Journal of the Geological Society, London, Vol. 163, 2006, pp. 303—318. Printed in Great Britain.

Kinematics of the Hoybakken detachment zone and the Meore—Trondelag Fault
Complex, central Norway

P. T. OSMUNDSEN! E. A. EIDE', N. E. HAABESLAND? D. ROBERTS', T. B. ANDERSEN?,
M. KENDRICK'?, B. BINGEN!, A. BRAATHEN* & T. F. REDFIELD'
'Geological Survey of Norway, 7491 Trondheim, Norway (e-mail: per.osmundsen@ngu.no)
2Department of Geology, Pb. 1047, University of Oslo, 0316 Oslo, Norway
3 Present address: School of Earth Sciences, University of Melbourne, Melbourne, Vic. 3010, Australia
4Centre of Integrated Petroleum Research (CIPR), University of Bergen, Allégaten 41, Bergen, Norway

Abstract: The tectonic disintegration of the Caledonian orogen through combined extension, contraction and
strike-slip was characterized by spatial and temporal strain partitioning through a period of at least 30 Ma.
Early to Mid-Devonian exhumation of the Central Norway basement window was associated with retrograde,
top-to-the-SW extensional shearing in the Hoybakken detachment zone, sinistral shearing along the More—
Trondelag Fault Complex, and formation of extension-parallel folds. Progressive exhumation led to increasing
strain localization and to the transition from ductile to brittle deformation. In the interval between c. 370 and
320 Ma, the Hoybakken detachment fault cut previously folded detachment mylonites, capturing mylonites in
its hanging wall. **Ar/*°Ar mica and K-feldspar ages indicate a Late Devonian or younger age for the
uppermost parts of the adjacent ‘Old Red’” basin. Gentle folding of this stratigraphic level attests to the
continuation of shortening and orogen-oblique extension into Late Devonian—Carboniferous time. Shortening
was intensified along strands of the Mere—Trendelag Fault Complex, as shown by mutually cross-cutting
reverse and strike-slip faults. ‘Flower structures’ may be particularly common in constrictional strain systems
where strike-slip faults develop parallel to the principal elongation trend, but normal to the principal axis of

shortening.

The identification of constrictional strain patterns in meta-
morphic core complexes (e.g. Fletcher & Bartley 1994) has led
to a more 3D approach to large-magnitude extensional systems
and, in particular, to extended orogens such as the Caledonides
(e.g. Andersen et al. 1994; Chauvet & Séranne 1994; Krabben-
dam & Dewey 1998;Terry & Robinson 2003). In this paper, we
describe the relationships between extension, strike-slip and
shortening structures in an area that occupies a key location in
the extended remains of the Scandinavian Caledonides. In the
outer Trondheim region of central Norway, the extensional
Hoybakken Detachment of Séranne (1992) terminates against the
sinistral Hitra—Snasa Fault of the Mere—Trondelag Fault Com-
plex. Both structures are thought to have played key roles in the
post-orogenic disintegration of the Scandinavian Caledonides
(Séranne 1992; Krabbendam & Dewey 1998; Osmundsen et al.
1998; Braathen et al. 2000). The Hoybakken detachment zone
was fundamental in the exhumation history of the Central
Norway basement window (Braathen er al. 2000), a regional
gneiss dome that resembles a metamorphic core complex, and
for the evolution of the ‘Old Red’ basins of the Trondheim area
(Séranne 1992; Braathen et al. 2000). The More—Treondelag Fault
Complex has been interpreted as a sinistral strike-slip fault that
originated as a transfer fault during Devonian exhumation and
basin sedimentation (Séranne 1992; Braathen et al. 2000).
Recent results from *°Ar/3? Ar geochronology indicate that parts
of the sedimentary succession in the outer Trondheim area are
Late Devonian at the oldest (Eide er al. 2005). Thus, in the
following, the sedimentary rocks in the hanging wall of the
Hoybakken detachment zone will be termed ‘Old Red’ rather
than ‘Devonian’. Below, we address the structural evolution of
the Hoybakken detachment zone and the adjacent Mare—Trende-
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lag Fault Complex in the light of recent U-Pb and “°Ar/*’Ar
geochronological data. We suggest that the rocks of the Central
Norway basement window were exhumed in the footwall of the
Hoybakken detachment for a period of more than 30 Ma and that
exhumation was associated with a complex deformation and
sedimentation history. We argue that extension-normal shortening
was intensified in a belt adjacent to the More—Trondelag Fault
Complex, resulting in thrusting in a direction normal to the fault
trend and development of positive flower structures. The strain
evolution and sedimentation history presented below has implica-
tions for the late-stage evolution of the Scandinavian Caledo-
nides, but may also serve as an analogue for large-magnitude
extensional systems elsewhere.

