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Abstract--The studied area in Western Norway constitutes part of the hangingwall of the extensional 
Kvamshesten Detachment Zone (KDZ). The KDZ separates eclogite-bearing lower crust from a hangingwall 
consisting of a Precambrian basement-cover pair, Silurian continental margin sediments, a Silurian obduction 
melange, a Late-Ordovician ophiolite and the Devonian Kvamshesten Basin, deposited unconformably on the 
Pre-Devonian rocks. Contractional deformation related to ophiolite obduction and to the Caledonian Scandian 
Orogeny produced a suite of SE-verging structures developed under greenschist facies conditions. As orogenic 
collapse commenced, extensional shear zones were formed in the upper and middle crust, re-activating 
contractional shear zones and fabrics. The direction of transport on the inherited fabrics was reversed from top- 
to-southeast to top-to-northwest, and structures related to the regional extension were superimposed on the 
contractional structures. Back-folding of the main contractional foliation by asymmetric W-vergent folds, 
together with NW and W-directed shearing along weak lithologies and semi-ductile faulting in the m61ange, are 
the main structural expressions of early stages of the orogenic collapse in the Staveneset area. There is apparently 
no metamorphic break between the contractional fabrics and the earliest extensional structures. The extensional 
structures developed, however, under progressively more brittle conditions. The Devonian sediments were 
deposited upon a sequence of rocks in the upper plate of the Kvamshesten Detachment that had already 
undergone significant extensional deformation and tectonic exhumation in the Late-Silurian-Early Devonian. 
The extensional deformation in the upper plate of the Western Norwegian extensional detachments has up to 
recently been largely ignored in the discussion of the structural control of the formation of the Devonian basins. 

INTRODUCTION AND REGIONAL SETTING 

THE Sunnfjord region in Western Norway (Fig. 1) is a 
key area in the understanding of the stratigraphical and 
deformation history of the SW Norwegian Caledonides 
and the subsequent post-orogenic extensional collapse 
of the mountain belt. Several recent studies have fo- 
cused on aspects of the geology of the area including 
stratigraphy, tectono-stratigraphy, geochemistry and 
structure (Brekke & Solberg 1987, Andersen et al. 1990, 
Furnes et al. 1990, Skjerlie &Furnes 1990, and several 
unpublished theses from the Universities of Bergen and 
Oslo). The tectono-stratigraphic succession comprises a 
lower- and an upper plate separated by large-scale 
extensional detachment zones; in the Sunnqord area the 
detachment is known as the Kvamshesten Detachment 
Zone (KDZ). The KDZ developed during the post- 
orogenic extensional collapse of the Caledonides in the 
Lower-Middle Devonian (Norton 1987, S6ranne & 
S6guret 1987, Chauvet & S6ranne 1989, Andersen & 
Jamtveit 1990, Swensson & Andersen 1991). The KDZ 
was reactivated in the Upper Paleozoic and in the 
Mesozoic (Torsvik et al. 1992). 

The lithoiogies in the lower plate are dominated by 
Proterozoic gneisses of the Western Gneiss Region 
(WGR), which are characterized by the numerous 
occurrences of eclogitized crustal lithologies (Bryhni 
1966, M0rk 1985) with Caledonian high-P metamorphic 
assemblages (Griffin & Brueckner 1980, 1985). The 
lower plate also contains inclusions of mantle lithologies 
(CordeUier et al. 1981, Jamtveit et al. 1991) and rocks 

that are believed to form part of the Caledonian cover 
and nappes (Hernes 1954, 1956a, b, Bryhni 1989, Swens- 
son & Andersen 1991). The rapid uplift and eduction of 
the lower plate, partly from mantle depths (Smith 1988, 
Smith & Lappin 1989), triggered the extensional col- 
lapse of the orogen (Andersen et al. 1991). The uplift 
was accompanied by the progressive retrograde rework- 
ing of the early high-P, non-rotational, constrictional 
fabrics (Andersen et al. 1991, Dewey et al. 1993). As the 
originally deep rocks reached middle and upper crustal 
levels, they were affected by the enhanced deformation 
in the extensional detachments (Andersen & Jamtveit 
1990), characterized by rotational deformation at 
amphibolite to greenschist facies conditions. Studies in 
the upper plate have been chiefly concerned with the 
contractional deformation during formation of the 
mountain belt. In most areas that originally constituted 
the middle and upper crust of the Scandinavian Caledo- 
nides, contractional structures are dominant. Most of 
the recent publications dealing with the extensional 
collapse of the Scandinavian Caledonides have concen- 
trated on the detachments and their structural control on 
the sedimentation in the Devonian basins of Western 
Norway. The sedimentology and extraordinary strati- 
graphic thicknesses of the Devonian basins of West 
Norway were described in detail by Steel and co-workers 
in a number of papers and unpublished theses (Steel 
1976, Steel & Gloppen 1980 and others). The basins are 
now classic examples of sedimentation related to migrat- 
ing depo-centres believed to have been controlled by 
faults along their margins. The importance of the exten- 
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Fig. 1. Simplified geological map of Sogn-Sunnfjord region in West Norway. The area studied in detail is on the western 
part of the Staveneset peninsula. 

sional deformation has now been recognized along the 
Scandinavian Caledonides from Rogaland in the south 
to Troms in the north (Hossack 1984, Norton 1986, 
1987, Sjcstr0m & Bergmann 1989, Cashman 1990, 
Rykkelid & Andresen 1993). Very little attention has, 
however, been paid to the extensional deformation that 
was superimposed on the contractional structures in the 
hangingwall of the extensional detachments. This paper 

describes the geological setting and both contractional 
and extensional structures in the Caledonian nappe- 
sequence in the Staveneset area that forms parts of the 
substrate to the Kvamshesten Devonian basin in Sunn- 
fjord (Fig. 1). We focus on the extensional deformation 
that can be attributed to the upper-crustal deformational 
response to the large-scale ductile extensional defor- 
mation that took place along the underlying KDZ. 
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Fig. 2. Tectono-stratigraphy of the Sunnfjord region, modified after 
Andersen et al. (1990). See text for explanation. 

STRATIGRAPHY AND TECTONO- 
STRATIGRAPHY 

A summary of the tectono-stratigraphy of the 
hangingwall of the KDZ in Sunnfjord is shown in Fig. 2 
(modified from Andersen et al. 1990). The area studied 
in detail on Staveneset (Fig. 3) forms part of the base- 
ment to the unconformably overlying Middle-Devonian 
sandstones and conglomerates of the Kvamshesten 
Basin. The lithologies discussed here belong to four 
stratigraphic units: the H0yvik Group (Skjerlie 1969, 
1974, Brekke & Solberg 1987), the Sunnfjord M61ange 
(Andersen et al. 1990), the Solund-Stavfjord Ophiolite 
Complex (S-SOC) and the Staveneset Group (Furnes et 

al. 1990). 
The Hoyvik Group is the lowest tectonic unit exposed 

on Staveneset. It comprises a sequence of alternating 
quartz-schists, mica-schists, impure marbles and sub- 
arkoses that can be traced along the south coast of 
Staveneset, across the fjord to Atl0y and farther east to 
the Markavatn area (Fig. 1). The H0yvik Group rests 
unconformably upon the Dalsfjord Suite (Andersen & 
D~ehlin 1986). In the type area on AtlOy, Brekke & 
Solberg (1987) divided the H0yvik Group into four 
formations, out of which the upper two, the AtlOy and 
Laukeland formations, contain pre-metamorphic mafic 
dikes and volcanics. Marble- and greenschist-bearing 
meta-sediments occurring along the south coast of Sta- 
SG 16: lO-n 

veneset were correlated with the Laukeland Formation 
by Osmundsen (1990). On Atl~y, the H~yvik Group is 
overlain unconformably by the fossiliferous continental 
margin sediments of the Silurian Herland Group 
(Brekke & Solberg 1987). This contact provides the only 
age-constraint available regarding the H0yvik Group. 
The H~yvik Group underwent polyphase deformation 
at upper greenschist facies metamorphism prior to the 
deposition of the Herland Group (Brekke & Solberg 
1987). On Staveneset, however, the Herland Group is 
missing, and the H~yvik Group is in direct contact with 
the Sunnfjord M61ange. Lithostratigraphic correlation 
suggests that the H~yvik Group is of Late-Precambrian 
age, and equivalent to similar thick psammitic sequences 
with mafic dike-swarms in the Scandinavian Caledo- 
nides. These occur in the Middle- and possibly in the 
lower parts of the Upper Allochton in Norway and 
Sweden, and are believed to represent the most distal 
parts of the continental margin of Baltica (Brekke & 
Solberg 1987, Stephens & Gee 1989). 

