strain field is compatible with the envisaged
collisional strain field. Thus, the strain history of the nappe as
recorded by the Årdal dyke complex matches the emplacement
history of the Upper Jotun Nappe envisaged from regional con-
straints. The good fit between the observations in the nappe and
the inferred overall orogenic setting is somewhat surprising, sug-
gesting that in spite of the far-travelled nature of the nappe,
translation following emplacement of the dyke complex was rela-
tively straightforward.

4.4. The strain field at 427 Ma in the Upper Jotun Nappe and the
timing of contractional thrusting in the Caledonian orogen

The synkinematic Årdal dyke complex provides a snapshot of
the prevailing strain field in the Upper Jotun Nappe at 427 � 1 Ma.
Since the nappe represents a displaced part of the Baltic Shield
(Lundmark et al., 2007), the top-to-southeast non-coaxial strain at
this time suggests either the onset of nappe formation in the Baltic
Shield, or deformation of an already established nappe during top-
to-southeast translation. Either way, the Årdal dyke complex pro-
vides a minimum age for the involvement of Baltica basement in
western Norway in the collision.

Based on the isotopic and geochemical signatures of the Årdal
dyke complex, and zircon inheritance, Lundmark and Corfu (2007)
suggested that the magma source was anatexis of Rb-depleted
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sediments, and that the dyke complex is correlated with similar,
approximately coeval granites in the Middle Allochthon Lindås
Nappe (Wennberg et al., 2001; Kühn et al., 2002) and the Upper
Allochton Lifjorden complex (Skjerlie et al., 2000). The inferred
sedimentary source of the granites, and the presence of related
granites in nappes of both continental and oceanic affinities cou-
pled with the absence of similar granites in the exposed Baltica
basement, led the authors to suggest that the granites were
emplaced as the different nappes overrode melting sediments
during translation.

This implies that the synmagmatic strain field recorded by the
Årdal dyke complex reflects southeast-ward translation of the
Upper Jotun Nappe, and that nappe translation controlled the ge-
ometry of the dyke complex; the 427 � 1 Ma age is thus a minimum
age for thrusting. Thus, tectonic compression in an essentially
contractional setting during intrusion of the Årdal dykes is set
against the locally important space creation required by the granitic
intrusions, a situation investigated by several authors (e.g. Brown
and Solar, 1998, and references therein). The present study shows
that at some point during the translation of the nappe the forces
driving ascent of the magma (likely a combination of buoyancy and
tectonic forces) became strong enough to exploit the weaknesses
created by the Caledonian shear systems.

The age of top-to-southeast thrusting in south-western Nor-
way has been deduced from 40Ar/39Ar data from phyllites in the
décollement zone underlying the Jotun Nappe Complex. The data
fall into two age groups, interpreted to represent southeast
directed thrusting at 415–408 Ma, and top-to-northwest reac-
tivation of the detachment fault at 402–394 Ma, with a rapid
change from a contractional to an extensional setting around 408–
402 Ma (Fossen and Dunlap, 1998). Assuming a thrust displace-
ment of 300 km for the Upper Jotun Nappe (minimum estimate by
Hossack and Cooper, 1986), and a time span of thrusting extending
from at least 427 to 410 Ma, an average thrust velocity of ca.
1.8 cm/yr is implied. This can be seen in the context of a north-
ward latitudinal velocity component of Baltica of ca. 8–10 cm/yr at
the beginning of the collision with Laurentia (Torsvik et al., 1996).
The inferred Palaeozoic Upper Jotun Nappe thrust velocity is thus
of the same order of magnitude as the present-day convergence
rate of ca. 1.8 � 0.2 cm/yr across the Himalaya (Bilham et al., 1997;
Paul et al., 2001).
5. Conclusions

The 427 � 1 Ma Årdal dyke complex was emplaced in the Upper
Jotun Nappe, a displaced part of the Baltic Shield, during a short
lived magmatic event. The geometry of the dyke complex was
primarily controlled by Caledonian pre- to synmagmatic faults
reflecting a top-to-southeast non-coaxial strain field. The strain
field is interpreted to reflect nappe translation, and the age of the
Årdal dyke complex is therefore a minimum age for Caledonian
thrusting of crystalline Baltica crust in western Norway. Rheological
changes induced by the magmatism permitted further hydration
and deformation of the country rocks in the vicinity of the dykes in
a continued top-to-southeast non-coaxial strain field, possibly
reflecting continued translation of the Upper Jotun Nappe and its
emplacement on top of the Lower Jotun Nappe. The final major
modification of the architecture of the nappe complex was the
development of top-to-northwest faults related to Devonian col-
lapse of the orogen, tilting the Kaupanger area ca. 45� to the
northeast relative to the Fresvik area. The constraints on the timing
of contractional thrusting in the Caledonian orogen that follow
from this interpretation suggest nappe thrust velocities during the
Palaeozoic Caledonian orogeny comparable to thrust velocities in
the present day Himalayan orogen.
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