Geological setting

The Scandinavian Caledonides formed in Late Silurian to Early
Devonian times as a result of collision between Laurentia and
Baltica in what is termed the Scandian orogeny (Gee 1975;
Roberts & Gale 1978; Stephens & Gee 1985). Baltic basement—
cover slices as well as exotic terranes were thrust southeastwards
across the Baltoscandian margin (e.g. Stephens & Gee 1985)
and, based on present-day stacking order, they are grouped in
terms of Lower, Middle, Upper and Uppermost Allochthons (Fig.
1; Roberts & Gee 1985). According to recent studies, emplace-
ment of nappes onto Baltica was partly or largely completed
around 415 Ma, prior to the c¢. 415—400 Ma ultrahigh-pressure
metamorphism of the Western Gneiss Region of western Norway
(e.g. Terry et al. 2000; Tucker et al. 2004; Hacker & Gans 2005;
Root er al. 2005). In this last phase of the collision, however,
both Baltic basement and a number of nappe units were buried to
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depths of c. 125 km, resulting in the formation of diamond- and
coesite-bearing eclogites (Dobrzhinetskaya er al. 1995; Wain
1997). Burial and ultrahigh-pressure metamorphism was rapidly
followed by substantial denudation (Terry et al. 2000; Terry &
Robinson 2003).

From the Early Devonian onwards, extensional shear zones
dissected the Scandian nappe pile into a series of extensional
allochthons that became juxtaposed with an elongate array of
gneiss-cored culminations that resemble metamorphic core com-
plexes (e.g. Norton 1986; Sjostrom & Bergman 1989; Séranne
1992; Braathen et al. 2000, 2002; Osmundsen et al. 2003, 2005).
In SW Norway, the juxtaposition of Mid-Devonian sedimentary
basins against the eclogite-bearing Western Gneiss Region across
the Nordfjord—Sogn Detachment Zone (Fig. la) attests to
extreme amounts of attenuation with bulk, top-to-the-west dis-
placements of the order of 40—100 km (e.g. Hossack 1984;
Norton 1986; Séranne & Séguret 1987, Andersen & Jamtveit
1990; Andersen et al. 1994; Fossen 1992; Fossen & Dunlap
1998; Osmundsen et al. 1998).

North of the Mare—Trondelag Fault Complex, amphibolite-
facies Palacoproterozoic orthogneisses, correlated with the Wes-
tern Gneiss Region, crop out in the Central Norway basement
window (Gilotti & Hull 1993; Braathen et al. 2000) together
with infolded supracrustal rocks (Fig. 1b). In the southwestern
Central Norway basement window, close to the More—Trendelag
Fault Complex, infolded supracrustal rocks consist largely of

