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Abstract

Determining the timing, duration and mechanism of tectonic events within an orogenic cycle, such as ocean subduction,
continent–continent collision or gravitational collapse, is challenging, especially in ancient orogenic belts. Variations in the tectonic
transport direction, however, can be used as a guide to these stages of orogeny. While thrust sheets within the Caledonian
allochthon in north Norway were emplaced broadly eastwards perpendicular to the trend of the orogen, many features indicate
material transport in other orientations. One dominant feature of the Magerøy Nappe, sitting above and infolded with the Kalak
Nappe Complex, is the development of a strong N–S lineation orthogonal to the main transport direction. Strain measurements, in
part determined by a new method, are used, in the context of the regional structural data to identify the critical stage in orogeny
when compressional forces are balanced by orogen-parallel lateral escape. Quantitative 3-D strain estimation in the Magerøy Nappe
indicates prolate deformation with c. 50% horizontal shortening parallel to the thrusting direction (E–W) and c. 200% extension
along the orogenic strike (N–S) with c. 30% vertical shortening. Temporal constraint on this fabric is provided by Ar–Ar isotopic
analysis of undeformed white mica in cross-cutting granitic pegmatites. These data show that prolate deformation occurred before
the white mica cooling age of 416±4 Ma, while the previously determined depositional age of the Hellefjord Schist indicates that it
occurred after 438±4 Ma. A granitic pegmatite that intruded the Hellefjord Schist after an initial deformation phase but during or
prior to a later deformation, has been dated at 431±2 Ma by U–Pb zircon. A previous lower age constraint on this deformation of
428±5 Ma is given by metamorphic zircon overgrowths on fractured grains. These results constrain the continental collision
between Baltica and Laurentia in Finnmark to the interval c. 431–428 Ma. Placed in a regional context, these results indicate that
lateral escape was orthogonal to the thrusting direction and occurred during the continent–continent collision stage in the Scandian
Orogeny before gravitationally driven collapse.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Collisional orogens are a dramatic expression of the
dynamic nature of our planet and influence numerous
other earth processes including chemical, atmospheric
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and biological cycles. Orogenic belts reflect the interplay
of complex tectonic forces associated with oceanic clo-
sure, subduction and collision of plates. Investigating the
development of the resulting structural fabrics, quanti-
fying the strains involved and determining the timing of
critical stages in orogeny are important elements in
charting the evolution of ancient mountain belts.

At its climax, the early to middle Palaeozoic Cale-
donian mountain belt was probably comparable in length
to the present-day Himalayas (Andresen et al., 1998).
Hence along strike variations in strain, orientation and
timing of contractional versus extensional deformation
are to be expected (Chauvet and Seranne, 1994; Krab-
bendam and Dewey, 1998; Braathen et al., 2000). The
Scandian Orogeny is defined as the continental–con-
tinental collision between Baltica and Laurentia, involv-
ing subduction of the Baltoscandian margin beneath
Laurentia (Gee, 1975; Roberts, 2003). The collision be-
tween Baltica and Laurentia is considered to have been
strongly diachronous, resulting in varying durations of
the Scandian event (Hacker and Gans, 2005). In this
paper the term “Scandian” is used to refer to the con-
tinental collision stage of the closure of Iapetus. At any
point within an orogenic system, determining the timing
of collision is challenging because the resulting struc-
tures are formed progressively by convergent motion as
oceanic closure culminates in full-scale continent–con-
tinent collision, the likely climax of mountain building.
Later structural modifications reflect the influence of
gravity-driven forces (Seguret et al., 1989; Alsop et al.,
2001). Many structural fabrics within the Scandinavian
Caledonides have been interpreted as the result of large-
scale lateral convergence resulting in motion predomi-
nantly across the regional strike of the belt. However,
there are numerous features that preserve evidence of
transport directions that are not directed towards the
foreland (Braathen et al., 2000). Sequential changes in
kinematics as documented by variations in fabric style
can sometimes be used to recognise the continental col-
lisional phase of orogeny.

In this paper, strain measurements, in part determined
by a new method, are used in the context of the regional
structural data to identify the critical stage in orogeny
when compressional forces are balanced by the accumu-
lating orogenic mass resulting in orogen-parallel lateral
escape. These observations are linked with a series of
isotopic age determinations of minerals with clear fabric
relationships to delimit the timing of continental collision.
The data refine evolutionary models of the region during
Caledonian deformation and yield insight into the mech-
anism and timing of the Scandian Orogeny in northern-
most Norway.
1.1. Regional setting

The Scandinavian Caledonides consist of numerous
thrust sheets of disparate origins that are classically re-
garded as being assembled during the early to mid-
Palaeozoic. The rocks are grouped into an orogen wide
tectonostratigraphic framework of Autochthon, Para-
utochthon, and Lower, Middle, Upper and Uppermost
Allochthons (Roberts and Gee, 1985). The Parautoch-
thon through to the lower part of the Upper Allochthon,
are classically considered to have a bipartite subdivision
of Baltoscandian basement, and cover sequences of
Upper Precambrian and Lower Palaeozoic sedimentary
rocks (Roberts, 2003). The contact above the Seve (and
correlative Kalak) nappes of the lower part of the Upper
allochthons (Zachrisson, 1986) is traditionally regarded
as a significant break separating outboard oceanic ele-
ments from continental margin sequences deposited on
Baltica basement rocks (Andréasson, 1994). However,
Kirkland et al. (2006a) have demonstrated Grenville-
related deformation and magmatism within correlative
rocks in Finnmark, Arctic Norway andDaly et al. (1991),
Kirkland et al. (2006a) and Corfu et al. (2005) have dated
intrusions of broadly Cryogenian age at higher levels in
the same region. This tectonomagmatic history invites a
more exotic origin for rocks traditionally regarded as
representing the Baltica margin of Iapetus.

Subduction of Baltica beneath Laurentia in the Silu-
rian to Early Devonian (Gee, 1975) led to the successive
shortening of diverse units including the Baltoscandian
passive margin miogeocline and shelf successions and
also more exotic oceanic and arc terranes derived from
the Iapetus Ocean including units with Laurentian affin-
ities from the opposite margin (Melezhik et al., 2002;
Roberts et al., 2002; Yoshinobu et al., 2002).

Various phases in the destruction of the Iapetus Ocean
are charted by several pluses of magmatic activity asso-
ciated with characteristic plate tectonic settings (Stel-
tenpohl et al., 2003). The earliest of these at about 500–
480 Ma is linked with the development of ophiolites and
island arcs (Dunning and Pedersen, 1988; Pedersen and
Furnes, 1991). Between 480 and 450 Ma, magmatic
activity is typically envisaged as occurring in continental
arcs on the Laurentian margin and is now preserved in
the Upper and Uppermost Allochthons (Nordgulen et al.,
1993; Yoshinobu et al., 2002). During the waning stages
of the Iapetus Ocean between 445 and 435 Ma, when it
was a narrow seaway, just before continental collision,
an extensive pulse of mantle-influenced magmatism
took place. Granitic and gabbroic bodies of this age are
prevalent in the Magerøy Nappe, in Finnmark (Vaasjoki
and Sipila, 2001; Andréasson et al., 2003; Kirkland et al.,
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2005a; Corfu et al., 2006). This event has been
associated with the development of short-lived back
arc basins produced due to slab roll back as continental–
continental collision approached (Pedersen et al., 1992;
Andréasson et al., 2003; Kirkland et al., 2005a), al-
though some authors consider it to be related to sub-
duction of a spreading ridge (Northrup, 1997; Corfu
et al., 2006). After this phase of magmatism, crustal
derived melts accompanied thrusting and tectonic
thickening during the main collisional phase. Generally
this is considered to have occurred around 425–400 Ma
(Roberts, 2003). The final phase of activity in the oro-
genic cycle is recorded at 405–370 Ma associated with
the gravitational collapse and exhumation of the orogen
(Ramberg, 1980; Chauvet et al., 1992; Fossen andDunlap,
1998; Osmundsen et al., 2003).

The Kalak Nappe Complex (KNC), composed of
several individual nappes and imbricate stacks, dom-
inates much of Finnmark (Roberts, 1985; Fig. 1). Cale-
donian events affecting the KNC have traditionally been
divided into an earlier Finnmarkian (540–490 Ma) and
later Scandian (400–425 Ma) phases or orogenies. Early
research in the region ascribedmost of the compressional
deformation to the Finnmarkian (Sturt et al., 1978). This
was based on tectonic fabrics being truncated by mafic
igneous bodies of the Seiland Igneous Province (Robins
and Gardner, 1975), at the time thought to be around
540Ma, based on Rb–Sr dating of associated felsic veins
and dykes (Sturt et al., 1978). However, recent dating
shows the SIP to have been emplaced at c. 560 Ma
(Roberts et al., 2004).

Much deformation in Finnmark occurred during the
Scandian (Krill and Zwaan, 1987; Dallmeyer, 1988;
Krill et al., 1988; Dallmeyer and Reuter, 1989). The c.
438 Ma Hellefjord Schist (Kirkland et al., 2005a) within
the Magerøy Nappe is infolded with the KNC demon-
strating a deformation phase during or after c. 438 Ma.
This is consistent with numerousmineral ages in both the
KNC and Magerøy Nappe (Fig. 1) indicating tectono-
metamorphism at c. 438 Ma and later overprinting at c.
430–420 Ma (Dangla et al., 1978; Kirkland et al.,
2006b). Therefore transport in the KNC occurred, at least
to some extent, during Caledonian events (Andersen
et al., 1982; Dallmeyer and Reuter, 1989). However, the
development of a Neoproterozoic mobile belt within the
KNC illustrates a protracted Precambrian history, which
itself involved several orogenic phases and the construc-
tion of an exotic accretionary orogen (Kirkland et al.,
2006a). This mobile belt only later docked with Baltica
(Kirkland et al., 2006a).

The Upper or Uppermost Allochthon is represented in
Finnmark by the Magerøy Nappe. The Magerøy Nappe
is recognised as a Scandian structure (Henningsmoen,
1961; Krill et al., 1988) and is considered to overlie the
KNC (Krill et al., 1988; Andersen, 1989; Binns, 1989;
Kirkland et al., 2005a; Corfu et al., 2006). The Magerøy
Nappe cannot have been affected by tectonic events
older than the Llandovery, as its deposition is dated at c.
438Ma by fossil and isotopic evidence (Krill et al., 1993;
Kirkland et al., 2005a).

1.2. Stratigraphic setting

The metasediments of the KNC are classically inter-
preted as belonging to a single conformable sequence
consisting, at the base, of proximal psammites and pro-
gressively reflecting deposition in a more distal shelf
setting (Ramsay, 1971). However, carbonate chemos-
tratigraphy on the Falkenes Limestone (Fig. 1), detrital
zircon geochronology and Sm–Nd isotopic data dem-
onstrate the presence of at least three tectonostratigraphic
packages in the KNC, namely Svaerholt Succession
(980–1030 Ma), Sørøy Succession (840–910 Ma), and
Falkenes–Åfjord formations (710–760 Ma; Kirkland
et al., in press; Slagstad et al., 2006). These previously
juxtaposed lithostratigraphic units were possibly brought
together with the Magerøy Nappe during the Scandian
Orogeny (Fig. 1).

The Silurian metasedimentary succession in the Ma-
gerøy Nappe is subdivided into a basal Kjelvik Group of
pelite and greywacke overlain by the Nordvågen Group
composed mainly of pelite and minor amounts of lime-
stone, quartzite, conglomerate and greywacke (Ander-
sen, 1981; Andersen, 1984). The Juldagnes Formation of
the Nordvågen Group is likely a correlative of the
Hellefjord Schist (Kirkland et al., 2005a).