The Sunnfjord M61ange has been divided informally 
into a lower (Stubseid) and an upper (Illevika) unit 
(Osmundsen 1990); in most areas they are separated by 
the late extensional Staveneset Fault (see Fig. 3 and 
below). Locally on Atl0y, the lower unit of the m61ange 
has an unconformable, depositional contact with the 
Herland Group. In the studied area, however, the 
m61ange has tectonized contact with the HOyvik Group. 
The matrix of the lower unit is dominated by greenish 
quartz-mica schists containing variable amounts of 
chlorite and plagioclase. Chlorite-rich impure marbles 
and greenstones occur within the lowermost levels of the 
Stubseid unit, as do scattered vein-quartz and epidosite 
clasts. Characteristic, jasper-bearing, matrix-supported, 
polymict conglomerates can be traced from Atloy (Berg 
1988) across the studied area towards the Markavatnet 
area in the east (Fig. 1). The clasts in the conglomerate 
reflect a bimodal source of both continental and oceanic 
affinity (Skjerlie 1974, Andersen et al. 1990). In the 
studied area, clasts of continental affinity comprise rocks 
derived from the Dalsfjord Suite and H0yvik Group, 
deformed and metamorphosed prior to deposition, and 
previously undeformed sandstone clasts, probably de- 
rived from the Herland Group. Clasts of oceanic affinity 
are greenstones, epidosite and red jasper. In western 
parts of Staveneset, a greenstone marks the tectono- 
stratigraphically lowermost level of the m61ange. The 
greenstone is believed to represent a fragmented dike/ 
intrusive complex, probably an olistolith derived from 
the S-SOC. In the westernmost parts of the study area, a 
ductile shear zone marks the base of the upper unit. The 
shear zone is characterized by green phyllonites and 
phyllonitic conglomerates, carrying serpentinite, talc- 
schist and greenstone blocks. A large block of pillow 
lava with MORB composition (Carlsen 1989) occurs in 
tectonic contact with conglomerates of the Stubseid unit 
in the Illevika area (Fig. 3). The phyllonitic, ultramafic- 
bearing level of the m61ange also occurs at Tviberg, 
AtlOy and Markavatn (Skjerlie et al. 1989, Andersen et 
al. 1990, Alsaker 1991). The dominant lithology of the 
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Fig. 3. Simplified geological map and cross-sections of studied area on Staveneset. In cross-section A-B, SE-verging, late 
contractional folds (/'2-3) have been distinguished in the S-SOC and Sunnfjord M61ange. Cross-section C-D shows 
W-vergent F3 back-folds in the H0yvik Group and in the lower part of the Sunnfjord M61ange. The FB-folds are truncated by 

the Staveneset Fault, which defines the structural contact between the lower and upper units of the M61ange. 

upper unit is a chlorite-bearing, calcareous meta- 
greywacke. Shear zones carrying talc-schist lenses, con- 
glomerate and impure limestone occur, however, at low 
and middle levels of the Illevika unit. At tectono- 
stratigraphicaily higher levels of the upper unit, pods, 
lenses and tabular bodies of greenstone occur in the 
metagreywackes. Thus, the uppermost part of the 
m61ange resembles part of the Staveneset Group that 
forms the primary cover to the S-SOC. 

On Staveneset, various parts of the Solund-Stavfjord 
Ophiolite Complex (S-SOC, Furnes et al. 1990) rest 
with tectonic contact on the Sunnfjord M61ange (Fig. 3). 
The S-SOC constitutes an ophiolite fragment, where 
only upper and middle parts of the pseudo-stratigraphy 
have been preserved. The older parts of the ophiolite, 
dated (U-Pb on diorite zircons) at 443 +_ 3 Ma by 
Dunning & Pedersen (1988), were probably deformed in 
a transform environment prior to a second phase of 
magmatic activity. The latter was related to a propagat- 
ing rift segment intruding older, already deformed crust 
(Skjerlie 1988, Carlsen 1989, Skjerlie et al. 1989). 

The Staveneset Group (Furnes eta l .  1990) constitutes 
the uppermost preserved tectono-stratigraphic unit in 

the Caledonides in Sunnfjord (Fig. 2). The sequence is 
dominated in its lower parts by meta-greywackes with 
abundant meta-gabbroic sills, dikes and layers of pillow 
lava all with MORB composition (Carlsen 1989). In the 
tectonically dismembered upper parts of the Staveneset 
Group, rocks of calc-alkaline and alkaline affinity have 
been identified (Furnes et al. 1990). The group rests with 
a primary, depositional contact on the S-SOC and 
primary sedimentary structures in the meta-greywackes, 
together with well preserved pillow lavas, show young- 
ing towards the northwest away from the contact with 
the S-SOC (Osmundsen 1990). 

STRUCTURAL GEOMETRIES AND HISTORY 

In the Staveneset area, structures related to Silurian 
regional contraction and to subsequent extensional re- 
activation are strongly developed. Accordingly, struc- 
tures and fabrics related to the Pre-Silurian event affect- 
ing the H0yvik/Dalfjord cover-basement pair are 
completely transposed or re-activated. They cannot with 
confidence be distinguished from the structures pro- 



Caledonian compressional  and late-orogenic extensional deformation,  Western Norway 1389 

cl 
1 

• •a 

b ~ "  "" ; • "-'~:" " : 

f) 

g) 

a) 

• to I • 

e 

A. 

÷ 

! 

Fig. 4. Stereographic representations (equal area) of main structural elements in the Staveneset area. (a) Poles to $1. N = 
35. (b) F2_1 fold axes. N = 75. (c) $2_1 (main foliation). Pole to best-fit great circle 040/34. N = 894. Contour pattern 
intervals (from least dense) 00-2.0%, 2.0-4.0%, 4.0--6.0%, 6.0-7.9%. (d) F2_3 fold axes. Axes plotting in third and fourth 
quadrants are refolded by large-scale F 3 folds. N = 18. (e) Lineations. Mean lineation vector 347.47. N = 17. (f) F3 fold 
axes. Mean lineation vector 029/38. Notice good correlation with pole to best-fit great circle for $2_1 data set. The deviation 
is probably related to the late contractional folds (F2_3)) that make the calculated fold axis a hybrid one. (g) $3 (crosses) and 

F3-related reverse faults (dots). N = 18. 

duced during the Late-Silurian Scandian orogeny,  ex- 
cept for clasts in the sediments that contain obvious pre- 
depositional fabrics. 

Geometry of  contractional structures 

The structural elements  formed during the Scandian 
orogeny in the Staveneset area were produced by defor- 
mation associated with the obduction and emplacement  
of the S -SOC and its cover and the continental collision 
between Baltica and Laurentia.  The progressive forma- 
tion of structural elements  during the contractional 
deformat ion enables characterization of two deforma- 
tional events (D~ and D2); the latter can be further 
subdivided into D2_ 2 and D2_3 phases. The oldest tec- 

tonic fabric recognized is a relict pressure solution cleav- 
age, $1 (Fig. 4a) that is generally parallel to bedding and 
can be distinguished as a separate foliation only in the 
hinges of F2 folds. This fabric in the H0yvik Group (Fig. 
5) must be a reactivated Pre-Silurian fabric, because $1 
pre-dates the deposition of the Her land Group on Atlcy 
(Brekke & Soiberg 1987). Over  large areas, bedding and 
$1 are transposed into the regional foliation ($2). 