strongly deformed, Ordovician granodioritic to dioritic rocks that
also characterize parts of the Steren Nappe in the western
Trondheim region (Solli et al. 1997). Other infolded metasedi-
ments have been assigned to the Seve Nappe of the Upper
Allochthon (Solli ef al. 1997). The supracrustal rocks generally
reached kyanite metamorphic grade, and evidence for granulite-
facies metamorphism has been reported from structurally deep
parts of the Central Norway basement window in the Roan area
(Moller 1988, Fig. 1b and c) and dated at c¢. 432 Ma (Rb—Sr
whole-rock age, Dallmeyer et al. 1992). The Central Norway
basement window is folded into NE—SW-trending, upright folds
that are subparallel to the Mere—Trondelag Fault Complex and
to a stretching lineation that is variably developed in the
orthogneisses and supracrustal rocks (Piasecki & Cliff 1988;
Gilotti & Hull 1993; Braathen er al. 2000). In the NE, the
Central Norway basement window is flanked by the top-to-the-
ENE Kollstraumen detachment, which juxtaposes the Central
Norway basement window with rocks of the Upper and Upper-
most Allochthons (Braathen ez al. 2000; Nordgulen ef al. 2002).
In the SW, the Hoybakken detachment zone juxtaposes the
Central Norway basement window against rocks of the Upper
and Uppermost Allochthons and against low-grade to non-
metamorphic ‘Old Red’ sedimentary rocks of the Bjugn—@rlan-
det and Asenegy—Tristeinen basins (Fig. 2). A hanging-wall
assemblage of ‘Old Red’ basin rocks, Ordovician plutonic rocks
and associated metasediments of the Upper and Uppermost
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Allochthons has been mapped southwestwards to the Kristian-
sund area (e.g. Siedlecka & Siedlecki 1972; Bryhni 1974; Askvik
& Rokoengen 1985; Boe 1989; Boe et al. 1989; Tucker et al.
2004). Based on sparse floral and faunal assemblages, the ‘Old
Red’ basin remnants of the outer Trondheim region have been
interpreted as Early to Mid-Devonian in age (Siedlecka 1975;
Allen 1976; Séranne 1992).

According to previous models for western Norway (Chauvet &
Séranne 1994; Krabbendam & Dewey 1998; Osmundsen et al.
1998; Osmundsen & Andersen 2001; Dewey & Strachan 2003),
sinistral strike-slip deformation in the area of the More—
Trendelag Fault Complex during the Devonian resulted from
megascale transtensional deformation of the Caledonides. This is
partly evident from the trend of Devonian stretching lineations
(Fig. 1), which changes from WNW-ESE to NE—SW in the
northern parts of the Western Gneiss Region (Chauvet & Séranne
1994; Krabbendam & Dewey 1998). The More—Trondelag Fault
Complex is part of a NE-SW-trending deformation belt that is
characterized by extreme ductile attenuation of Caledonian nappe
units, but also by folding and imbrication, that can be traced
northeastwards to the Grong—Olden Culmination (Fig. 1; Grenlie
& Roberts 1989; Robinson 1995; Watts 2001; Terry & Robinson
2003, 2004). In SW Norway, Scandian eclogites occur in the
Lindas nappe in the Bergen area (Bingen er al. 2004; Jolivet et
al. 2005). In the northern Western Gneiss Region, however, part
of the thrusting appears to post-date high- and ultrahigh-pressure
metamorphism in the Western Gneiss Region around 402—
407 Ma (Terry et al. 2000; Terry & Robinson 2003; Hacker &
Gans 2005).

The Hoybakken detachment zone

The Hoybakken detachment zone as defined in this paper
comprises a ductilely deformed footwall that includes the Central
Norway basement window with its carapace of infolded nappe
units and detachment mylonites, a brittle detachment fault
(Hoybakken detachment fault) with a variety of fault products,
and structurally low parts of the hanging wall, hosting both
ductile and brittle deformation products. We now describe the
detachment zone from low to structurally high levels, and then
describe the fault strands related to the Mere—Trondelag Fault
Complex in the study area.
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Medium-grade L=S tectonites. At a level c. 2.5 km structurally
below and ¢. 8 km east of the Hoybakken detachment fault, the
orthogneisses of the southwestern Central Norway basement
window are deformed into L>S tectonites with little evidence
for non-coaxial deformation. Stretching of amphibolite dykes
and granite pegmatites into prolate shapes is commonly observed
in the orthogneisses. Infolded, garnet—kyanite-bearing para-
gneisses are commonly migmatitic, with leucosomes that are
mostly concordant with the main foliation. East—west- to NE—
SW-trending folds deform the migmatitic gneisses, providing
evidence that migmatization largely predated, or was coeval with
folding. A U-Pb monazite age of 426 4+ 1 Ma was obtained from
a leucosome in a kyanite—garnet-bearing paragneiss and is
thought to date migmatization (Bingen et al. 2003, 2005). At
higher structural levels, sheets of gneiss with relict L=S fabrics
can sometimes be recognized in the detachment mylonites. For
instance, a kyanite-grade, amphibolite-facies L=S fabric is
preserved in a rootless, kilometre-long sliver of paragneiss
contained within the mylonites of the main detachment zone
(Fig. 3). Within this sheet, garnet porphyroclast tails and
centimetres-long kyanite crystals define a strong, ENE-WSW-
trending mineral lineation parallel to that in the surrounding
detachment mylonites. Towards its margins, the sliver of para-
gneiss becomes more intensively foliated and is cut by retrograde
shear bands.