The Hellefjord Schist outcrops extensively in north-
east Sørøy and above the Havvatnet Imbricate Stack on
Porsangerhalvøya and has been re-assigned to the Ma-
gerøy Nappe (Kirkland et al., 2005a) from its original
position at the top of the KNC. The Hellefjord Schist
consists of purple phyllitic schist and grey psammite, the
latter reflecting deep-water turbidites (Roberts, 1968).
Some psammites contain volcaniclastic material includ-
ing zircons that have been used to establish the Silurian
(c. 438 Ma) age of the sequence (Kirkland et al., 2005a).
Kirkland et al. (2005b) concluded that the Hellefjord
Schist has a Laurentian affinity, based on the age of
magmatism which associated the Hellefjord Schist to a
position within the Upper or Uppermost Allochthon as
well as its juvenile Sm–Nd isotopic signature (Binns,
1989; Aitcheson, 1990; Kirkland et al., 2005a). Mag-
matism of similar age is also present in the Juldagnes
Formation onMagerøy (Corfu et al., 2006). A Laurentian



Fig. 1. Geological map of north-western and central Finnmark based on Siedlecka and Roberts (1996) and Kirkland et al. (in press). Lower nappes of the Kalak Nappe Complex (KNC): K=Kolvik,
O=Olderfjord; upper nappes: H=Havvatnet Imbricate Stack, S=Sørøy–Seiland and M=Magerøy based on Gayer et al. (1987). Structural study regions (a–e) denoted by dashed boxes corresponding
to two stereonets (P=planes; L=lineations). Note dominant N–S lineations in Hellefjord Schist (areas a and c) and both E–W and N–S lineations in other study regions. Beta axes of planes are
generally orthogonal to the generally eastward thrusting direction. Granites and migmatites: R=Repvåg, G=Gjesvær, L=Litlefjord, Re=Revsneshamn, B=Bakfjord, F=Finnvik, Sv=Skarsvåg.
Gabbroic complexes: Ho=Honningsvåg, SIP=Seiland Igneous Province. Sample CK268 is from the Storelv Schist, others are from Hellefjord Schist. CK060 is the strain study sample. Sample
CK079 has been dated by U–Pb geochronology.
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affinity for the Hellefjord Schist is also consistent with Sr
isotope chemostratigraphy that associates the underlying
Falkenes limestone to the Uppermost Allochthon (Slag-
stad et al., 2006). The pelagic nature of the majority of the
Hellefjord Schist indicates that it was deposited in a
moderately deep marine setting, with episodic input of
volcaniclastic material. Volcaniclastic sedimentation is
characteristic of convergent plate margins in marine
forearc and back arc settings (Dickinson, 1976; Miller,
1989) and is thus consistent with the palaeogeographic
and tectonic setting envisaged for these rocks, depos-
ited in the closing Iapetus Ocean in the early Silurian
(Kirkland et al., 2005a).

An intensely deformed conglomerate occurs on west-
ern Sørøy near the base of the Hellefjord Schist, which
Roberts (1968) interpreted as a slump deposit. A sample
from this conglomerate unit has been used in this study
to determine the bulk strain (see below) and to constrain
the age of deformation by dating undeformed minerals
from cross-cutting pegmatites.

1.3. Existing constraint on the age of early Palaeozoic
deformation in Finnmark

Scandian deformation in Finnmark resulted from
ESE/E-directed compression and is conventionally
thought to have occurred at c. 411±7 Ma (Andersen
et al., 1982). This constraint is based on the Rb–Sr age of
the supposedly syn-orogenic Finnvik granite in the
Magerøy Nappe and the Rb–Sr 410±28 Ma age of
metamorphism of the Gjesvær migmatite within the
KNC (Andersen et al., 1982). The Finnvik granite has
recently been re-dated by the U–Pbmethod and yields an
age of 438±2 Ma (Corfu et al., 2006). New Ar–Ar, Rb–
Sr and Sm–Nd geochronology, in some cases on indi-
vidual fabric domains, suggests a more complicated
Caledonian history rather than a single Silurian event
(Kirkland et al., 2006b). This indicates at least two dis-
crete events— one at c. 438 Ma and a later overprinting
event at or before c. 428 Ma (Kirkland et al., 2006b).
These two phases of deformation and metamorphism are
recorded within the Hellefjord Schist of the Magerøy
Nappe and also within the KNC itself. In the Hellefjord
Schist an initial phase of deformation andmetamorphism
at c. 438 Ma was coeval within analytical resolution
with penecontemporaneous deposition and magmatism
(Kirkland et al., 2005a; Corfu et al., 2006).Mineral cooling
ages at a similar time are also recorded in the KNC
(Kirkland et al., 2006b). This similarity in ages between
the KNC and Magerøy Nappe has been interpreted to
indicate a common subduction zone system affecting
both (Kirkland et al., 2006b). An amphibole Ar–Ar age
of 423±8 from the Engesfjellet granite cutting the
Hellefjord Schist implies thrusting of the Magerøy
Nappe onto the KNC prior to this time (Kirkland et al.,
2006b). Cooling after the Scandian collision is dated by
Ar–Armuscovite ages in the KNC at c. 422Ma and Ar–
Ar biotite ages in the Hellefjord Schist at c. 403 Ma
(Dallmeyer, 1988; Kirkland et al., 2006b). In this paper
Scandian deformation is shown to be responsible for
imposing prolate deformation onto these rocks and its
timing precisely constrained.

2. Structural history of the KNC andMagerøyNappe

In the following account, deformation events are
numbered sequentially, in addition, superscripts K and
M refer to deformational structures and events recorded
within the KNC and the Magerøy Nappe respectively.

It is important to review the form of pre-Scandian
fabrics within the Kalak Nappe Complex (KNC) as the
geometry of these structures controlled the nature of
Scandian fabrics. Initial structural analysis of the KNC
was made by Gayer and Roberts (1971) and revised by
Gayer et al. (1985) who described a five-phase defor-
mation sequence. D2K produced recumbent isoclinal
folds with D3K events forming tight to open, gently
inclined folds. Later fold phases D4K and D5K were
described as forming various upright open folds with
generally greater wavelengths (Fig. 2).

2.1. D1K–D2K pre-Scandian events in the KNC

Rice (1987) simplified the deformation scheme into
four phases. Rice's D1K corresponded to an S1K fabric in
garnet porphyroblasts within metabasites (Gayer et al.,
1984; Gayer et al., 1987). Daly et al. (1991) described an
early biotite foliation folded by F2K folds. D2K struc-
tures have been regionally correlated from Sørøy onto
Porsangerhalvøya (Daly et al., 1991) although several
authors emphasized diachroneity in the timing of defor-
mation (Rice, 1984; Chapman et al., 1985). Cross-
cutting relationships between intrusives and early struc-
tures are preserved in rare cases where the Caledonian
strain is low. Dating of these in the lower nappes,
combined with detrital zircon analyses, revealed that
Grenvillian deformation affected the Svaerholt Succes-
sion before 976±3 Ma and after c. 1030 Ma (Kirkland
et al., 2006a, in press, Fig. 1). Metasediments in the
upper two nappes (Havvatnet and Sørøy–Seiland) have
been assigned to the Sørøy Succession (Fig. 1) and were
deposited after the Grenvillian deformation event af-
fecting the Svaerholt Succession (Kirkland et al., 2005b,
2006a). Within the Havvatnet Nappe, deformation took



Fig. 2. Temporal and structural chart of deformationwithin theKalakNappeComplex (KNC) and overlyingMagerøyNappe. Black boxes refer tomagmatic and grey boxes tometamorphic events. Ages and
associated 2σ errors in Ma are given as italicised numbers with cited references denoted as superscripted numerals: 1=Kirkland et al. (2006a), 2=Kirkland et al. (in press), 3=Roberts et al. (2004),
4=Kirkland et al. (2006b), 5=Kirkland et al. (2005a), 6=Krill et al. (1993), 7=Corfu et al. (2006), 8=Dallmeyer (1988), 9=this paper. Mineral abbreviations: Amp=amphibole, Ms=muscovite.
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place between c. 840 and 910 Ma whereas in the over-
lying Sørøy–Seiland Nappe of the KNC, syn-kinematic
migmatitic leucosomes in the Eidvågeid paragneiss are
dated at 709±4 Ma (Kirkland et al., 2006a). This age is
identical to metamorphic overgrowths on zircon in the
underlying Havvatnet Nappe. Hence juxtaposition of
these nappes occurred at or before c.710 Ma and must
predate the Caledonian Orogeny (Kirkland et al., 2006a).
These spatial and temporal patterns of granite intrusion
and deformation are consistentwith terrane accretion from
Grenvillian times up to the emplacement of the Seiland
Igneous Complex. This prohibits regional correlation of
similar early structures across nappe boundaries (Fig. 2).

Following this protracted Neoproterozoic history,
later deformational events (e.g., at or before c. 450 Ma;
Dallmeyer, 1988), are recorded in some mineral systems
within the KNC (Dallmeyer, 1988; Corfu et al., 2004;
Kirkland et al., 2006b). However, no clearly-identifiable
fabrics can be assigned to these events, perhaps as a
result of severe Scandian reworking.

2.2. D1M–D3K c. 438 Ma deformation; Caledonian
ocean closure

D3K deformation within the KNC occurred at or
shortly before c. 438 Ma and is documented through
numerous Ar–Ar muscovite ages from grains subse-
Fig. 3. (a) Fold axis orientations froma regional dataset classified by nappe (Mag
The dominant NE–SW trend is orthogonal to bulk compression, unless fold a
Mineral lineations have a pervasive N–S orientation associated with constrictio
lateral escape. An E–W trend is also evident in the upper nappes associated wi
quently reoriented by later deformation (Kirkland et al.,
2006b, Fig. 2). However, macroscopic F3K folds cannot
be confidently differentiated from F4K. The age of the
D3K tectonometamorphic event matches that of the D1M

deformation recorded in the Magerøy Nappe and is es-
sentially contemporaneous with deposition of this nappe
(Kirkland et al., 2005a; Corfu et al., 2006 Fig. 2). Unlike
the Neoproterozoic fabrics within the KNC, that cannot
be correlated between nappes (Kirkland et al., 2006a),
deformation events from D3K onwards can be correlated
between the Magerøy Nappe and the KNC.