Structures related to obduction and emplacement of  the 
ophiolite. The $1 foliation and bedding are folded by 
tight to isoclinal F2 folds, dominantly with a northeast- 
erly plunge (Figs. 3 and 4). F2 folds are symmetrical  to 
asymmetrical,  commonly with sheared lower limbs. The 
vergence of asymmetric Fz folds is consistently towards 
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the southeast. Numerous F2 folds with a well-developed 
crenulation cleavage ($2) occur in the upper unit of the 
Sunnfjord M61ange. Fold geometries, cleavage orien- 
tations and pseudo-stratigraphy/way-up in the ophiolite 
together suggest the presence of a large-scale F2 anti- 
clinal hinge in the southern parts of the studied area 
(Fig. 3, profile A-B). The anticline was sheared out 
along its southeastern inverted limb, as frequently dis- 
played by the smaller-scale F2 folds. A similar style of 
deformation related to the emplacement of the ophiolite 
has been described from the Herland Group on Atl0y 
(Andersen et al. 1990). The more penetrative defor- 
mation observed in the Staveneset area, however, 
resulted in a larger degree of parallelism between the 
main foliation ($2) and the shear planes. The main 
foliation, $2, is penetrative throughout the Staveneset 
area. The foliation is a pressure-solution cleavage in the 
meta-sediments, ranging from a spaced-planar cleavage 
in quartz-rich lithologies to stylolitic cleavage in meta- 
carbonates and is continuous in rocks rich in phyllosili- 
cates (Powell 1979). In most of the fine-grained mafic 
rocks of the S-SOC, the $2 is developed as a continuous 
cleavage defined mainly by elongate chlorite aggregates. 
In F2 hinges, S 2 forms a zonal- to discrete crenulation- 
cleavage on the $1 cleavage (Gray 1979). In large parts 
of the area, $1 and $2 are indistinguishable because of 
strong transposition of both bedding and $1. 

The mylonitic and phyllonitic fabrics of most shear 
zones in the area are defined by strong parallelism of the 
shear planes and the $2 foliation, indicating that move- 
ment on the shear zones commenced as the planes of 
flattening, the initial axial planar cleavage, rotated 
towards the shear plane during progressive non-coaxial 
deformation. The $2 foliation has a NW-SW strike and 
NW dip in most of the area (Fig. 4c). Later refolding 
related to both regional compression and extension 
gives a considerable scatter in the plotted orientations of 
early D2 structures (Fig. 4c). 

Late compressional structures. The S 2 foliation is 
folded by two sets of asymmetrical folds, F2-2 and F2-3 
(Fig. 4d). F2_2 folds are tight, strongly asymmetrical and 
occur as intrafolial folds along the sheared contact 
between the ophiolite and the m61ange. The fold axes 
plunge towards the northeast, and the vergence of the 
small-scale folds is consistently towards the southeast. A 
NW-dipping, zonal to discrete crenulation-cleavage 
($2_2) is developed in the cores of the Fa_E folds. A set of 
large-scale, asymmetrical folds (F2_3) is the youngest 
feature related to regional compression identified in the 
studied area. The F2_3 folds deflect the main foliation 
($2) and are prominent features both in the field and in 
cross-section (Fig. 3). The F2_3 axes generally plunge 
towards the E (Fig. 4d). Fold axes plotting in the left half 
of the stereogram represent F2-3 axes refoided by large- 
scale, NW-plunging Fs folds related to the phase of 
regional extension. A zonal crenulation-cleavage ($2-3), 
dipping towards the NNW, is developed with variable 
intensity in the cores of F2_3 folds, $2-3 crenulates the 
mylonitic $2 fabric along the contact between the S-SOC 

and the m61ange. Cross-cutting relationships between 
$2_3 and the more local $2_2 have not been observed and, 
although the geometry of these sets of structures are 
distinguishable in the field, it cannot be ruled out that 
they formed contemporaneously. 

Composite planar fabrics related to the regional com- 
pression. Several large-scale shear zones of regional 
importance have been recognized in the area: (1) the 
contact between the H~yvik Group and the Sunnfjord 
M61ange; (2) the shear zone between the lower and 
upper unit of the Sunnfjord M61ange; and (3) the shear 
zone separating the Sunnfjord M61ange from the S-SOC 
(Fig. 3). These shear zones can be traced (Fig. 1) from 
Tviberg and Atl~y, along Staveneset to the Markavatn 
area in the east (Skjerlie etal. 1989, Andersen etal. 1990, 
Furnes et al. 1990, Skjerlie & Furnes 1990, Osmundsen 
1990, AIsaker 1991). Late movements related to re- 
gional extension have re-activated most contractional 
shear zones as normal faults. A common feature of all 
these incompetent rocks is that the compressional fab- 
rics have been modified or obliterated during the re- 
gional extension (see below). Kinematic indicators 
related to the regional compression are best preserved in 
relatively competent rocks of the H0yvik Group and the 
Sunnfjord M61ange. The most common shear sense 
indicators related to the rotational deformation are: (1) 
S-C structures (Berth6 et al. 1979, Lister & Snoke 1984), 
shear-bands and extensional crenulation-cleavage/ 
normal slip crenulations (NSC), (Platt & Visser 1980, 
White et al. 1980, Simpson & Schmid 1983, Dennis & 
Secor 1987, 1990); (2) progressive folding, rotation and 
extension of quartz-filled extensional veins; (3) the ver- 
gence and asymmetrical shearing of F2 folds; (see 
above); and (4) outcrop-scale foliation-duplexes and 
stacked units. 

Kinematic indicators in the Hoyvik Group. The sub- 
arkoses of the H0yvik Group display S-C fabrics involv- 
ing an early transposed foliation (S0, a crenulation- 
cleavage and C-planes sub-parallel to the regional folia- 
tion (Fig. 5). The crenulation-cleavage constitutes the S- 
element of the composite fabric, and was formed by 
folding of the already existing $1 fabric. The crenulation 
foliation was enhanced by pressure-solution along the 
limbs of the small-scale folds transposing the pre- 
existing $1 foliation planes; the progressive formation of 
the S-C fabric is illustrated in Fig. 5. The S-surfaces 
strike between 030 ° and 060 ° and dip towards the north- 
west. Small-scale duplex/imbricate structures in the sub- 
arkoses indicate the same top-to-southeast movement as 
the S-C fabric. The composite S-C fabric was re- 
activated and folded during the subsequent regional 
extension (discussed below). In the eastern parts of the 
studied area, NSC-type structures (Dennis & Secor 
1987, 1990) are developed in a sequence of interbedded 
quartz-schists and pebbly sub-arkoses of the H0yvik 
Group. The geometry of the NSC surfaces is consistent 
with thrusting towards the SE, in accordance with the 
S-C fabric. Microscopic S-C fabrics occur abundantly in 
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(d) 