Detachment mylonites. Towards the Hoybakken detachment fault,
a biotite- to chlorite-grade, protomylonitic to mylonitic fabric
becomes progressively developed, particularly in the infolded
tongues of paragneisses and schists. The detachment mylonites
have diverse protoliths; in the Botngard—Heybakken area, meta-
dioritic lithologies assigned to the Keli Nappes dominate,
whereas east of Asenoy, paragneisses and marbles, correlated
with the Seve Nappe (Séranne 1992; Solli et al. 1997; Tucker et
al. 2004), are commonly present in the mylonite succession.

NW of the Bjugn basin east of Botngard (Fig. 2), the rock is
principally a biotitic, protomylonitic LS tectonite. The foliation
has a shallow southeasterly dip and a subhorizontal, NE—SW-
trending mineral lineation defined by amphibole, biotite and
feldspar. Adjacent to the detachment fault at Hoybakken, the
metadioritic rocks are more strongly mylonitized and character-
ized by densely spaced shear bands with a biotite and/or chlorite
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Fig. 3. Geological map of the Lysoysund—Asengy area with inferred trace of the Hoybakken detachment fault east of the Asenoy Basin (Haabesland
2002). Within the map area, many of the rocks in the footwall are affected by rotational deformation related to top-to-the-SW shearing. Stereograms
present the following data. (a) Kinematic data recorded in the footwall of the Hoybakken detachment fault east of Asenay. Pole to best-fit great circle for
the main foliation (star) is oriented at 244/07 and is parallel to a number of outcrop-scale, lineation-parallel folds. (b) Oblique, normal—sinistral faults and
shear fractures (great circles) that cut mylonitic fabrics. Lineations plunge more southerly than the ductile stretching lineation, probably reflecting some
rotation by folding after faulting. (¢) Equal-area stereographic representation of bedding in the Asen Formation, Asengy. Pole to best-fit great circle at
035/22. The NE plunge of the fold axis probably reflects folding of bedding with a dip towards the basin-controlling detachment fault.

mineralogy and a pronounced, SW-plunging mineral (biotite,
chlorite and quartz-rod) lineation. The amount of chlorite in the
mylonites increases upwards, until virtually all biotite is replaced
by chlorite. Immediately below the brittle detachment fault, a
greyish-white, silicified, chlorite-bearing mylonite sheet occurs
(Séranne 1992). Locally, east of the trace of the brittle detach-
ment fault, the white mylonite sheet has a thickness of several
metres, and the mylonitic foliation dips to the NE (i.e. opposite
to the dip direction of the detachment fault) and the stretching
lineation is correspondingly NE-plunging.

Immediately east and south of the Aseney basin (Fig. 3), the
footwall comprises a suite of metasupracrustal rocks with
biotite—chlorite—garnet-bearing mylonites, phlogopite-bearing
marbles, and the garnet—kyanite—staurolite-bearing paragneisses
described above. The mylonites contain a strongly developed,
shallow WSW-plunging mineral and quartz-rod lineation, sheared
quartz veins, and abundant kinematic indicators such as rotated
garnet porphyroclasts and mineral aggregates such as amphibole
+ quartz and epidote, foliation ‘fish’ and shear bands that
indicate down-plunge, top-to-the-WSW transport along the
mineral lineation (Fig. 3a and b).