Juxtaposition of the Magerøy Nappe with the KNC is
associated with top-to-the-east movements along many
of the bounding thrusts (Rice, 1984, Fig. 3) and is usually
denoted as D3K. This event is typically assumed to
represent the Scandian collision (Sturt et al., 1978; Rice,
1984; Gayer et al., 1985). However, because deforma-
tion at c. 438 Ma (D3K) is recorded within both the
Hellefjord Schist and the KNC (Kirkland et al., 2006b,
Fig. 2), in this paper Scandian events are re-assigned to
D4K. The c. 438 Ma (D3K) event cannot represent
continent–continent collision because back arc basin
extensional magmatism and sedimentation was occur-
ring at this time (Vaasjoki and Sipila, 2001; Andréasson
et al., 2003; Kirkland et al., 2005a). Thus the D1M/D3K

structures formed during ocean closure but prior to
continental collision.
erøyNappe and the upper and lower nappes of theKalakNappeComplex).
xes in high strain zones have rotated towards the thrusting direction. (b)
nal strain interpreted to be due to continental collision, constriction and
th top to the east tectonic transport. Divisions=10 measurements.
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The D1M phase within the Magerøy Nappe (Fig. 2)
formed overturned to recumbent folds (Andersen, 1981)
and was followed by a deformation phase (D3M) that
produced a large upright N-trending synform that largely
controls the present geometry of fabrics on Magerøy
(Andersen, 1981). Fabric relationships between granites,
gabbros and country rocks have been considered to
indicate that c. 438 Ma intrusives in the Magerøy Nappe
were emplaced in the late stages of D1M (Corfu et al.,
2006). The Finnvik Granite intruded Llandovery sedi-
ments and cross cut D1M structures at c. 438 Ma (Ander-
sen, 1981; Robins, 1998; Corfu et al., 2006). Apophyses
from the granite were subsequently folded during D2M

(Andersen et al., 1982). Locally, D2M structures in the
form of recumbent east verging folds affect the c. 438 Ma
Engesfjellet and Bakfjord granites which intrude the
Hellefjord Schist imparting a strong L–S fabric onto these
rocks (Kirkland et al., 2005a). Granitic dykes and sills on
Magerøy have been separated by Kjærsrud (1985) into
early and late generations, the early set containing an
intense S1M foliation. One of these sills close to the
Magerøy Thrust has been dated at 438±3Ma (Kirkland et
al., 2006b) and indicates that folding and foliation must
have occurred at c. 438Ma. BothD1M andD2M are likely
part of a continuum of deformation that opened and
rapidly closed back arc basins early in the convergent
history and later culminated in continent–continent
collision— the Scandian Orogeny sensu stricto (Fig. 2).

2.3. D2M–D4K the Scandian collision

The N–S trending D2M fabric has been interpreted in
terms of orogenic buttressing and lateral escape concomi-
tant with continental collision (Kirkland et al., 2005a) and
must have occurred after c. 438Ma and theD1M deforma-
tion event (Figs. 1 and 2). Some constraint on the timing of
the continental collisional stage (D2M/D4K) is provided
by ion microprobe dating of metamorphic zircon over-
growths that heal fractured igneous zircon grains in the c.
438 Ma Bakfjord Granite (Kirkland et al., 2005a). These
zircon crystals are fractured and extended parallel to the
intense regional N–S D2M lineation. U–Pb dating of
these crystals brackets theD2M/D4K deformation between
c. 438 and 428 Ma (Kirkland et al., 2005a). The D2M

deformation described here is broadly the equivalent of
D1b of Andersen (1981).

Evidence for thrust displacement vectors has been
discussed by Townsend (1987), who concluded that
the earliest movement was SE-directed while later more
brittle movements were eastward (Fig. 3). A decrease
in metamorphic grade from garnet–biotite grade
(c. 500 °C) to chlorite grade (c. 300 °C) has been
linked to this change in transport direction (Townsend,
1986). Within the Laksefjord Nappe Complex, beneath
the KNC, lineations also indicate south-eastward
transport (Chapman et al., 1979). Later more brittle
movements in the Laksefjord Nappe Complex associ-
ated with imbrication were also more eastward directed
(Williams et al., 1984).

Within Porsangerhalvøya, D4K formed tight, recum-
bent top to the east folds (Rice, 1984; Gayer et al., 1985).
The D4K deformation is associated locally with an ESE–
WNW to E–Wmineral lineation, principally defined by
biotite and amphibole. Rotated fold axes, some of which
have a sheath-fold geometry, are broadly NW–SE. This
is consistent with early ductile SE-directed transport
before easterly transport (Figs. 2 and 3). The eastward
orientation of D4K transport is reflected in the alignment
of fabric elements within the Havvatnet Imbricate Stack,
on Porsangerhalvøya. For example, the orientation of
the Litlefjord granite body is rotated into the E–W
transport direction within a nappe culmination (Kirkland
et al., 2006a; Fig. 1). Though, it is important to note that
mineral lineations may not always be of value in deter-
mining the transport direction if the deformation deviates
from simple shear.

A N–S mineral lineation, usually defined by biotite
and amphibole, is the more dominant fabric in many
locations within both the KNC and Magerøy Nappe.
Fold axes range from sub-parallel to the N–S mineral
lineation trend to 30° clockwise from it (Fig. 3). We
attribute the N–S mineral lineation also to D2M–D4K

deformation. The timing, kinematics and strain magni-
tude of the deformation responsible for the N–S mineral
lineation is investigated in this paper.

Evidence of broadly N-directed movement within
the KNC has been found by Rice (1984), who
described thrust fault plane lineations created by
garnets within a metabasic dyke gouging striations
into the enclosing psammite with a dominant orien-
tation of 07–331°. Similar garnets near Havøysund
(Fig. 2) have yielded a Sm–Nd isochron age of c.
436 Ma with hydrothermal zircon in a related quartzo-
feldspathic vein yielding an age of 428±4 Ma (Kirk-
land et al., 2006b). Associated strain shadows of
biotite around the Havøysund garnets are orientated
broadly E–W, parallel to the mineral lineation in the
surrounding country rock. If the garnets at both
localities are the same age, an east–west constrictive
regime at c. 436 Ma or later is implied. This suggests
that N-directed transport affected the KNC after c.
436 Ma in keeping with the post c. 438 Ma constraint
on the N–S fabric within the Bakfjord granite in the
Magerøy Nappe (Kirkland et al., 2005a).
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3. Strain analysis

An L–S tectonite conglomerate at Gamnes point on
Sørøy within the Magerøy Nappe near the base of the
Hellefjord Schist (sample CK060; Fig. 1) has been
sampled to determine the strain associated with the D2M

event (see petrographic description inAppendixA). Biotite
clots from this sample, aligned N–S within an intense
foliation (Fig. 4A), yieldAr–Ar cooling ages of 401±7Ma
(Kirkland et al., 2006b) thus D2M deformation must have
occurred before c. 400 Ma (Kirkland et al., 2006b) and
after the deposition of the Hellefjord Schist at c. 438 Ma
(Kirkland et al., 2005a). Further constraint on this fabric is
provided by dating minerals in undeformed cross-cutting
pegmatites as well as F2M deformed pegmatites.

Sample CK060 is composed of a monomict
population of psammite clasts making up c. 20% by
volume of the rock. Clasts are up to 65 mm in X
dimension (Fig. 4B), with a unimodal size distribution
(mode of 1.2 mm2) on the XZ principal plane. The
matrix is also composed of psammite, making the
clasts ideal bulk rock strain markers. There is a well-
developed foliation within the rock, primarily defined
by biotite. The clasts are all elongated in a N–S
orientation parallel to the regional mineral lineation
within the Hellefjord Schist on NE Sørøy (Fig. 1) and
also within other nappes on Porsangerhalvøya. Occa-
sional locally-developed thin (N1 cm wide) pegmatitic
veins and spatially associated garnet are elongated
parallel to the X orientation of the clasts (Fig. 4C). The
garnet is extensively fractured with dislocation planes
running at 45° to the foliation. A later set of thicker (c.
50 cm wide) undeformed pegmatitic veins cut the
intense, N–S, L–S fabric within the conglomerate
(Fig. 4D). These late pegmatite veins contain large
undeformed crystals of white mica and trend as
vertical sheets generally sub parallel to the N–S
lineation in the surrounding conglomerate.

3.1. Techniques of strain analysis

Conglomerates are commonly employed for strain
analysis using theRf/φ technique (Ramsay, 1967;Dunnet,
1969; Lisle, 1985). These procedures use the axial ratio
(Rf) and orientation (φ) of clasts in the deformed rock as
parameters to determine the strain. The present analysis
uses the θ-curve method (Lisle, 1985) which is a develop-
ment of the Rf/φ technique (Dunnet, 1969; Law, 1986;
Yoshinori and Wallis, 2002). A major benefit of the θ-
curve method is that it permits evaluation of appropriate
errors for the strain estimates. For comparison, in addition
to the θ-curve fitting method, the finite strain was also
calculated using the harmonicmean. Thoughwidely used,
the Rf/φ technique has two main drawbacks:

1. The strain ratio recorded may tell nothing of the strain
within the whole rock if there is a viscosity contrast
between the deforming markers and the matrix (Free-
man and Lisle, 1987).

2. There is no method to define outlying data, nor any
method to quantify its effect on the analysis (Yoshinori
and Wallis, 2002).

Hence, two additional methods were used to present a
measure of the whole rock strain and to quantify outlying
data. The Fry method is used to gauge the whole-rock
strain (Fry, 1979). A regression method is also presented
that provides a means of accommodating outliers within
the data.

In all samples, the three ratios of the strain ellipsoid
are assumed to lie within the foliation plane. In this
study three reference planes orientated: (i) perpendicular
to the foliation and containing the lineation, and (ii)
perpendicular to both the lineation and foliation and (iii)
the foliation plane containing the stretching lineation
and the intermediate axis, have been used. These planes
are assumed to be parallel to the XZ, YZ and XY prin-
cipal planes of finite strain. The 3-D strain can be de-
termined by combining the 2-D data from any two of
these planes. This is an over determined system and thus
can be used to evaluate internal consistency. Following
normal convention, the symbols Ri, Rf, Rs are used to
represent the aspect ratios of clasts in the unstrained and
strained states and the aspect ratio of the strain ellipse,
respectively. The value φ is the angle between the long
axis of a clast in the deformed state and the trace of the
foliation. Strain analysis was undertaken on 11 slices of
conglomerate measuring more than 680 psammite clasts
(Table 1).

This analysis provides direct evidence of the mag-
nitude and strain ellipse orientation for D2M deformation
within the Magerøy Nappe. Rf/φ analysis employed
binary images produced from digital photographic im-
ages of polished rock slices. The binary images were
created by tracing the boundaries of the clasts in a
graphics program and saving the output in .BMP format.
This resulted in superior definition of clast boundaries
than fully automatic boundary definition within the
measurement software. The .BMP files were analysed
using Sicon image (e.g. Shaw et al., 1995), which auto-
matically fitted ellipses to the traced clasts and deter-
mined lengths of the long and short axes, orientation of
long axes relative to a reference line and the positions of
the clast centres. The tabulated data were exported into



Fig. 4. (A) Photomicrograph of Hellefjord Schist conglomerate (CK060) showing the contact (white dashed line) between psammite clast (above) and
matrix (below). Rugosity of the contact is interpreted as evidence of rheological similarity between the two. Biotite foliation is indicated by the solid white
line; (B) conglomerate at base of Hellefjord Schist at Gamnes point, Sørøy, with light-coloured prolate psammite clasts used in the strain study, pen for scale;
(C) photomicrograph of a thin section cut perpendicular to the foliation and parallel to the lineation in Hellefjord Schist conglomerate (CK060), showing
garnet fractured and extended parallel to the intense N–S lineation; (D) undeformed granite pegmatite containing large undeformed muscovite crystals
(labelled), from CK231 sample locality, cutting the N–S lineation in the Hellefjord Schist; (E) N–S mineral lineation defined by biotite and amphibole
defined in typical pelitic lithology of the Hellefjord Schist, Bakfjord, Porsangerhalvøya; (F) weakly-deformed pegmatite cutting intensely deformed N–S
lineation in the Bakfjord Granite (see Kirkland et al., 2005a). Note aggregate of undeformed muscovite (sample CK253) and biotite within the pegmatite.
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Table 1
Summary of Rf/φ analysis showing the harmonic mean, the Rs value from the lowest χ2 after Lisle (1985), the range of Rs at the 5% significance
level, the arithmetic mean and weighted mean of Rs on each orientation of the finite ellipse