Fig. 5. Relations between contractional and extensional fabrics in metapsammites of the H0yvik Group, southwest 
Staveneset. (a) Commonly developed composite S-C fabric in a section oriented NW-SE. The macroscopic structures are 
related to regional contraction. The S-element is a crenulation cleavage, deflecting pre-Silurian $t foliation that is well 
preserved in the microlithons. Note also top-to-southeast shear zone in the lower part of the photograph. (b) Photomicro- 
graph of S-surface in (a). This shows that the previous planes of flattening have been re-activated as extensional veins. 
White micas that previously defined the cleavage planes have been fragmented and occur as fragments that float in matrix of 
newly formed chlorites partly crystallized normal to the vein walls. (c) W-vergent F~ back-folds of the S-surfaces of 
composite S-C fabric shown in (a). See the text for further discussion. (d) A model for the formation of the structures/ 
textures shown in (a) & (b). The Pre-Silurian Sj fabric (1) was deformed by SE-ward directed simple shear. This produced a 
NW-dipping, oblique $2 crenulation cleavage (2) seen in (a). Reversal of polarity on the C-planes (3) during the extensional 
collapse resulted in opening of tension veins (4) along the $2 crenulation cleavage (b), and in local back-folding as the $2 
cleavage had an orientation close to the direction of maximum compressive stress during initiation of the extensional 

deformation. 
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Fig. 6. (a) Typical outcrop-scale, F 3 back-fold in metapsammites of the H0yvik Group. Notice the shear fracture 
subparallel to its axial surface. The fracture is a small-scale reverse fault, which flattens out in the less competent horizon 
beneath the fold core, thus giving the fold a fault propagation fold-type geometry. Notice also that the axial surface bends 
sigmoidally into another shear zone above the fold hinge indicating a top-to-the-NW sense of shear. A spaced crenulation $3 
cleavage is developed in the fold core. (b) Photomicrograph of S-C fabric in graphite-bearing, micaceous unit structurally 
below the F3 fold in (a). The S-C fabric deflects the main foliation ($2_1), and displays a polarity consistent with vergence of 
the F3-folds. The less competent lithologies acted as ddcollement horizons during F3-folding. Scale bar is I mm. (c) 
Photomicrograph of an F3-microfolds in a chlorite phyllonite in the Sunnfjord Mdlange. The microfolds are developed 
above a limonite-rich shear band subparallel to the main foliation. The microfolds have a vergence towards the west, 

consistent with both outcrop- and map-scale P~ folds in the studied area. Scale bar is I ram. 
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Fig. 7. Block diagram summarizing the geometry of the contractional 
and extensional structures at Staveneset. The numbered structures on 
the diagram are: (1) F2 i folds and the main $2 i foliation; (2) Shear 
zones that generally parallel the main foliation anastomose between 
tectonic lenses and blocks in the Sunnfjord M61ange; (3) Late contrac- 
tional Fe_3 folds in the S-SOC and Sunnfjord M61ange; (4) Composite 
planar fabrics preserved in metapsammites of the H0yvik Group; (5) 
Kinematic indicators with northwest polarity in incompetent litholo- 
gies; (6) W-vergent k~-folds and associated structures; (7) The Stave- 
neset Fault, post-dating the F3-folds and associated structures; and (8) 
Steep NNW-SSE striking faults and joints, post-dating all other 
structures in the area. Legend: (1.) Hcyvik Group, (2.) Sunnfjord 
M61ange (lower unit), (3.) Sunnfjord M61ange (upper unit), (4.) 

Solund-Stavfjord Ophiolitc Complex, (5.) Staveneset Group. 

relatively competent rocks at several tectono- 
stratigraphic levels of the Hoyvik Group. Along the 
contact to the Sunnfjord M61ange, contractional NSC- 
type structures consistent with top-to-southeast move- 
ment are developed in a strongly sheared quartzites in 
contact with the greenschists of the m61ange. 

Kinematic indicators in the Sunnfjord M~lange. The 
greenish quartz-chlorite schists of the Stubseid unit have 
microscopic mica-fish (Lister & Snoke 1984) and NSC- 
structures close to the contact with the Hoyvik Group; 
both features show top-to-southeast shear sense. Con- 
sistent kinematic indicators related to regional compres- 
sion have not been identified in the green phyllonites in 
the upper part of the melange. In the meta-greywackes, 
however, NSC-type structures occur in sandy horizons 
close to the lowermost, ultramafic-bearing level of the 
unit. Subordinate NSC occurs between the main $2 
shear planes, deflecting $1, indicating that slip occurred 
along the main foliation during the compressional 
phase. The sense of shear shown by the NSC accords 
with a transport direction with top-to-southeast. 

Outcrop-scale imbricate structures occur close to the 
contact between the m61ange and the S-SOC in meta- 
greywackes of the upper unit of the m61ange. The 
individual horses are separated by talc-schist shear 
zones, some of which are several meters thick. A duplex 
on the island of Stor0ya (Fig. 3) displays shear zones 
dipping towards the SE. The dip direction is, however, 
probably a result of later folding, for F2 folds verge 

towards the northwest in a restricted area around 

Stor0ya. 

Structures related to regional extension 

Radiometric dating of eclogites in the Western Gneiss 
Region (WGR) gives Lower Devonian to Upper Silur- 
ian (ca 410--420 Ma) ages for peak metamorphism (Grif- 
fin & Brueckner 1980, 1985, Gebauer et al. 1985, 
Jamtveit et al. 1991). Widespread amphibolite facies 
conditions persisted in the WGR to approximately 390 
Ma (Brueckner 1972, Lux 1985, Kullerud et al. 1986, 
Tucker et al. 1987). Mineral associations in the rocks of 
the studied area show that obduction-related contractio- 
nal fabrics in the Staveneset area developed at green- 
schist facies; only on islands 10-15 km NW of the studied 
area are rocks of the S-SOC and the Staveneset Group 
at upper greenschist/lower amphibolite facies conditions 
(Skjerlie 1974, Osmundsen 1990). The studied rocks are 
unconformably overlain by Devonian sediments 
(Bryhni & Skjerlie 1975). Jarvik (1949) assigned fish 
fossils to the lower Middle-Devonian, and it is generally 
assumed that all the Devonian basins in Western Nor- 
way are of this age. This corresponds to an age of 
approximately 383 Ma (McKerrow et al. 1985). During a 
time-span of approximately 30 Ma, contemporaneous 
with the eduction and rapid uplift of the high-P rocks in 
the W G R  (Andersen et al. 1991), the rocks of the area 
were exhumed and unconformably overlain by the con- 
glomerates and sandstones of the Kvamshesten Devo- 
nian Basin (Bryhni & Skjerlie 1975). Structural 
development and models for the rapid uplift of the 
WGR were described by Andersen & Jamtveit (1990) 
and Andersen et al. (1991) and Dewey et al. (1993). We 
demonstrate, below, that the SE-directed contractional 
fabrics in the hangingwali of the KDZ were partly 
reactivated, and partly obliterated by the superimposed, 
generally top-to-the-west directed deformation during 
the extensional collapse of the orogen. 

Geometry of  extensional structures 

Structures and textures related to extensional defor- 
mation in the studied area comprise: (1) composite 
planar fabrics and rotated porphyroclasts; (2) stretching 
lineation; (3) F3 back-folds and associated faults; (4) the 
Staveneset Fault; and (5) high-angle late brittle faults 
and joints (Fig. 7). The structures related to the post- 
orogenic, regional extension were formed under pro- 
gressively more brittle conditions. As noted above, 
kinematic indicators related to the southeastward trans- 
port during crustal shortening are preserved mainly in 
the competent rocks of the H~yvik Group and the 
Sunnfjord M61ange. Less competent rocks commonly 
display structural and textural evidence for transport 
towards the west and northwest. 

The HOyvik Group. A graphite-bearing mica-schist is 
the tectono-stratigraphically lowest exposed rock in the 
area studied in detail. The mica-schist displays S-C 
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structures showing transport towards the northwest Fig. 
6c). The collision-related S -C  fabrics in the sub-arkoses 
of the H~yvik Group show superimposed extensional 
deformation. Locally, tension gashes have opened along 
the previous planes of flattening (S-surfaces) originally 
characterized by pressure-solution (Fig. 5b). Muscovite 
aggregates in the pressure-solution lameUae were frag- 
mented and rotated as the extensional fractures opened. 
Chlorite aggregates with long axes normal to fracture 
walls crystallized between muscovite aggregates (Fig. 
5b). In places, the earlier pressure-solution cleavage was 
back-folded by asymmetrical west-vergent F3 folds (Fig. 
5c). Both the opening of extensional fractures parallel to 
earlier flattening planes and the asymmetrical back- 
folding of NW-dipping foliation planes strongly indicate 
a change from shortening to extension. This corresponds 
to a switch in shear-sense polarity from southeast to 
northwest (Fig. 5). 