The supracrustal rocks contain numerous granite dykes that

range from cross-cutting to completely concordant with respect to
the main foliation. Some of the granites contain a well-developed
foliation subparallel to the main foliation in the host rock, whereas
others are pegmatitic and practically unfoliated. In sections
normal to the stretching lineation, dykes commonly cut the main
foliation, and locally, stretched and boudinaged granite dykes are
observed to cut NE—SW-trending quartz rods and folds in sections
parallel to the stretching lineation. In a thick marble succession
exposed at Skjelholmen (Fig. 3), granitic dykes form spectacular
strain markers in an otherwise recrystallized marble matrix. The
granite dykes are deformed into lineation-parallel, asymmetric
folds and fold mullions, which are commonly cut by normal to
oblique, small-scale faults trending at a high angle to the mineral
lineation, that are not present in the adjacent marbles (Fig. 4a).
Other examples of brittle, ‘intrafolial” faults are found along the
base of the marble succession at Skjelholmen as well as at
structurally lower levels, where layers of banded gneiss are
deformed into asymmetric, fault-block arrays between layers of
amphibolite (Fig. 4b). Whereas the gneissic foliation displays an
ENE—WSW-trending mineral lineation, the lineation on the
mesoscopic faults is commonly oblique with a more southerly
plunge (Fig. 3b).
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Fig. 4. (a) Granite dyke as a strain marker in marble at Skjelholmen. The dyke is deformed into SW-plunging mullions that are cut by later, small-scale
normal faults at a high angle to the ductile stretching lineation. Hammer for scale. (b) Intrafolial shears and array of rotated, asymmetric boudins in
banded gneiss, island NE of Lyseysund. The shear fractures display southerly plunging lineations (see Fig. 3b).

Folds. The entire structural section is deformed by a set of open
to tight, double-plunging, NE—SW-trending folds with upright to
NW-dipping axial planes. Folds of this type are numerous on the
outcrop as well as at map scale. On the regional scale, these
folds deform the entire Central Norway basement window in the
area between the Heybakken and Kollstraumen detachments
(Roberts 1983; Piasecki & CIliff 1988; Gilotti & Hull 1993;
Braathen er al. 2000; Nordgulen et al. 2002), and the axes of
mesoscopic folds commonly contribute to the ‘L’-element of the
LS-fabrics in the window, including the detachment mylonites.
NE-SW-trending folds also deform the ‘Old Red’ basins above
the Hoybakken detachment zone (Fig. 3c; Séranne 1992, and
below).

The Hoybakken detachment fault

On the regional scale, the Hoybakken detachment fault or system
of detachment faults truncates the boundaries between nappe
rocks that are infolded with the orthogneisses of the Central
Norway basement window (Fig. 2). Map-scale undulations of the
Hoybakken detachment fault do, however, partly follow the
pattern of NE—SW-trending folds in the footwall (Séranne 1992).
East of Asenoy, a (submerged) detachment fault has been
interpreted to constitute the eastern border of the Old Red
Asengy—Tristeinen basin (Figs 2 and 4; Séranne 1992; Haabes-
land 2002). At the type locality at Heybakken, the detachment
fault cuts folded, mylonitized diorite in its footwall (Fig. 5). The
footwall mylonites are juxtaposed against the strongly deformed
meta-igneous rocks of the Borgklintan unit, notably the Eidsfjel-
let granite of Séranne (1992), whereas northwards, the hanging
wall is dominated by the sedimentary rocks of the ‘Old Red’
Bjugn basin. In the uppermost c. 10 m of the footwall at
Hoybakken, coherent mylonites are variably fractured and shat-
tered. Rock fragments in the shattered mylonites comprise
mainly mylonitic diorite. In places, the top of the footwall is
constituted of a greenish grey cataclasite developed from the
footwall mylonites (Fig. 6).

At the main exposure in Heybakken, the detachment fault
appears as a sharply defined fault plane that displays outcrop-
scale undulations or corrugations that plunge southwestwards at
an angle of 10-20° (Fig. 5a). A NW-—SE-trending slickenside
and mineral fibre lineation is superimposed on the corrugations,
and is interpreted here to represent a later deformation event.