[70.6761807/23.2082587] Range

CK060 Plane Number of
clasts

Harmonic
mean

Rs from
lowest χ2

χ2 Lowest Highest Mean Rs from lowest χ2 Weighted mean Rs
(95% conf)

XY

SLICE 1 XY 74 3.686 3.79 5.459 3.40 4.00 3.93 3.89±0.059
SLICE 2 XY 127 4.004 3.9 14.575 3.87 3.90
SLICE 3 XY 54 4.023 4.1 7.481 4.00 4.80
Total/average of

hamonic mean
255 3.904

XZ

SLICE A XZ 29 6.308 6 1.862 5.70 6.30 5.705 5.79±0.86
SLICE B XZ 73 5.750 6.12 3.849 5.20 6.50
SLICE C XZ 64 5.213 5.6 3.813 5.10 6.20
SLICE D XZ 54 4.362 5.1 8.963 4.80 5.80
Total/average of

harmonic mean
220 5.408

YZ

SLICE 1 A YZ 32 1.707 1.38 3.000 1.30 1.60 1.525 1.55±0.24
SLICE 2 B YZ 61 1.745 1.4 3.426 1.40 1.60
SLICE 3 C YZ 82 1.745 1.68 3.366 1.50 1.70
SLICE 4 D YZ 31 1.913 1.64 0.452 1.50 2.00
Toral/average of

harmonic mean
206 1.778

Rxy measured / Rxy computed
xy/(xz/yz)=1.05
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statistical programs to analyse the data. The use of digital
images for measurements permits a high degree of ac-
curacy by enabling magnification to precisely determine
grain boundaries (Fig. 5). Rf/φ analysis was performed
using the Excel spreadsheet macro of Chew (2003) (see
Fig. 5. Left, slice 1 showing the X–Y plane of the conglomerate sample CK06
clasts used in Rf/φ analysis.
Table 1). Fry analysis using R. Holcome's Fry Plot
programme was used to gauge the bulk strain and de-
termine if it was substantially different from the strain
recorded in the clasts (Treagus and Treagus, 2002). The
measured two dimensions of the finite strain ellipse were
0. Right, the corresponding digitized binary colour image highlighting
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also used to calculate linear regressions, which allowed
calculation of the one unmeasured direction within a
slice along a principal axis of the strain ellipsoid.

3.2. Interpretation of Rf/φ data

Details on the Rf/φ technique are presented in Ap-
pendix B. All data pass the symmetry and θ distribution
tests (Lisle, 1985, Table 1). Both tests evaluate whether a
primary fabric is present in the sample. Critical values for
Isym and χ2 tests depend on the number of clasts mea-
sured and the measured strain and are given in Lisle
(1985). The Rf/φ plots are bilaterally symmetric for all
slices of the three orientations. The data show that the
mean orientation of the long axes of the clasts lies par-
allel to the trace of the foliation and there is no obvious
asymmetry (Fig. 6). Application of the symmetry test
shows that the data are statistically symmetrical. As no
oblique initial fabric occurs in the clasts an initial random
distribution may be assumed.

By comparing the data to various θ-curves corre-
sponding to different values of Rf we determine the
appropriate range of strain ratios (Fig. 6). The data are
fitted to the curve using a χ2 test (Lisle, 1985). Any
estimates of strain that implied a probability of less than
0.05 of actually observing the recorded data are rejected
(Table 1). The results for Rs are 3.93, 5.71 and 1.53 for
the XY, XZ and YZ planes of finite strain ellipsoid,
respectively (Table 1). All slices show prolate geome-
tries with the maximum extension direction within the
foliation plane and orientated N–S.

Dependant on the viscosity contrast between clast and
matrix, Rf/φ analysis performed on the clasts fraction
may not provide a measure of the whole-rock strain. The
clasts represent approximately 15% of the rock volume,
and thus their Rf/φ analyses may only elucidate part
of the strain in the conglomerate. However field and
petrographic evidence suggests that there is little com-
petence contrast between the psammitic matrix and
psammite clasts, as no curvature of matrix foliation is
seen around clasts. The accuracy of this Rf/φ triple strain
measure is assessed later, using the Fry point-to-point
method to corroborate the value recorded in the rock
matrix with that of the clast. Using the mean Rs value at
the lowest value of χ2 for the strain onXZ and YZ sections
gives a triple strain ratio for the clasts of 4:1.5:1. Using the
harmonic mean does not result in markedly different
results as would be expected in this high strain regime
(Borradaile and Johnson, 1973; Lisle, 1977; Table 1).
Assuming no volume change these values convert to bulk
stretches of X=2.17, Y=0.84 and Z=0.55, lying to the
prolate side of plane strain orientated in an N–S direction.
If the triple strain is calculated from the XY and YZ sec-
tions, bulk stretches of X=2.85, Y=0.73 and Z=0.48 are
produced. Thus the psammite clasts suffered a shortening
of c. 50% assuming no volume loss.

Determining volume loss during deformation within
the conglomerate is difficult. There is no geological
evidence in the form of intrusions or other features that
suggest that a significant volume of material was added,
at this locality, during the D2M deformation. After de-
formation, however, pegmatitic material was added in
the form of undeformed veins. Microprobe analyses
across the biotite clots within the conglomerate show
negligible differences in major element composition
(Kirkland et al., 2006b). These data suggest that little
local volume or areal change by diffusion of mobile
elements occurred. However, some degree of recrystal-
lization is suggested in a few of the psammitic clasts
(b3%) which display grain size reduction along their
grain margins. The thickness of these boundaries is not
proportional to clast size.

In strongly recrystallized fabrics, grain/clast shapes
must be interpreted with caution, as they will preserve
information on the last increment of deformation, not
necessarily the finite strain. If it is assumed that the
recrystallization boundaries were, at a maximum, 50%
greater in size, which is probably an over estimation of
the degree of grain size reduction, this would correspond
to a volume loss of 0.1% based on the smallest clast size
showing evidence of recrystallization. The error, from
this hypothetical degree of recrystallization, corresponds
to an insignificant difference in triple strain ratio. It is
concluded that the degree of recrystallization of the
psammite clasts has a negligible bearing on the mea-
surement of the finite strain in this sample. Avolume loss
of 5%, which is considerably greater than that undergone
by the psammite clasts, would result in approximately
only 1% difference in maximum shortening recorded.
Moreover, because the strain measurements were made
at the millimetre (Rf/φ analysis) and tens of centimetre
scales (Fry analysis) and both studies yielded almost
identical results (see below), it is likely that the scale at
which strain was measured greatly exceeds the length
scale of any volume change within the conglomerate.

3.3. Clast strain and bulk rock strain

TheRf/φ analysis elucidates the clast strain within the
conglomerate, but, may not yield a useful measure of the
whole rock strain. Thus we have applied an automated
method of Fry analysis (outlined above) on the same
rock slices that were used in Rf/φ analysis. Fry analysis
is based on the assumption that the clasts and, by



Fig. 6. Selected Rf/φ plots produced using the Excel™macro of Chew (2003). Contours of Ri (1.5, 1.75, 2.0, 2.5, 3, 4, 6) and θ (with the 90°, 45°, 0°,
−45° and −90° curves labelled) superimposed on the original data for strain ratios, Rs=3.9 for the XY surface (A), =6.12 for XZ (B) and =1.4 for YZ
(C). For a good fit, 5% of the data should lie within any two adjacent curves where the left and right hand sides are distinguished.
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inference, their centres were originally in an anti-
clustered distribution. A strong halo of points was not
displayed in any of the rock sections analysed. Thus,
following the method used by Treagus and Treagus
(2002), a best fit ellipse was sought that had its long axis
parallel to the extension axis and that maximized the
number of innermost points on the ellipse trace (Fig. 7).
In some cases no clear vacancy was present and hence no
meaningful ellipse could be produced. However, several
rock slices in each of the three orientations produced
Fig. 7. Fry analyses of conglomerate (CK060). (A) Analysis of slice 2, XY sec
ellipses are outlined on each figure, and their Rs values are shown. See also
satisfactory vacancies in which an ellipse could be fitted.
The best-defined ellipse was chosen in each case as the
measure of the ellipse ratio within that strain ellipse
orientation. In each case these are orientated approxi-
mately parallel to the foliation and X direction. The
method yields a triple strain ratio of 2.51:0.78:0.51 from
the XY XZ slices and 2.65:0.82:0.46 from the XY YZ
slices corresponding to shortening of approximately
50%. These values are not significantly different from
the values of the triple strain ratio of the psammite clasts.
tion; (B) slice A, XZ section; (C) slice 3C, YZ section. The best-fit strain
Table 2.
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This confirms the field observation of clasts appearing to
deform in a similar manner to the matrix. This is
expected as both clasts and matrix are of a similar
lithology, namely psammitic clasts supported within a
psammite matrix.

3.4. Calculated clast triple lengths

In order to assess the effect of outliers within the data
least squares regression analysis has been performed on
each set of clast measurements. Regression analysis is
used to investigate and model the relationship between a
response variable and a predictor, in this case the re-
sponse and predictors being clast lengths in various
orientations of the finite ellipse. Each orientation of slice
enables measurement of two out of the full three ratios of
the finite ellipse defined by the deformed clast. Thus
within one orientation of slice, (XY) for example, two
regressions are possible— one to find X from Y and its
inverse to find Y from X (Fig. 8). Hence, because data are
available from each orientation of the strain ellipse, each
clast length can be found from two regressions, i.e. X
predicted from Y and X predicted from Z. Some sim-
plifying assumptions distinct to those used in Rf/φ
analysis are necessary for the regression equation to be
used for an estimate of strain. A linear relationship be-
tween clast length for all orientations is assumed, i.e. the
X direction is assumed to be linearly related to the Y and
Z directions. As a clast's maximum dimension increases,
so do its intermediate andminimum lengths. The slope of
the best-fit straight line through the origin on a plot of
minor axis versus major axis gives the mean value of
strain on that section of the finite strain ellipse (Ramsay
and Huber, 1983, Fig. 8). However, neither assessment
of outliers nor the incorporation of data from other
sections of the strain ellipse can be considered by simply
taking the best-fit slope. Using the straight-line equation
from least squares regression allows the validity of the
slope to be assessed graphically when used with data
from one of the other two dimensions of the finite strain
ellipse (Figs. 8 and 9).

4. Strain analysis results

Eight linear regressions were performed on the clast
lengths measured (Fig. 8). The R and adjusted R values
represent the proportion of variation in the response data
explained by the predictors. For the XY slice this is
70.6%; the XZ slice 52.1%; and the YZ slice 73.5%. For
the majority of length data more than 70% of the clast
length variation in one axis can be explained by the
length variation on another axis. The lower value of
52.1% prediction of X from Z and vice versa reflects the
effect of predicting the most dissimilar orientations, that
is using the longest axis to predict the shortest and vice
versa, hence the dispersion is greater from a perfect
linear relationship. Making the simplifying assumptions
described above, regressions were used to calculate the
length of the missing dimension within the dataset of
measured clast dimensions. These data were plotted on a
Flinn graph to assess the strain (Fig. 9), contouring the
density of points using the Arcview™ compute density
function as described by Mitchell (1999). This illustrates
the number of data points per given area of strain space.
Each missing axis is described by two linear regression
equations. Data from each regression equation are plot-
ted independently and assessed before the mean of the
density of both regressions is plotted (Fig. 9). The mean
density of both regressions is considered to represent the
best estimate of the strain by this method. The maximum
density clusters of the mean measurements on the XZ and
XY slices correspond well to the mean strain value from
the Rf/φ analysis, using the XY YZ sections (Fig. 9). In
all cases the data show greater dispersion along the XY
axis of the Flinn graph corresponding to the measure-
ment on the X axis showing the greatest standard
deviation (i.e. X, 3.9). Measurement of the Y and Z clast
lengths show increasingly smaller standard deviations (Y,
1.7; X, 0.7).