The Sunnfjord Mdlange and the S-SOC.  The thrust 
between the ophiolite and the melange was reactivated 
by down-to-northwest movements. At outcrop scale, 
this is seen most readily by a discordance in the foliation 
across the contact in the westernmost parts of the stud- 
ied area. In the melange and the ophiolite, zones of 
intense deformation occur along chlorite-rich litholo- 
gies. In the melange, these are generally confined to the 
Illevika Unit. Kinematic indicators are mainly normal 
slip crenulations (NSC) (Dennis & Secor 1987). The 
NSC show down-to-northwest transport, and are associ- 
ated with a NW-plunging stretching lineation (Fig. 4e) 
that subsequently was folded by large-scale/73 folds. In 
the northeastern parts of the studied area, the lineation 
is defined by the long axis of deformed pillow lavas in the 
ophiolite. Outcrop-scale shear bands occur in highly 
phyllonitic shear zones cutting the volcanic sequence. 
The NSC are often associated with the occurrence of 
limonite along the shear planes (Fig. 6c). Commonly, 
slip occurred as dEcollement-like displacement along 
segments of the earlier foliation planes and is associated 
with microscopic F3 folds with Class 1B & 1C geometries 
(Ramsay 1967) (Fig. 6). The shear bands locally cut 
down through the S2-planes in the direction of transport, 
producing offsets on microscopic marker horizons and 
displaying a true NSC geometry. The angle between the 
NSC and the main foliation varies but is rarely >25 °. 
These structures formed by slip along the pre-existing 
main foliation, according to the model proposed by 
Dennis & Secor (1987). NSC showing down-to- 
northwest sense of shear are common both at outcrop 
scale and in thin sections (Figs. 6 and 7). 

Other types of kinematic indicators, such as rotated 
and asymmetrical porphyroclasts, especially of epidote, 
accompany the NSC, and our observations show that re- 
activation of the contractional structures was localized 
along the weaker chlorite-rich lithologies. Re-activation 
was accompanied by minor recrystallization, local grain- 
coarsening as well as migration of fluids in the zones of 
enhanced extensional shear strain (Osmundsen 1990). 
Contractional fabrics in the competent lithologies of the 

H~yvik Group and the melange were less modified 
during extension. It is likely that the phyllosilicate-rich 
rocks were also subjected to localized shear deformation 
during crustal shortening. The development of weak 
phyllosilicate-rich and stronger quartz-dominated litho- 
logies by pressure-solution during crustal shortening 
probably resulted in more inhomogeneous shear strains 
with time, further amplified by preferential shearing 
along low-shear-strength horizons during the extensio- 
nal event. No metamorphic gap has been identified 
between the contractional structures and the earliest, 
ductile extensional structures. Thus, the greenschist 
facies regional metamorphism (Osmundsen 1990) was 
apparently the same during formation of the late con- 
tractional and earliest extensional fabrics. Uplift and 
cooling, however, were clearly associated with the sub- 
sequent F3-folding. 

F3-folds and associated structures. In the Sunnfjord 
region, back-folding of the main foliation generated 
asymmetric folds verging northwest, west and southwest 
(Skjerlie 1969, 1974, Andersen etal. 1990). Back-folding 
is a widespread phenomenon in the Western Norwegian 
Caledonides (Goldschmidt 1912, Kvale 1960, Naterstad 
et al. 1973, Andresen 1974, Roberts 1977, Banham et al. 
1979, Torske & Andresen 1979, Fossen 1986, 1993 
Norton 1987). F3-type folding is particularly common 
close to major tectonic features like the 'Fahltungsgra- 
ben' (Goldschmidt 1912, Torske & Andresen 1979) and 
the extensional detachments of West Norway (Norton 
1987, Chauvet & SEranne 1989). In the Staveneset area, 
the F3 back-folds are open to tight, asymmetrical folds. 
In relatively competent lithoiogies, such as the foliated 
sub-arkoses of the HOyvik Group, F3-folds typically are 
of chevron- and kink type. In less competent rocks, F3- 
type folds also include more ductile Class 1C and 2 folds 
(Ramsay 1967) in addition to kink- and chevron-type 
geometries (Osmundsen 1990). F3-folds are mostly 
asymmetrical with vergence towards the west (from 
southwest to northwest), axial-surfaces dipping east 
(northeast to southeast) and with axes plunging towards 
the north (northwest to northeast) (Fig. 4f). F3-folds 
occur from the map-scale (Skjerlie 1974, Andersen et al. 
1990) to microscopic, westward verging crenulations of 
the main $2 foliation (Fig. 6c). 

In the footwall of the Staveneset Fault along the 
southern part of Staveneset (Fig. 3), F3-folds control the 
outcrop pattern of the H0yvik Group and the lower 
parts of the melange (Fig. 3, profile C-D). Both the 
H0yvik Group and the Stubseid unit commonly have 
outcrop-scale F3-folds; and locally, a spaced $3 
crenulation-cleavage is developed in the cores of meso- 
scopic F3-folds. At higher structural levels in the 
melange (Illevika unit) and in the ophiolite, large-scale, 
open folds deflect the main foliation. The asymmetrical, 
mesoscopic F3-folds are less common in these units. In 
the western parts of the studied area, the F3-folds refold 
F2_3-folds to produce a complex pattern of interference. 

Faults and fractures subparallel to the axial surface 
are typically associated with the formation and tighten- 
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ing of the F3-folds (Fig. 6). Reverse faults dominate, but 
joints and normal faults subparallel with the axial- 
surface have also been observed. The H0yvik Group 
displays outcrop-scale variations in relative competence 
where quartz-schists, mica-schists and impure marbles 
alternate on metre-scale across the main transposed 
layering. F3-related faults bend into and are frequently 
rooted in semi-ductile shear zones parallel with the main 
foliation and transposed layering. Shear zones are con- 
fined to the low-shear-strength lithologies, have compo- 
site S-C fabric in thin section and functioned as 
dEcollements during F3-folding (see above and Fig. 6). 
In the footwall, adjacent to the fault-plane of the 
Staveneset Fault, asymmetric chevron-type F3-folds 
occur in the lower unit of the melange. The axes plunge 
towards 080 °, the folds verging in a northerly (NNW) 
direction. In the hangingwall, more symmetrical kink- 
bands and chevron folds occur close the fault; however, 
where direction of transport can be determined, it is 
towards the northwest. 

The S3-foliation is variably developed within the area. 
In the cores of mesoscopic ~-folds, $3 is a zonal to 
discrete crenulation-cleavage, with the foliation planes 
defined by phyllosilicates and opaques. $3 also occurs as 
micro- and mesoscopic crenulations of the main folia- 
tion, related to larger scale folds, or above limonite- 
bearing shear bands (Fig. 7c). Pressure-solution during 
its formation is evident by the depletion and enrichment 
of quartz and feldspar in cleavage-domains and micro- 
lithons, respectively. $3 dips consistently in a north- 
easterly direction within the studied area (Fig. 4g). 