The YZ slice mean density plot has its maximum
density contour at higher strain than that observed
from Rf/φ analysis and also, critically as an independent
measure of data consistency, different from the maxi-
mum contours of the other mean density plots (Fig. 9).
This may relate to a bias in the construction of the initial
binary image and provides a method to evaluate the
presence of outliers in the data. Looking at the individual
regressions that make up the mean density plot, it is
apparent that the XY regression is over-estimating the
value of X. Considering the individual measurements
used to derive the regression, one pronounced outlier is
found, the largest value from slice 3 along the XY axis of
the finite strain ellipse (Fig. 8). Evaluating this outlier
“clast” reveals that it represents up to seven different
individual clasts in close proximity yielding the artificial
impression of a singular large clast. Excluding this one
“clast” out of the total of 255 included in the least squares
regression yields a more satisfactory line, whose mean
density plot is closer to that recorded on the other axis of
the ellipse (Fig. 9). It yields a maximum contour of mean
density close to the mean strain value from Rf/φ analysis
(Fig. 9). Omitting this one clast also affects the re-
gression equation produced for the XZ slice as Y is
predicted from X also. The effect from the modification



Fig. 8. Linear regressions with 95% confidence bands (Cl) of the long, intermediate and short axes of psammite clasts in sample CK060. In each case the strain ratio in two dimensions is given by the
slope of the line. 95% prediction bands (Pl) are also shown.
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Fig. 9. Contour density Flinn plots produced from the linear regression equations (based on all measured clasts, see Fig. 8). The regression equations
are used to determine the length of the one missing clast axis. Each missing clast axis can be found from two linear regression equations. Both
equations for each axis are plotted independently and the mean of both is shown on the right. The regression equation excluding the aberrant “clast”
yields a measure of strain closer to the Rf/φ analysis. Contour intervals are in increments of 1/8th of the maximum density per unit of strain space.
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Fig. 10. Logarithmic Flinn diagram showing the strain values
calculated from each of the methods of strain analysis (Fry, Rf/φ,
combined linear regressions). All values lie in the constriction field
and show little variation.
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of its regression equation on the position of its highest
density spot is insignificant (Fig. 9). The regression
omitting the single outlier produces a mean density plot
for the YZ slice that is closer to the mean value from Rf/φ
analysis, although it still over-estimates the strain mag-
nitude by a small margin. Omission of the composite
“clast” from the XY slice 3 (Table 1) has a negligible
effect on the Rf/φ analysis, lowering the χ2 value
marginally to 5.6, but not affecting the value of Rs from
the lowest χ2. However in a situation where more
aberrant clasts were measured, their identification and
omission using this method could substantially improve
the Rf/φ measure of strain.

By simply taking the slope of the regression line, an
estimate of the strain is possible (Ramsay and Huber,
1983; Fig. 8). However, it must be remembered that the
line can be greatly influenced by the presence of outliers
and in addition the method uses information from two
dimensions. The slope values for the XY plane are 7.04,
Table 2
List of Rs values from the various methods used from all three axes of the stra
Z are calculated assuming constant volume

Method R xy R xz R

Rf/u 3.89 5.79 1.
Fry 3.23 5.73 1.
Harmonic mean 3.90 5.41 1.
Combined linear regression using longest avaliable axis 4.48 6.37 1.

using shortest available axis 3.60 5.28 1.

K is the logarithmic K-value after Flinn (1962) adapted by Ramsay (1967). L
(Nadai, 1963). The ratio of the measured to computed values of R xz is used
YZ 2.19 and XZ 8.90, corresponding to a triple strain
ratio (assuming no volume change) of 3.3:0.81:0.37 using
the X/Z and Y/Z sections (Fig. 8). Using the X/Y section
along with either of the remaining two, results in an over
estimation of the strain for the reasons discussed above.
Using the improved regression (i.e. omitting the aberrant
clast), a value consistent with that calculated from the
other sections is produced (i.e. 3.88:0.74:0.34; X/Y and Y/
Z; Fig. 8). No indication of multiple slopes such as that
caused by ductility contrasts in the clasts is observed.

Three regressions can be used to form a simultaneous
equation which can be solved for values of X, Y and Z.
Out of the total of six linear regressions (i.e. excluding
the twowith the aberrant “clast”), two for each axis of the
finite ellipse, the regression produced from the longest
available orientation of finite ellipse is first used as a
predictor (i.e. X from Y, Y from X and Z from X). The
calculation is then repeated using the shortest orientation
of finite strain ellipse as a predictor (i.e. X from Z, Y from
Z and Z from Y), yielding a range in which the actual
strain lies (Table 1; Fig. 10).

Results for the simultaneous equation using the longest
available axis yields: −X=5.015, Y=1.120, Z=0.787 (R
strain aspect=4.9) and; X=2.426, Y=0.673, Z=0.460 (R
strain aspect=4.1) from the shortest available axis.

On a Flinn diagram (Fig. 10), the aspect ratios of the
strain ellipsoid determined frommeasurement of the clasts
using all three of the above methods shows a clear depar-
ture from plane strain. This difference from plane strain
can be expressed using the parameter K=Rs (XY)−1/Rs
(YZ)−1 also Rs(XY)=Rs(XZ) /Rs(YZ) (Table 2). On a
Flinn diagram, plane strain deformations plot along a line
inclined at 45° and have aK value of 1. This line separates
constrictional strain where at least two axes of the
principle ellipse are contracting (kN1) and flattening
deformation where at least two axes are undergoing
extension (kb1). The results for K of the four different
determinations of strain using the R xy and R yz sections
are: k=5.25 (weighted mean of θ-curve method), k=4.29
(Fry method), k=3.72 (harmonic mean) and k=8.29–
in ellipse. XY and YZ planes used in all calculations. Values of X, Y and

yz R xz meas / R xz comp X Y Z K L N

55 0.96 2.86 0.74 0.47 5.58 −0.53 1.32
52 1.17 2.51 0.78 0.51 4.29 −0.47 1.17
78 0.78 3.00 0.77 0.43 3.72 −0.41 1.41
42 1.00 3.05 0.68 0.48 8.29 −0.62 1.39
46 1.00 2.66 0.74 0.51 5.65 −0.54 1.23

is Lode's shape parameter (Lode, 1926). N is Nadai's strain parameter
to assess the internal consistency of the data.
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5.65 (linear regression combined using simultaneous
equations, Fig. 10). These results show some variation,
all indicating that the strain lies in the constriction field but
that extension is occurring in a N–S orientation.

Geometric analyses of thrust systems commonly as-
sume that strain is essentially two-dimensional (plane
strain— no movement of material across the transport
plane) in which the linear element of the grain shape
fabric indicates the transport direction. Numerous stud-
ies have shown that plane strain may be considerably less
common than typically envisaged within thrust belts
(Northrup and Burchfiel, 1996; Neves et al., 2005). Top-
to-the-east kinematics are preserved within the Hellef-
jord Schist, and indeed throughout the Magerøy Nappe
and KNC (Gayer et al., 1987). In the situation examined
within the conglomerate at the base of the Hellefjord
Schist, prolate strain has been imposed on the rocks and
is responsible for an intense N–S lineated fabric lying at
a high angle to the top-to-the-east transport direction.
Intense N–S lineated fabrics are also found elsewhere
within the Hellefjord Schist (Kirkland et al., 2005a
Fig. 4.E). The strain results in this paper indicate c. 50%
horizontal shortening parallel to the thrusting direction
and c. 200% extension along the orogenic strike with c.
30% vertical shortening. These strain measurements are
from near the base of the Magerøy Nappe and likely
reflect a maximum value within this nappe. However, a
similar deformation style has been imposed regionally as
indicated by the pervasive N–S fabric throughout the
tectonostratigraphy.

Lode's (1926) shape parameter (L) expresses the
prolate nature of all the strain measurements with values
between −0.41 and −0.62. Nadai's (1963) octahedral
shear strain parameter (N) is used as an expression of
strain magnitude and shows values between 1.17 and
1.39 (Table 2). Values of octahedral shear strain from the
Moine Thrust using grain shape fabrics in mylonitic
quartzites show values of 1.10–1.47 for relict footwall
grains (Strine, 2003). The strain measurements pre-
sented here appear reasonable for the strong L–S tec-
tonite conglomerate unit in the Hellefjord Schist. Within
fold nappes, strain types and magnitudes can vary
(Ramsay and Huber, 1983; Seno et al., 1998). None-
theless, the consistency of the N–S linear fabric and its
timing of development (see below) suggests the same
formation mechanism throughout all nappes.

5. Ar–Ar dating, constraint on the age of Scandian
fabrics

In order to provide temporal constraint on the D2M

fabric investigated in the strain analysis, the age of un-
deformed white mica grains within cross-cutting granitic
pegmatites have been determined by Ar–Ar furnace
heating experiments. Muscovites from a psammitic unit
in the Hellefjord Schist at Bakfjord and the Storelv Schist
in the Havvatnet Imbricate Stack were also investigated.
A single sample of biotite from the c. 438 Ma Engesf-
jellet Granite on Sørøy was also analysed. The analytical
procedure is given in Appendix C. All errors reported in
the text are at the 2σ level unless otherwise stated and
include the uncertainty in the J value (1%).

5.1. CK231

Undeformed large white mica crystals, up to 50 mm
across, were analysed from an undeformed granitic peg-
matite that cuts the intense L–S fabric within the
conglomerate unit used in the strain study (Fig. 4D).
Ar–Ar furnace heating data are presented in Fig. 11A
and in Table 3. Sample CK231 displays a relatively
concordant age spectrum in which apparent ages rapidly
increase in the initial low-temperature, low gas volume
steps. Most of the data from intermediate- and high-
temperature increments (938–1091 °C) record consis-
tent ages. This stable portion of the release spectrum
yielded a weighted mean age of 418±6 Ma correspond-
ing to 82.3% of the gas released; this age is used in the
subsequent discussion. An inverse isochron could not be
calculated due to the clustering of data and the small
analytical errors.

5.2. CK224

Sample CK224 (Fig. 1) is from a boudinaged peg-
matite intruding parallel to the foliation within the
enclosing Hellefjord Schist at Hellefjord, 6 km NE of
sample CK231. The pegmatite is itself unfoliated and
contains large crystals up to several cm of both tourmaline
and white mica. Ar–Ar analyses of white mica grains
define a gentle saddle-shaped spectrum (Table 3).
However N85% of the gas evolved records a weighted
mean age of 415±6 Ma (Fig. 11B). Unfortunately due to
rapid degassing at intermediate temperatures there are
only two near-plateau steps. Nevertheless, an inverse
isochron of these yields a 40Ar/36Ar intercept of 294±4,
identical within error to the atmospheric value (Fig. 11B).

5.3. CK206

This sample consists of porphyroblastic muscovite
from a foliated psammite (CK206) within the Hellefjord
Schist close to the contact with the c. 438 Ma Bakfjord
Granite (Kirkland et al., 2005a). The furnace release



Fig. 11. 40Ar/39Ar resistance-furnace step-heating release spectra (A–F ) for mica samples showing weighted mean ages calculated over the indicated
portions of the spectra. (B) and (D) inverse isochrons for muscovite from CK224 and CK253, that overlap with the weighted mean age within
uncertainty and whose upper intercepts indicate an atmospheric trapped argon component; (C) inverse isochron of muscovite from CK206, that
overlaps with the weighted mean age but with an intercept consistent with a non-atmospheric trapped argon component. The inverse isochron age is
preferred; (F) biotite from CK009 displays two trapped argon components. The younger inverse isochron, which is interpreted as a maximum age for
the cooling of biotite in this rock, has a poor fit to the data but intercepts at the atmospheric value. The intercept of the older inverse isochron indicates
a non-atmospheric component. The two populations are also evident in the K/Ca and 38ArCl/39ArK plots. All errors are 1σ.
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Table 3
Ar–Ar isotopic analyses for each temperature step together with the cumulative percentage of 39Ar released (F39Ar), the J value for each sample and
calculated ages with 1σ errors

CK268 muscovite J= .0064350 (70.6760252/23.2085806)

Temp (°C) 40Ar/39Ar 38Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39Ar (mol)×10−15 F39Ar %40Ar⁎ 40Ar⁎/39ArK Age (Ma) ±1σ

482 221.369 0.024 1.868 664.637 0.09 0.33 11.4 25.14 270.7 16.9
613 163.514 0.002 0.036 426.89 0.34 1.54 22.8 37.35 388.8 7.3
694 68.59 0.006 0.033 82.048 0.50 3.31 64.6 44.33 453.0 1.5
781 48.252 0.003 0.028 24.185 2.99 13.94 85.2 41.09 423.5 0.5
938 40.986 0.001 0 2.136 3.64 26.89 98.4 40.34 416.5 0.3
985 40.732 0.003 0 1.122 4.23 41.94 99.1 40.38 417.0 0.3
1034 40.237 0 0.012 0.319 7.96 70.26 99.7 40.12 414.6 0.6
1091 40.675 0.001 0 0.234 7.31 96.27 99.8 40.59 418.9 0.3
1136 41.578 0.002 0.205 1.768 0.69 98.73 98.8 41.06 423.2 0.9
1181 40.605 0 0.375 3.98 0.36 100 97.2 39.45 408.4 1.0

CK224 muscovite J= .0064090 (70.7173097 /23.3026403)

Temp (°C) 40Ar/39Ar 38Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39Ar (mol)×10−16 F39Ar %40Ar⁎ 40Ar⁎/39ArK Age (Ma) ±1σ

702 56.641 0.017 0.004 48.166 5.38 4.66 74.8 42.39 433.8 1.7
799 43.224 0.001 0.003 4.087 5.87 9.74 97.2 42.00 430.3 2.3
916 41.259 0.002 0 3.159 95.30 92.23 97.7 40.31 414.8 0.1
950 51.846 0.004 0.048 39.155 4.74 96.34 77.7 40.26 414.4 1.0
984 50.349 0 0.005 31.648 3.49 99.36 81.4 40.98 420.9 1.5
1187 54.733 0.013 0.026 44.504 0.74 100 75.9 41.57 426.3 6.1

CK206 muscovite J= .0064600 (70.8494031 /24.6314979)

Temp (°C) 40Ar/39Ar 38Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39Ar (mol)×10−16 F39Ar %40Ar⁎ 40Ar⁎/39ArK Age (Ma) ±1 σ

498 63.483 0.003 0 115.748 0.55 0.49 46.1 29.26 312.5 9.5
614 192.974 0.028 0 535.08 1.16 1.53 18.1 34.84 366.4 10.4
701 46.699 0 0 15.46 3.07 4.29 90.2 42.11 434.3 1.1
822 46.784 0.003 0 18.676 48.70 48.03 88.2 41.25 426.4 0.5
905 40.88 0.002 0.037 2.331 14.50 61.04 98.3 40.18 416.5 0.5
970 41.363 0 0 2.108 5.11 65.62 98.4 40.72 421.5 1.1
1036 40.884 0.001 0 0.789 9.92 74.53 99.4 40.63 420.7 0.7
1110 40.157 0 0 0.627 21.90 94.17 99.5 39.95 414.4 0.8
1170 41.355 0 0 3.458 4.53 98.23 97.5 40.31 417.8 1.1
1247 43.933 0.007 0.449 10.189 1.97 100 93.2 40.95 423.7 2.0

CK253 muscovite J= .0064220 (70.8630878 /24.6893102)

Temp (°C) 40Ar/39Ar 38Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39Ar (mol)×10−16 F39Ar %40Ar⁎ 40Ar⁎/39ArK Age (Ma) ±1σ

482 76.913 0.019 0.431 145.338 0.39 0.14 44.2 33.99 356.4 12.0
614 178.774 0.018 0.219 478.357 1.92 0.82 20.9 37.42 388.8 4.0
701 46.904 0.001 0.084 21.566 5.99 2.96 86.4 40.52 417.5 1.0
779 41.049 0.002 0.002 2.359 88.40 34.47 98.3 40.33 415.8 0.5
885 46.1 0.012 0 19.821 44.40 50.31 87.3 40.22 414.8 0.4
939 41.252 0.001 0.029 2.096 22.90 58.47 98.5 40.62 418.4 0.4
999 40.236 0.005 0.009 1.118 37.60 71.9 99.1 39.89 411.7 0.6
1041 40.228 0.005 0.021 0.561 41.00 86.53 99.5 40.05 413.1 0.4
1086 40.688 0.004 0.008 0.565 27.70 96.4 99.5 40.50 417.3 0.3
1140 39.772 0.006 0.198 1.659 6.19 98.61 98.8 39.28 406.1 0.9
1184 41.787 0.007 0.444 2.889 3.90 100 98.0 40.96 421.6 1.6

CK268 muscovite J= .0064470 (70.5506909 /24.1126245)

Temp (°C) 40Ar/39Ar 38Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39Ar (mol)×10−15 F39Ar %40Ar⁎ 40Ar⁎/39ArK Age (Ma) ±1σ

500 59.304 0.043 0.321 49.757 0.23 0.45 75.2 44.62 456.4 5.5
610 94.475 0.048 0.088 125.031 0.80 1.99 60.9 57.52 569.4 6.9

(continued on next page)
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Table 3 (continued )

CK268 muscovite J= .0064350 (70.6760252/23.2085806)

Temp (°C) 40Ar/39Ar 38Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39Ar (mol)×10−15 F39Ar %40Ar⁎ 40Ar⁎/39ArK Age (Ma) ±1σ

709 46.308 0.01 0.012 7.369 2.00 5.89 95.3 44.11 451.8 0.9
784 44.093 0.012 0.005 8.452 11.80 28.85 94.3 41.58 428.7 0.8
881 41.31 0.011 0.012 0.747 3.01 34.7 99.4 41.07 424.0 0.4
920 41.022 0.01 0.008 0.701 2.72 39.98 99.5 40.80 421.5 0.4
983 41.124 0.012 0.008 0.369 3.71 47.19 99.7 41.00 423.3 0.2
1050 40.897 0.01 0.005 0.165 5.91 58.67 99.8 40.83 421.8 0.2
1113 40.878 0.01 0.003 0.23 10.20 78.53 99.8 40.79 421.4 0.1
1176 40.974 0.009 0.012 0.446 9.00 96.01 99.6 40.82 421.7 0.2
1246 41.719 0.01 0.058 1.067 1.16 99.13 99.2 41.39 427.0 0.3
1296 42.05 0.009 0.136 4.457 0.45 100 96.9 40.73 420.9 1.3

CK009 biotite J= .0063960 (70.7343 /23.25446667)

Temp (°C) 40Ar/39Ar 38Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39Ar (mol)×10−15 F39Ar %40Ar⁎ 40Ar⁎/39ArK Age (Ma) ±1σ

482 38.068 0.151 0.198 64.809 0.41 1.64 49.7 18.92 206.2 3.5
592 56.849 0.164 0.023 78.311 2.13 10.19 59.3 33.69 352.3 15.7
648 41.845 0.175 0 2.515 3.39 23.78 98.2 41.08 421.1 0.5
690 41.146 0.139 0.004 2.518 2.95 35.63 98.1 40.38 414.7 0.4
733 50.444 0.149 0.02 32.084 1.82 42.95 81.2 40.95 419.9 1.8
836 42.18 0.094 0.003 4.591 1.37 48.46 96.7 40.80 418.6 0.5
882 42.815 0.094 0.008 4.795 1.59 54.85 96.6 41.38 423.8 1.4
937 41.785 0.198 0.011 1.636 4.81 74.17 98.8 41.28 423.0 0.5
1011 41.464 0.171 0.013 1.089 2.52 84.26 99.2 41.12 421.5 0.5
1053 41.668 0.21 0.022 0.003 1.81 91.52 100.0 41.65 426.3 0.4
1099 41.671 0.147 0.013 0.533 2.11 100 99.6 41.50 424.9 0.8

Sample locations are given in decimal degrees (WGS84 datum).

J= .0064470 (70.5506909 /24.1126245)
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pattern from CK206 yields a somewhat irregular
spectrum suggesting the presence of excess radiogenic
argon. Steps 4–9 (Table 3) yield a weighted mean age of
418±6 Ma accounting for 94% of the gas evolved
(Fig. 11C). Excluding the first three low temperature and
low gas volume steps, the remaining data spread along an
inverse isochron with a 40Ar/36Ar intercept of 352±14.
The inverse isochron corresponds to an age of 417±8Ma
with an upper intercept above the accepted atmospheric
value (Fig. 11C). Statistically, the inverse isochron is not
significantly different from the weighted mean age from
the spectrum. The isochron age is used in the subsequent
discussion as it does not assume an atmospheric trapped
ratio.

5.4. CK253

Sample CK253 is from a weakly-deformed pegmatite
cutting the intense N–S plunging tectonic fabric in the c.
438 Ma Bakfjord granite (Kirkland et al., 2005a)
(Fig. 4F). The pegmatite contains aggregates of large
(cm.-scale) undeformed crystals of both biotite and
white mica (Fig. 4F). These undeformed white mica
grains yield a relatively concordant Ar release spectra
with a weighted mean age of 415±6 Ma accounting for
98% of the gas released when three low gas volume
steps are discounted (Fig. 11D). An inverse isochron of
the same data yields a 40Ar/36Ar intercept of 297±17
within error of the accepted atmospheric value
(Fig. 11D). The high MSWD of the inverse isochron
regression is due to the highly radiogenic nature of the
gas released (poorly constrained upper intercept) and the
very low analytical uncertainty on the data points.
Nevertheless the inverse-isochron age is within error of
the weighted mean age, indicating that the plateau is not
compromised by the presence of extraneous 40Ar.

5.5. CK268

Sample CK268 was taken from an outcrop of Storelv
Schist within the Havvatnet Imbricate Stack. The sample
consists of quartz, muscovite, K-feldspar, biotite and ac-
cessory phases of monazite and zircon. Large muscovite
porphyroblasts (up to 5 mm in length) lie within the
foliation and are wrapped by fine-grained biotite defining
the penetrative foliation. Muscovite grains were used for
Ar–Ar geochronology and yield a broadly concordant
release spectrum (Fig 11E)with only small variation from a
near plateau in the initial small gas volume steps. Steps 4–
12 yield a weightedmean age of 422±6Ma corresponding



181C.L. Kirkland et al. / Tectonophysics 425 (2006) 159–189
to 94% of the total gas released (Fig. 11E). No inverse
isochron can be constructed due to the extremely
radiogenic nature of the gas released.