A model for F3-folding. The F3-folds and their associ- 
ated structures apparently developed along horizons of 
relatively low shear-strength. These horizons acted as 
d6collements during the F3 folding, as their kinematic 
indicators suggest westerly to northwesterly directed 
shear. Axial surfaces and F3-related faults were bent 
progressively into the re-activated $2 foliation in accord- 
ance with the late top-to-northwest shear (Fig. 7). F3 
folds are consequently similar to reverse slip crenula- 
tions (RSC). In their model, Dennis & Secor (1987) 
suggested that RSC-associated folding and reverse fault- 
ing require an already existing planar fabric inclined to 
the shear zone, and that the acute angle between the pre- 
existing fabric and the transport direction of the shear 
zone must point in the shear direction. Thus, slip on the 
pre-existing fabric is compensated by the creation of the 
RSC. It is a reasonable assumption that the main con- 
tractional fabric had a dip towards the hinterland (north- 
west) at the terminal stages of the collisional event. As 
the model for the formation of RSC is independent of 
scale, we suggest that both small and large scale F3 folds 
formed by normal/oblique-slip re-activation of contrac- 
tional shear zones and the main $2 foliation analogous to 
the back-folding of the oblique crenulation-cleavage in 
the HOyvik Group described above (Fig. 5). 

The area is situated on the southern limb of a large- 
scale synform (Skjerlie 1974). It could be argued that the 
observed ~-related geometries were developed by 

flexural-slip during formation of the large fold. As the 
polarity of some extensional structures is in a northwest- 
erly direction towards the axial surface of the synform, 
however, this model is not favoured. The F3 axes display 
a considerable scatter in orientation (Fig. 4f). Axes of 
the large-scale open folds cannot be measured accu- 
rately in the field but plunge in a northerly direction. In 
addition, a set of large-scale, upright to slightly over- 
turned late folds with axial surfaces striking approxi- 
mately E-W fold both the compressional and 
extensional structures as well as the Devonian sediments 
(Fig. 1). The late folds are believed to be of Late 
Paleozoic age and record regional N-S shortening in 
Western Norway (Torsvik et al. 1987). At the present 
stage, no well-founded conclusions can be made regard- 
ing the formation of the E-W-trending folds, although 
similarities to extension-parallel structures deflecting 
metamorphic core complexes in the Basin and Range 
(Hamilton 1987) may be pointed out. Late folding may 
partly be responsible for the spread in the orientation of 
the F3 axes, but the scatter is too large to be explained by 
late folding alone and even on a very local scale, a 
considerable variation in the orientation of F3 axes is 
recorded (Osmundsen 1990). 

Several aspects must be considered in explaining the 
F3 fold geometry and orientation. These include: (1) 
variations in pre-F3 orientation of the main foliation; (2) 
variation in shear direction on re-activated shear zones; 
and (3) differential rotation of F3 axes towards the shear 
direction (Bell 1978, Berth6 & Brun 1980, Malavieille 
1987) and the Late Paleozoic regional folds. The average 
F3 axis plots approximately 30 ° east of the mean orien- 
tation of lineation (Figs. 4e & f). The age-relationships 
between NW-plunging stretching lineation and the /73 
folds are, however, not unambiguous as the lineation is 
folded. Given the increasingly brittle conditions during 
which the F3 folds were formed, it is reasonable to 
assume that the NW-plunging lineation was generated 
mainly at an early stage and pre-dates much of the F3 
folding. Both the micro- and macroscopic observations 
show that the F3 folds and their associated faults were 
formed above extensional shear zones related to large- 
scale shear movements towards the west and northwest 
during the collapse of the orogen. 

The Staveneset Fault. The Staveneset Fault has been 
mapped along the southern part of Staveneset (Fig. 3). 
On the island of Tviberg (Fig. 1), Skjerlie et al. (1989) 
described the same structure as the Storevatn Fault. The 
fault dips approximately 25 ° NW in the eastern part of 
the studied area, where the fault-plane and associated 
hangingwall breccias are exposed. Farther west, how- 
ever, the fault is generally more steeply dipping (40-60 ° 
to the NW). On Staveneset, talus and vegetation in 
many places inhibit a detailed investigation of the rocks 
immediately adjacent to the fault plane. Detailed map- 
ping of marker horizons in the footwall, however, shows 
that the fault cuts F3 folds and their associated structures 
(Fig. 3). In the hangingwall, the contact between the 
S-SOC and the upper part of the m61ange is cut by the 
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fault. Although the above observations demonstrate 
that the Staveneset Fault cross-cuts older structures, the 
fault partly follows the serpentinite-bearing level of the 
Sunnfjord M61ange on both Tviberg and Staveneset. 
Kinematic indicators along the fault comprise semi- 
brittle, chevron-type folds with ENE-plunging axes 
formed close to the fault-plane both on Staveneset 
(Osmundsen 1990) and on Tviberg (Skjerlie et al. 1989); 
the folds verge towards the NNW. In eastern parts of the 
studied area, bending of the main foliation from the 
footwall into the fault-plane indicates a more W- 
directed component of shear. A regional investigation is 
being carried out by the present authors to further 
evaluate the geometry and significance of the Staveneset 
Fault and related structures. 

N N W - S S E  striking faults and joints. Sub-vertical 
faults and fractures that strike NNW-SSE are wide- 
spread in the studied area. The steeply dipping faults 
and joints dip both to the east and west. Offset, if any, is 
normally not more than a few metres, although indi- 
vidual faults and fractures can be traced for kilometers 
along strike (Fig. 1). Topographically, these structures 
are expressed as narrow steep-sided valleys. In general, 
they cut all previous structures. Locally, however, they 
have re-activated low-angle shear zones in the m61ange, 
thus forming a listric geometry. The orientation of the 
faults and joints is parallel with a regional system of 
lineaments occurring with variable frequency along the 
western coast of Norway (Ramberg et al. 1977). South of 
Bergen (Fig. 1), late faults and joints with a similar 
orientation are associated with mafic dykes of Permian- 
Mesozoic age (F~erseth et al. 1976); east of Askvoll (Fig. 
1), a peralkaline dyke of late Permian age (Furnes et al. 
1982) cuts mylonites and breccias of the KDZ (Swensson 
personal communication 1990). The magmatic activity 
has been correlated (F~erseth et al. 1976) with the Har- 
degsen pulse (Ziegler 1975), a Permo-Triassic tectonic 
event related to the opening of the North Sea basin. 
Palaeomagnetic dating of breccias along the KDZ in 
Sunnfjord indicate Permian and Upper Jurassic/Lower 
Cretaceous repeated movements on the post-orogenic, 
low-angle extensional structures in the Sunnfjord area 
(Torsvik et al. 1992). Therefore, the late faults and 
fractures are considered to be of Late-Paleozoic to 
Mesozoic age. 

SUMMARY AND DISCUSSION 

The Caledonian contractional structures 

The contractional deformation in the Caledonides of 
Sunnfjord was polyphase; the earliest phase affected 
only the pre-Silurian allochthonous continental rocks of 
the Dalsfjord Suite and the HOyvik Group. It is not 
known what caused this early event or what the palaeo- 
geographic position of the rocks were at the time. It may 
have been related to accretion of oceanic materials at the 
westernmost parts of the Baltic continental margin as 
has been argued for the Early-Caledonian (490-510 Ma) 

tectono-thermal events affecting similar rocks in the 
central parts of the Scandinavian Caledonides (Dall- 
meyer & Gee 1986, M0rk et al. 1988, Stephens & Gee 
1989, Sturt et al. 1991). However, as the allochthonous 
continental rocks in Sunnfjord are underlain by the 
highly mylonitic rocks in the Kvamshesten Detachment 
Zone, (Swensson & Andersen 1981, Fumes et al. 1976, 
Hveding 1992), the status of the Daisfjord-H0yvik 
basement-cover pair with respect to Baltica must be 
regarded as suspect (Andersen & Andresen 1994). 