5.6. CK009

Biotite was analysed from sample CK009 from the
438±5Ma old Engesfjellet granite intruding theHellefjord
Schist on Sørøy (Kirkland et al., 2005a). The granite
contains plagioclase, quartz, biotite, titanite and K-feldspar
and a significant amount of metamorphic amphibole with
subordinate accessory zircon, apatite and garnet. A strong
foliation is defined by amphibole and biotite, which are
deflected around plagioclase phenocrysts.

The release spectrum shows ages that rise rapidly in
the first low temperature steps. Release above 648 °C
is more stable although no clear plateau is defined
Fig. 12. (A) Pegmatite intruded parallel to the S0M and S1Mfabrics in the He
5 m of the CK079 sample site; (B) CK079 pegmatite infolded in F2M folds
Concordia diagram of zircons from pegmatite sample CK079, deformed by D
the very high U content; (D) weighted mean 207Pb/206Pb age is interpreted a
(Fig. 11F). The irregularities in the spectrum caution that
there may be disturbance from excess argon. Two pop-
ulations can be defined (on both isochron and spectrum),
that at temperature steps 690–733–836 °C and that at
882–937–1011 °C (Table 3). The two highest temper-
ature steps are hampered by low 36Ar and the influence
of the blank and are therefore probably unrealistically
old. Considering the spectrum in this way, the first group
of lower temperature steps yields a weighted mean
spectrum age of 417±6 Ma and an isochron of 416±
8 Ma, overlapping on the accepted atmospheric value.
However, the inverse isochron has greater scatter than
can be attributed to analytical uncertainty alone. For the
higher temperature steps (excluding the highest two
steps of the experiment) a dominance of slightly older
ages is noted, these steps yield a weighted mean of
422±6 Ma and an inverse isochron age of 421±8 Ma
llefjord Schist near the Bakfjord Granite (Fig. 1), photographed within
with the surrounding Hellefjord Schist; (C) inverse (Tera-Wasserburg)
2M in the Magerøy Nappe. The reverse discordance is symptomatic of
s dating crystallization of the pegmatite.
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(Fig. 11F). The ordinate intercept on the inverse
isochron indicates some excess Ar. The two groups
are also observed on the K/Ca and Cl/K plots. Higher
apparent Cl in the higher temperature steps may be
indicative of Cl-correlated excess argon. Lower temper-
ature steps have lower Cl and higher K/Ca values. We
consider the biotite sample to contain two argon
reservoirs and that the older of these is likely
contaminated by excess argon. The most conservative
interpretation would consider the lowest age of the
younger group to be least affected by excess argon and
provide only a maximum constraint on the cooling age
of biotite in this rock at less than c. 415 Ma (Fig. 11F).

6. U–Pb dating, post-D1M, pre-D2M pegmatite

In order to provide further constraint on the timing of
the D2M event a granitic pegmatite (CK079), intruding
the Hellefjord Schist at Bakfjord, has been dated. The
pegmatite intrudes parallel to the bedding and the S1M

foliation but is itself folded in F2M folds (Fig. 12A, B).
Zircons were extracted by crushing and hand picking.
The recovered zircon grains were euhedral, distinctly
brown, cathode luminescence-dark and range between
300 and 500 μm in length. The analytical procedure is
given in Appendix C.

Ion microprobe analyses (ten spots on eight grains,
Fig. 12C, Table 4) yield a consistent 207Pb/206Pb age of
431±2 Ma (Fig. 12D), interpreted as dating the
crystallization of the pegmatite. The majority of spots
are reversely discordant due to the very high U contents
(6000–19,000 ppm). The reverse discordance is possibly
due to different sputtering behaviour of the sample
zircon compared with the lower-U standard, a well doc-
Table 4
Ion microprobe U–Th–Pb data for sample CK079

Sample / Spot U
(ppm)

Th
(ppm)

Pb
(ppm)

Th/U f 206
%

238U/206Pb ±

CK079 Pegmatite cutting Hellefjord Schist [70.8420002 / 24.6839941]

1a 17281 332 1483 0.019 0.02 12.36762 1
1b 19217 322 1724 0.017 0.01 11.81665 1
2a 9648 129 786 0.013 0.00 12.99597 1
2b 5967 78 472 0.013 0.01 13.39426 1
3a 10149 131 819 0.013 0.01 13.12465 1
4a 9298 122 743 0.013 0.01 13.26065 1
5a 5850 315 450 0.054 0.99 13.80492 1
6a 8862 105 709 0.012 0.17 13.23955 1
7a 11009 152 889 0.014 0.14 13.12114 1
8a 8556 116 636 0.014 0.02 14.26689 1

% Disc (2σ) is the age discordance at the closest approach of the error ellipse
other errors are at the 1σ level. f 206% is the percentage of common 206Pb, e
Ludwig (2003). The sample location is given in decimal degrees (WGS84 d
umented phenomenon in U-rich zircons (e.g. Wieden-
beck, 1995). Nonetheless the U and Pb concentrations
along with the 207Pb/206Pb ratio have been accurately
determined, benefiting from the high concentrations.
The age of this pegmatite constrains D2M to having
occurred at or after c. 431 Ma, whereas metamorphic
zircon overgrowths on fractured and extruded zircon
grains demand that it occurred prior to c. 428 Ma
(Kirkland et al., 2005a).

7. Interpretation of geochronology

The fabric relationships of the dated grains to the
regional tectonic structures are critical in determining the
significance of these results. Samples CK231, CK224
and CK253 have similar relationships to the regional
fabrics, i.e., they are developed in post-D2M pegmatites
that intruded after the development of the N–S lineation.
The undeformed white mica crystals they contain must
therefore also post-date the development of the N–S
lineation. The 40Ar–39Ar ages of these samples are
identical within error and yield a weighted mean age of
416±4 Ma (MSWD=0.33). These ages are interpreted
as cooling ages as muscovite forming the S2M foliation
within the Hellefjord Schist appears to have cooled to its
argon retention temperature at an identical time i.e.
CK206 417±8 Ma. Cooling ages for muscovite in the
Hellefjord Schist are about 6 Ma younger than those
recorded in the KNC where typical cooling ages from
muscovite fabrics are around 422± 2 Ma (n=3,
MSWD=1.6; Kirkland et al., 2006b) in agreement
with the 423±6 Ma age of large porphyroblastic
muscovite from the Storelv Schist dated in this paper
(CK268). Excess argon has previously been documented
σ% 207Pb/206Pb ±σ% % Disc.
(2σ)

207Pb/206Pb
(Ma)

±σ 206Pb/238U
(Ma)

±σ

.00 0.05547 0.11 14.2 431 2 501 5

.00 0.05553 0.13 18.8 433 3 524 5

.00 0.05540 0.14 9.1 428 3 478 5

.02 0.05572 0.20 2.1 441 4 464 5

.00 0.05526 0.20 9.0 423 4 473 5

.03 0.05539 0.15 6.9 428 3 469 5

.00 0.05575 0.64 – 443 14 451 4

.00 0.05558 1.05 – 436 23 469 5

.00 0.05546 0.15 7.3 431 3 473 5

.93 0.05547 0.44 – 431 10 437 8

to Concordia (2σ level). Positive numbers are reversely discordant. All
stimated from the measured 204Pb. Age calculations use the routines of
atum).
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as extensively affecting the KNC (Dallmeyer, 1988;
Kirkland et al., 2006b). To a more limited extent it was
recorded within the Magerøy Nappe (Kirkland et al.,
2006b). Cores of large porphyroblastic biotite within the
Hellefjord Schist, as discussed previously, are unaffected
by excess radiogenic argon and yielded a inverse
isochron age of 401±7 Ma (Kirkland et al., 2006b).
This was interpreted as a cooling age. The youngest
portion of the release spectrum of CK009 is least
affected by excess argon and records an apparent age of
415±1 Ma consistent with an interpretation of biotite
cooling through its blocking temperature around c.
400 Ma in the Magerøy Nappe. This is in keeping with
the Rb–Sr biotite age for the Engesfjellet Granite of
415±6 Ma (Kirkland et al., 2006b).

7.1. Tectonic significance of mineral lineations in the
KNC and Magerøy Nappe

Two mineral lineation directions are apparent within
the region, a N–S trend dominant in the Bakfjord and
Repvåg granite and a conglomerate unit within the
Hellefjord Schist along with a broad E–W trend seen
within the Litlefjord and Revsneshamn granites and also
displayed in the ‘basement’ paragneiss (Figs. 1 and 3).
Stretching lineations may be considered the result of
either the deformation at the end of a sequence of struc-
tural modifications or related to a single kinematic cause,
as in a simple shear event (Grujic andMancktelow, 1995).

The east–west trend shows some variation, although
it is generally orthogonal to the F2, F3 and F4 fold axes
and broad trend of the thrust nappe contact. It is likely
that this E–W lineation relates to a single kinematic
cause with transport broadly orientated top to the east
(Fig. 1).

The tectonic significance of the N–S lineation, con-
strained to have developed at or after c. 431 Ma and
before c. 428 Ma, is more enigmatic. The parallelism
between fold axis and mineral lineation direction is
common in many orogenic belts (Cloos, 1946; Froitz-
heim, 1992) and can result from the rotation of folds
under non-coaxial deformation. However such a defor-
mation regime would require high strains and would be
expected to produce sheath-like geometries in the N–S
direction. Typical fold profiles are not sheath-like al-
though within isolated zones of higher strain, sheath
folds do occur. However, these have an ENE–WSWaxis
and are thus likely due to top-to-the-east fold intensifi-
cation (Fig. 3).

The N–S D2M–D4K lineation corresponds to ap-
proximately 50% shortening in the east–west orientation
and is associated with N–S extension. This orientation is
anticlockwise of parallelism with the regional fold axis.
This indicates departure from plane strain, lying within
the constriction field of the finite strain ellipsoid. Near
parallelism between fold axis and lineation direction can
be created through a transpressive system with pure and
simple shear components causing contraction across the
zone to be taken up by vertical extension (Harding, 1971;
Wilcox et al., 1973). In such a model, folds would de-
velop with axes parallel to the maximum stretching
direction with vertical axial planes, with a finite strain
ellipse represented by oblate ellipsoids (Kb1) (Sander-
son and Marchini, 1984). However, the presence of a
constrictional ellipsoid that has its axis of maximum
extension orthogonal to the transport direction suggests
that buttressing in the broad E–W direction of Scandian
compression occurred during the formation of the N–S
directed lineation. It is probable that top-to-the-east
compression resulted in some material ‘flow’ at a high
angle to the main orogenic compressional direction.

Transportation paths involving nearly orthogonal
changes in direction of relative movement have been
described from several orogens. For example, Peterson
and Robinson (1993) examined the structural transport
directions near the Bronson Hill anticlinorium in the
Appalachian orogen, and found a progression from
orogen-orthogonal to orogen-parallel transport. Likewise,
Merle and Brun (1984) studied the incremental strain
history of the Parpaillon Nappe in the French Alps and
found evidence for initial NW-directed movement of the
nappe followed by SW-directed movement. Within the
Efjorden area, some 300 km SWof the present study area,
Northrup and Burchfiel (1996) presented structural data
that indicated simultaneously disparate directions of
tectonic transport. They interpreted the fabrics to mean
coeval top-to-the-ESE movement in the allochthon and
top-to-the-SSW orogen-parallel movement within the
underlying autochthon. A similar situation of deformation
partitioning cannot be invoked in the present case as the
same nappe contains evidence in the form of the relative
age of fold axes, mineral lineations and striations for
initial top to the E/ESE transport before N–S orientated
motion developed. Orogen-parallel lineations are well
developed on the East Greenland side of the Caledonian
Orogen. In NE Greenland these lineations are associated
with flat-lying folds and top-to-the-north shear (Strachan
et al., 1992). In central EastGreenland they are prolate and
developed at c. 430 Ma during syn-convergent extension
(White et al., 2002), a timing very similar to prolate
deformation in the Magerøy Nappe (i.e. c. 431–428 Ma).