In the H0yvik Group on Atl0y, the $1 foliation rep- 
resents a pre-Silurian contractional fabric, and it is likely 
that SI in the Hcyvik Group at Staveneset originated in 
the same pre-Silurian tectonic event. In tectono- 
stratigraphically higher units, however, the origin of Si 
must be sought elsewhere as these rocks are younger 
than the Early-Caledonian event that affected the under- 
lying allochthonous continental rocks. Serpentinite- 
bearing meta-greywackes and greenish phyllonites of 
the Sunnfjord M61ange, as well as parts of the S-SOC, 
have been interpreted as having developed in a trans- 
form environment in a Late Ordovician-Early Silurian 
back-arc basin (Dunning & Pedersen 1988, Andersen et 
al. 1990, Fumes et al. 1990, Skjerlie & Furnes 1990). 
Obduction of the S-SOC was probably initiated along a 
transform/fracture zone (Andersen et al. 1990, Skjerlie 
&Furnes 1990). Thus, the S~ in the Staveneset Group, 
the S-SOC and the upper unit of the Sunnfjord M61ange 
may represent the earliest stages of compressional tec- 
tonics along the transform. During the obduction, S~ 
was folded in tight to isoclinal t:2 folds and the main 
foliation, $2, developed as the corresponding axial plane 
cleavage. Shear zones developed sub-parallel and paral- 
lel with the $2 foliation as this was progressively rotated 
towards orientations with higher shear-stresses. These 
W-dipping shear zones accommodated further crustal 
thickening and transport of the thrust-sheets onto the 
continental margin. Kinematic indicators related to the 
SE-directed transport are preserved mainly in com- 
petent lithoiogies; in less competent lithologies, thrust- 
related kinematic indicators were partly obliterated dur- 
ing the subsequent regional extension. Conglomerates 
in the structurally lower and youngest parts of the 
melange are interpreted as foreland-basin deposits, 
receiving debris from both the advancing nappes of 
oceanic rocks and from faulting in the continental mar- 
gin related to the formation of a peripheral bulge during 
the obduction (Andersen et al. 1990). Thus, the shear 
zone separating the Illevika- and Stubseid units of the 
m61ange represents the thrust above which rocks of 
oceanic affinity were transported onto the continental 
margin. 

At a late stage of the emplacement of the ophiolite, 
rotation of the stress-field or large-scale inhomogeneous 
rotational strains produced shortening of the previous 
shear-planes and the $2 foliation. Structures associated 
with the terminal stages of collision are SE-verging F2_2 
and F2_3 folds and their corresponding axial-planar 
cleavages. Age constraints for the obduction (Andersen 
et al. 1990), are given by: (1) The age of the ophiolite, 
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dated at 443 + 3 Ma. (U-Pb on zircons, Dunning & 
Pedersen 1988); and (2) the depositional contact be- 
tween conglomerates of the Sunnfjord M61ange and the 
fossiliferous Middle Silurian Herland Group on AtlOy. 
This agrees well with the best defined radiometric ages 
of the eclogites in the Western Gneiss Region (WGR) 
(Griffin & Brueckner 1980, 1985) that indicate peak 
metamorphic conditions of the Scandian phase in the 
Late Silurian-Early Devonian (410-420 M.a.). 

The Scandian orogeny in SW-Norway began by 
Middle-Silurian closure of the remnants of the Iapetus 
ocean and marginal basins formed along its western 
margin. The composite oceanic terranes that were 
accreted to Baltica at this stage (Andersen & Andresen 
1994) contained already deformed ophiolitic and mature 
island-arc complexes, which, in parts, may have in- 
cluded old continental basement (Andersen & Jansen 
1987, Pedersen et al. 1992). A number of the older 
ophiolite/arc sequences are unconformably overlain by 
sequences of Middle to Upper Ordovician age (Thon 
1985, Ingdahl 1989, Andersen & Andresen 1994). Also, 
newly formed back-arc crust were accreted to Baltica 
(Dunning & Pedersen 1988, Pedersen et al. 1991). The 
convergence between Laurentia and Baltica resulted in 
the major continental collision between the westward 
subducting Baltic plate and the over-riding Laurentian 
continent (Andersen et al. 1991). 

The  ex t ens iona l  s t ruc tures  

Extensional structures in the Sunnfjord area record 
tectonic denudation of the Caledonian nappe pile. The 
earliest extension occurred contemporaneously with the 
rapid decompression of the eclogite-bearing rocks of the 
WGR (Andersen & Jamtveit 1990). The rapid vertical 
thinning and uplift of the lower plate was associated with 
rotational strains accommodating down-to-west trans- 
port on the main detachments between the lower and 
upper plates, and bulk non-rotational deformation at 
deeper levels in the lower plate gneisses (Andersen e ta l .  
1991, Dewey et al. 1993). As demonstrated above, the 
Malavieiile 1987, extension also involved widespread re- 
activation of the pre-existing contractional structures in 
the middle and upper crustal rocks in the hangingwall of 
the detachments. 

The earliest extensional structures recorded in the 
upper plate are abundant NSC and a NW-ward plunging 
lineation, indicating top-to-NW transport. The common 
F3-folds and their associated E-dipping reverse faults 
(Figs. 7 and 8) are considered to be large-scale analogues 
of RSC-type structures (Dennis & Secor 1987, 1990), 
and were probably formed by shear accompanying the 
large-scale, rapid uplift of the deep crust during the 
orogenic collapse. During the Scandian collision, the 
penetrative main $2 foliation within the individual thrust 
sheets developed oblique to the thrust planes. Re- 
activation of the thrusts by the superimposed exten- 
sional deformation produced F3-type folds of the more 
steeply W-dipping main foliation by westward slip along 
the normally re-activated thrust planes (Fig. 8). The 

NSC structures were formed by extensional slip along 
the previous $2 planes of flattening. F3-type folds occur 
abundantly in the WGR close to the KDZ, as well as 
proximal to other major extensional features of the 
Western Norwegian Caledonides (Goldschmidt 1912, 
Torske & Andresen 1979, Andresen 1982, Fossen 1986, 
Norton 1987). We suggest that a mechanism similar to 
that described above (see also Figs. 7 and 8) may have 
been responsible for the W-vergent folding on a regional 
scale. This implies large-scale re-activation of the thrust- 
planes during the extensional collapse, a common 
phenomenon in many mountain-belts. Our observations 
in the Staveneset area suggest that re-activation of 
earlier contractional structures within the thrust-sheets 
was chiefly localized to the less competent lithologies, 
whereas the contractional fabrics are preserved though 
locally modified in the competent lithologies. The defor- 
mational mechanism, whereby some extensional strains 
were accommodated by slip (NSC) along previous 
planes of flattening, became partly 'locked' as the F3 
folds and their associated W-directed reverse faults 
inhibited further slip on the $2_1 surfaces. However, as 
the S 3 cleavage and the F3-related E-dipping reverse 
faults developed, a new system of semi-ductile W- 
dipping faults analogous to NSC formed. 

The age of the ductile to semi-ductile extensional 
structures is bracketed by the Middle Silurian (ca 425 
Ma) obduction of the S-SOC (Andersen et al. 1990), and 
the unconformity beneath the Lower-Middle Devonian 
(Jarvik 1949) Kvamshesten Basin at approximately 383 
Ma (McKerrow et al. 1985). Assuming that F3-folding 
commenced during or shortly after the Scandian colli- 
sion, a time span of some 30 Ma characterized by 
extensional deformation of the hangingwaU above the 
main detachment, elapsed before these rocks were un- 
conformably overlain by Devonian sediments. A Late 
Silurian to Early Devonian age for F3-folding coincides 
with the widespread eclogite and amphibolite facies 
conditions in the WGR (Griffin & Brueckner 1980, 
1985, Griffin et al. 1985, Gebauer et al. 1985, Lux 1985, 
Kullerud et al. 1986). F3-folding, related to large-scale 
west-directed tectonic transport of the nappe pile, 
occurred at crustal levels corresponding to the ductile- 
brittle transition, approximately contemporaneous with 
large-scale movements on the main detachments and 
probably contemporaneous with non-rotational- 
dominated deformation at amphibolite facies conditions 
in lower parts of the WGR (Dewey et al. 1993). This is in 
accordance with a model for the extensional collapse 
where non-coaxial deformation predominates in the 
middle and upper crust, whereas the lower crust experi- 
ences coaxial bulk deformation (Andersen & Jamtveit 
1990). As the rocks in the upper crust eventually reached 
very high crustal levels, re-activation and distributed 
movement along the re-activated slip systems described 
above could no longer persist and the continued exten- 
sion of the hangingwall consequently had to be accom- 
modated by more localized and highly brittle structures, 
which eventually controlled the sedimentation in the 
Devonian basins. 
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Fig. 8. Schematic model for the formation of extensional structures and the Devonian sedimentary basin in the upper plate 
of the Kvamshesten Detachment, Sunnfjord, West Norway. (1), (2) and (4) are principal cross-sections, each panel 
representing a crustal section several kilometers thick. (1) Extensional shear zones re-activate the Scandian contractional 
fabrics in the upper/middle crust at 420-400 Ma, as a response to rapid uplift of the thickened orogenic crust. The sheet dip 
of the inherited contractional foliation is towards the northwest. (2) Reversal of the polarity on shear zones leaves the main 
(contractional) foliation in the field of compressional stress, F3 back-folds, reverse faults and $3 crenulation cleavage form 
as a response to W- to NW-directed shear. The Staveneset Fault, dotted in (2), cuts the F3-structures. (3a) The mesoscopic 
F3-folds are related to transfer of shear strain between weak horizons parallel to main foliation (scale bar/lm). (3b) Back- 
folded crenulation cleavage in the metapsammites of the H0yvik Group illustrate model on a small scale (scale bar 5 cm). 
(3c) Map-scale cross-cutting relationships between the Staveneset Fault and F3-fold with related structures on westernmost 
part of Staveneset. (4) In the lower plate, eclogite-bearing rocks experienced rapid uplift and retrograde metamorphism. 
Brittle faults were superimposed on the already sheared and back-folded rocks in the upper crust above the Kvamshesten 
Detachment Zone. Continued westward transport on the detachment led to rotation of fault blocks in the hangingwall, 
above which Devonian sediments were deposited. Legend: (1.) Main foliation with NW sheet dip; (2.) $3; (3.) Eclogite- 
bearing lower crust; (4.) Metagreywackes in the Sunnfjord Mdlange, Upper unit; (5.) Phyllonites with ultramafics and 
greenstone blocks, Sunnfjord Mdlange, Upper Unit; (6.) Polymict conglomerate in the Sunnfjord Mdlange, Lower unit; 
(7.) Greenish quartz-schist with scattered vein-quartz, greenstone and phyllonite; (8.) H0yvik Group; (9.) Devonian 

conglomerates and sandstones; (10.) Strike and dip of main foliation, and (I1.) The Staveneset Fault. 

The  S tavenese t  F a u l t  pa r t ly  re -ac t iva tes  a su ture ,  
s epa r a t i ng  the  S - S O C  and  the ocean ic  u p p e r  uni t  of  the  
Sunnf jo rd  Mdlange  f rom the  fo re l and  bas in  depos i t s  of  
the  lower  par t s  of  the  o b d u c t i o n  m61ange ( A n d e r s e n  et 
al. 1990, O s m u n d s e n  1990). D u r i n g  the  ex tens iona l  
co l lapse ,  the  S t avenese t  Fau l t  was one  of  p r o b a b l y  
severa l  uppe r - c ru s t a l  faul ts  and  shea r  zones  tha t  accom-  
m o d a t e d  W-  to N W - d i r e c t e d  t r anspo r t  of  the  Ca l e do -  
n ian  nappes .  D u r i n g  ear ly ,  semi -duc t i l e  r e -ac t iva t ion ,  
the  s e r p e n t i n i t e - b e a r i n g  level  of  the  m61ange p r o b a b l y  
ac ted  as a d6co l l emen t  for  F3-folding.  La t e r ,  m o r e  
br i t t le  m o v e m e n t s  cross-cut  p rev ious ly  f o r m e d  struc- 
tures  and  p r o d u c e d  c a l c i t e - c e m e n t e d  brecc ias  in the  
hangingwal l .  Thus ,  the  S tavenese t  Fau l t  is l oca t ed  a long 
a shea r  zone  with  a long and  c o m p l i c a t e d  m o v e m e n t  

h is tory  that ,  with ce r ta in ty ,  can be t r aced  back  to the  
o b d u c t i o n  of  the  oph io l i t e  dur ing  the Scand ian  cont inen-  
tal  col l is ion b e t w e e n  Bal t ica  and  L a u r e n t i a  and  p r o b a b l y  
o r ig ina t ed  as a t r ans fo rm fault  at the  oceanic  s tage 
dur ing  fo rma t ion  of  the  S - S O C  in the  La te  Ordov ic i an  
( A n d e r s e n  et al. 1990, Skjer l ie  & F u r n e s  1990). F a r t h e r  
to the  nor th  in the  C a l e d o n i a n  n a p p e s  of  W e s t e r n  
N o r w a y ,  s imi lar  ex tens iona l  r e -ac t iva t ion  of  o l d e r  con- 
t r ac t iona l  s t ruc tures  in the  u p p e r  p la te  has  also been  
d e m o n s t r a t e d  (Ha r t z  1992, H a r t z  el al. 1994). In  this 
a rea  the  rocks  are  u n c o n f o r m a b l y  over la in  by  the sedi-  
men t s  of  the  H o r n e l e n  D e v o n i a n  basin.  

The  rocks  of  the  s tud ied  a rea  cons t i tu te  par t  of  the  
hangingwai l  of  the  K D Z .  Severa l  s tudies  of  d e t a c h m e n t -  
r e l a t ed  ex tens iona l  sys tems show tha t  u p p e r  p la te  
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sedimentary basins are produced by brittle extension of 
the hanging wall above detachments (Davis 1983, Wer- 
nicke 1985, Hamilton 1987, Buck 1988, Jolivet et al. 

1990). The detachment was clearly active in the Late 
Silurian to Early Devonian (Norton 1986, S6ranne & 
S6guret 1987, Swensson & Andersen 1991), and palaeo- 
magnetic data from fault-rocks along the KDZ also 
demonstrate that it was re-activated both in the Permian 
and the Upper Jurassic/Lower Cretaceous (Torsvik et al. 

1992). This gives a considerable timespan through which 
crustal extension has affected the southwest coast of 
Norway. A large number of mafic and ultra potassic 
dykes have intruded extensional faults and fractures 
along the southwest coast of Norway (F~erseth et al. 

1976, Furnes et al. 1982). These are parallel with the 
system of late faults and joints in the Sunnfjord area 
(strike NNW-SSE), which, consequently, are con- 
sidered to be of a late Paleozoic-Mesozoic age. 

The KDZ constitutes the most prominent extensional 
feature in Sunnfjord; this study of its hangingwall, how- 
ever, demonstrates that significant extensional strains 
were accommodated by re-activation of the Scandian 
contractional structures. As re-activation commenced, 
the rocks in question were still at depths corresponding 
with the brittle-ductile transition (10-15 km, Sibson 
1977). Mylonites of the major E-directed contractional 
shear zones constituted zones of low shear strength, 
along which, W-directed rotational deformation during 
the early, ductile extension was preferably localized. 
The penetrative main foliation inherited from the Scan- 
dian phase was also re-activated in less competent litho- 
Iogies within the older thrust-sheets. The hangingwall of 
the detachments underwent considerable extensional 
deformation prior to brittle upper-plate collapse that 
finally controlled the deposition of the fault-bounded 
Devonian basins. 
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