The strain pattern and the orientation of fabrics, in the
KNC and Magerøy Nappe, are most consistent with
orogenic compression directed broadly E–W with ESE



Fig. 13. Cartoon illustrating (left) top to the east over thrusting and tectonic thickening as Laurentia collides with Baltica. Continued collision (right)
results in buttressing and lateral escape which occurred in northernmost Norway between c. 431 and 428Ma. The lateral escape is manifest regionally
as a strong N–S mineral lineation and intense prolate strain.
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to later E-directed overthrusting. This matured into N–S
directed lateral escape, associated with constrictional
strain, once the resistance to overthrusting exceeded the
yield strength of the rocks and was likely coeval with the
full continental–continental stage of the collision
(Fig. 13). Thus the direction of mineral lineations and
the shape of the associated strain ellipsoid can be used to
recognise different stages in the destruction of an ocean
and the evolution of a mountain belt.

8. Conclusions

The Scandinavian Caledonides are characterized by a
series of major nappes thrust eastwards onto Baltica
during the early Palaeozoic closure of the Iapetus Ocean.
Various tectonic fabrics within the KNC have been
associated with this event, i.e. the Scandian Orogeny
sensu lato (Zwaan and Roberts, 1978). However distinct
phases of this event can be distinguished. One of these
is manifest by a N–Smineral lineation and is particularly
widespread in both the KNC and Magerøy Nappe.
This paper has focused on the cause of this fabric and
its timing, hence elucidating the tectonic development
within this stage of the collision.

Analysis of clast shapes in a deformed conglomerate
affected by this N–S fabric provides the first quantitative
estimate of the 3-D strain for this event. Strain analysis
using the θ-curve method gives X/Z, Y/Z and X/Y strain
ratios (and 95% confidence limit errors) of 5.79±0.86,
1.55±0.24 and 3.89±0.059, respectively. These differ
insignificantly from strain estimates using the harmonic
mean of clast shapes. A new method is presented to
calculate the strain within a conglomerate using linear
regressions to model the clast length in all three dimen-
sions. This method allows identification of outliers with-
in the dataset and results in a strain value consistent with
all other methods used. All methods suggest prolate
deformation. Fry analysis was used to assess the strain
within the enclosing psammite matrix yielding similar
values, consistent with the lithological similarity of the
clasts and matrix. The results indicate c. 50% horizontal
shortening parallel to the thrusting direction and c. 200%
extension along the orogenic strike.

In order to use strain analysis to constrain tectonic
models, it must be combined with a clear distinction of
deformation phases. This may be achieved by bracket-
ing fabrics through dating undeformed versus deformed
crystal phases. The N–S lineation affecting both the
Magerøy Nappe (D2M) and the KNC (D4K) must have
developed after c. 438 Ma as zircon grains of this age
have been fractured and extruded parallel to the fabric
(Kirkland et al., 2005a). Undeformed white micas in
pegmatites in the Magerøy Nappe yield Ar–Ar ages of
c. 416 Ma. Although these are probably cooling ages,
field relationships demonstrate that the N–S lineation
must have developed before they grew, which itself
occurred before c. 416 Ma and after c. 438 Ma. This is
consistent with the lower age constraint of c. 428 Ma
reported by Kirkland et al. (2005a) from metamorphic
zircon overgrowths on fractured crystals. A precise limit
for the D2M event is provided by the 431±2 Ma age of a
deformed pegmatite, which intruded between D1M and
D2M. Hence D2M (and D4K) took place between c. 428
and 431 Ma.

Collisional forces appear to have driven lateral escape
because gravitational collapse, leading to the develop-
ment of Devonian basins, is a distinctly later event. The
development of Devonian basins is recorded throughout
Norway soon after 401 Ma (Eide et al., 2002; Kendrick
et al., 2004). Hence, horizontal forces induced by con-
tinental collision must provide a more effective driving
force for lateral extrusion than the gravitational instabil-
ity of the thickened crust in at least the active stages of
collision.
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These results indicate that lateral escape was directed
nearly orthogonal to the collision vector and occurred
during the continent–continent collision stage of the
orogeny before gravitational driven collapse (Fig. 13).
The field results from this study confirm the orogenic
modelling results of Seyferth and Henk (2004), which
concluded that orogen-parallel extension is intimately
related to continental collision and occurs essentially
contemporaneously with convergence.

The orientation and timing of compressional versus
extensional stresses can be used as a guide to the
phase of the orogeny, i.e., to differentiate between
subduction of oceanic material, full continental
collision and orogenic collapse. The N–S lineation
and its timing are consistent with continental–conti-
nental collision causing orogenic buttressing and
concomitant orogen-parallel lateral escape. The full
continental collision between Baltica and Laurentia
occurred after c. 438 Ma, the age of back arc basin
sedimentation, and before c. 416 Ma, the Ar–Ar
cooling age of white mica. Within the northernmost
Norwegian Caledonides a tight constraint on the Scan-
dian collision is placed between c. 431 and 428 Ma.

Acknowledgements

Field and laboratory work were supported by a
Government of Ireland (IRCSET) Embark Initiative
Postgraduate Research Scholarship awarded to C.L.
Kirkland and an IRCSET Basic Research Grant (SC/
2002/248) awarded to J.S. Daly. We sincerely thank B.
Hendriks and M. Ganerød for assistance in the NGU
argon Laboratory. T. Torsvik is thanked for the ac-
commodation at Langstrand. Finally, we would like to
thank I. Alsop, M. Steltenpohl and editor J.P. Burg for
constructive comments which improved the paper. The
Nordsim facility is financed and operated under an
agreement between the research councils of Denmark,
Norway and Sweden, the Geological Survey of Finland
and the Swedish Museum of Natural History. This is
Nordsim publication 156.

Appendix A. Sample description

Sample CK060, coordinates: 70.6761807; 23.208
2587 decimal degrees (WGS 84), at Gamnes point, on
Sørøy, east of Langstrand (Fig. 1). Matrix-supported
monomict conglomerate consisting of weakly-foliated
psammite pebbles (quartz, feldspar and minor biotite
defining the foliation) in a matrix composed predomi-
nantly of quartz, biotite and feldspar with rare muscovite,
garnet and fibrolitic sillimanite.
Within the matrix a strong foliation is defined by
biotite grains which have a N–S lineation. Biotite also
forms large clots in the matrix consisting of several grains
(up to 3 mm long). The sample is strongly deformed,
showing constrictional strain (see Figs. 4 and 10). In
general, the matrix exhibits a blastomylonitic fabric, with
a coarse equigranular polygonal texture within the strong-
ly stretched pebbles. Very rarely a very fine-grained
equigranular quartzo-feldspathic mantle is present on the
outer margin of the psammite clasts.

Appendix B. Rf/φ method

During deformation, an elliptical passive marker will
be transformed to a new shape with aspect ratios Rf and
long axis orientation, φ, dependant on the original shape
(Ri) and orientation (θ) of the marker and the shape (Rs)
and orientation of the strain ellipse. The quantities Rf and
φ can be measured directly from the deformed clast.
Accepting some simplifying assumptions, the influence
of the four parameters that control the final distribution
of Rf and φ can be determined.

One assumption is that the ellipsoids were originally
randomly oriented, leading to symmetric patterns of data
on Rf/φ diagrams (Ramsay and Huber, 1983). Statistical
methods can be used to test this (Lisle, 1985). In the case
of randomly orientated clasts, the orientation of the
maximum principal stretching direction is the orientation
that bisects the data. The basis of this method is as
follows: prior to deformation the elliptical strain marker
makes an angle, (θ) between its long axis and the X
direction of the strain ellipsoid. The markers have an
ellipticity and different initial orientations. After defor-
mation, however, the strain markers have a modified
ellipticity (Rf) and now make a different angle (φ) be-
tween their long axis and the maximum extension direc-
tion. The strain ellipse is then calculated by unstraining
the markers until they have a shape and orientation,
which would be expected to have existed in the rock
before it was strained.

Avariety of methods can be used to estimate the strain
ratio from Rf/φ diagrams. Ramsay and Huber (1983)
suggest using the maximum and minimum values of Rf
to determine the strain ratio. However, a more elegant
solution, which also provides a quantitative method to
estimate the errors is provided by Lisle (1977). Marker
ellipses with the same initial orientation (θ) but with a
range of aspect ratios define a series of curves on an Rf/φ
diagram, (θ-curves) that depend only on the strain ratio
(Lisle, 1977). Sets of θ-curves can be drawn in Rf/φ
space for a series of different initial orientations. The
strain ratio (Rs) that best accounts for a set of Rf/φ data is
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determined by comparing the Rf/φ data with θ-curves. R
is then found from the θ-curve which produces the best
fit to the data (Fig. 6). The χ2 test (Lisle, 1985) is used to
evaluate the goodness of fit and provides a method to
estimate the errors.

Appendix C. Geochronology methods

Ar–Ar procedure

All samples were crushed and sieved prior to hand-
picking under a binocular microscope. High-purity
mineral separates of muscovite and biotite (CK009)
were produced. Mineral separates were washed in dis-
tilled water and acetone prior to packing in Al foil for
irradiation.

The mineral separates were irradiated in a single
batch at the McMaster research reactor, Hamilton,
Canada. Rio Tinto biotite (410.3 Ma) and Sanidine
TCR (Taylor Creek 28.3 Ma) and FCT biotite (Fish
Canyon 28.0 Ma) along with K and Ca salts, were
irradiated with the samples as monitors to determine the
J value.

All Ar measurements were made at the Norwegian
Geological Survey argon laboratory by resistance furnace
step-heating. Temperature increments were typically
50 °C. Blanks had a near atmospheric composition and
accounted for b1–5% of the 40Ar and less than 1% of the
36Ar, 37Ar, 38Ar and 39Ar released. Blank corrections
were applied based on a daily blank. Mass discrimination
values were determined on measured atmospheric
40Ar/36Ar from an air pipette. Analytical protocols follow
Eide et al. (2005, 2002). Standard corrections were made
for 37Ar decay after irradiation and Ar interference
reactions based on measured 36Ar/37Ar (Ca)=0.000285;
39Ar/37Ar (Ca)=0.000724 and 40Ar/39Ar (K)=0.01923
values determined from the K and Ca salts.

U–Th–Pb procedure

Zircons were extracted from the sample by crush-
ing, sieving, heavy liquid and hand picking. About 50
grains were mounted in epoxy resin and polished to
reveal the grain interiors. Grains were imaged under
reflected light and by cathodoluminescence to deter-
mine the internal structure. Determination of Pb/U, Pb/
Pb isotope ratios and U, Th, and Pb concentrations
were performed on a Cameca IMS 1270 ion
microprobe at the Swedish Museum of Natural
History. The analytical procedure follows Whitehouse
et al. (1999), using 91500 zircon as the U/Pb ratio
calibration standard.
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