The lowermost c. 0.5 m of the hanging wall is characterized by a
zone of banded, red and grey—black cataclasites and ultracatacla-
sites, and by a c. 25 cm thick, brown cataclasite that occurs
intermittently along the fault plane (Fig. 6). The banded
cataclasites contain fragments of mylonite and of a dark, fine-
grained cataclastic rock set in a matrix of comminuted quartz
and feldspar. Higher up, the banded cataclasite is superseded by
a red, more homogeneous cataclastic rock sandwiched between
the main detachment and a structurally higher normal fault (Fig.
5). The cataclasite probably developed from the Eidsfjellet
granite. The red cataclasite is cut by numerous narrow high-
strain zones and striated mesoscopic faults. Many of the faults
carry thin, greenish-grey quartz and/or epidote mineralizations or
millimetre-thick zones of intense cataclasis. Slip-linear analysis
(Fig. 5¢ and d) yields a SW-NE elongation trend that is
consistent with the kinematics of ductile structures in the
footwall as well as with the SW-plunging grooves and undula-
tions on the detachment fault. A suite of small-scale faults with
NW- to NNW-plunging slickenlines cut and displace the detach-
ment fault on a scale of a few centimetres and may have been
associated with the late movements recorded by the NW-SE-
trending lineation on the detachment fault (Fig. 5b).

The hanging wall

Ductile, top-to-the-WSW non-coaxial deformation. At Hoybak-
ken, the Eidsfjellet granite and the Borgklintan Formation of
Siedlecka (1975) (Fig. 5; Séranne 1992) occur in the hanging
wall of the Heybakken detachment fault. The status of the
Borgklintan Formation is important with respect to the overall
structural interpretation, and needs some clarification. Séranne
(1992) suggested that the Borgklintan Formation may represent
mylonitized Devonian rocks. We prefer to uphold previous
interpretations of the Borgklintan Formation as sheared meta-
igneous rocks (mainly metadiorite; Wolft 1976; Bergfjord 1989;
Solli 1995; Solli et al. 1997); remnant lenses and smaller pods of
less deformed metadiorite occur locally within the mylonitized
host rock, and the association of sheared metadiorite—greenschist
with minor amounts of metasediments strongly resembles rock
units in the Upper Allochthon in the greater Trondheim area.
Consistent with this interpretation, we will use the informal term
‘Borgklintan unit’ in the remaining parts of this paper.

The rocks of the Borgklintan unit are penetratively myloni-
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tized. Along the SE coast of the study area (Fig. 5), the
Borgklintan unit contains a quartz-rod and chlorite mineral
lineation and densely spaced shear bands consistent with top-to-
the-SW shearing. Away from the brittle detachment, however, a
ductile strain gradient characterizes the Borgklintan unit as the
mineral and quartz-rod lineation is rotated from an ENE-WSW
into a NNW-SSE trend in accordance with the undulating
foliation pattern (Fig. 5e). Lithologically and, in part, structurally,
the Borgklintan unit bears a striking resemblance to the rocks in
the footwall of the brittle detachment. Further implications will
be discussed below.

The Borgklintan unit is cut by a NE-SW-trending fault that
separates it from the Austratt Formation, named here the
Ottersbo fault. Close to the fault, at Ottersbo, conglomerate
clasts in the lower parts of the Austratt Formation are flattened
subparallel to an undulating, low-grade phyllitic foliation. The
phyllitic foliation is associated with an ENE—WSW-trending,
low-grade (epidote £ chlorite & quartz) mineral fibre lineation
(Fig. 5g). This lineation is also present on a number of ductile
and semi-ductile shear zones and faults that cut the main
foliation and that border sigmoidal foliation ‘fish’ of small-scale
to outcrop size, indicating normal-sinistral, top-to-the-WSW
shear. The conglomerates are deformed into sets of open folds
that have axes parallel to the mineral fibre lineation and are, in
turn, cut by several sets of steep, brittle faults and joints oriented
obliquely or at high angles to the stretching lineation. Some
display NW-plunging quartz-fibre lineations that can be demon-
strated to overgrow the previous chlorite fibre lineation (Fig. Sh).
One set of small joints, oriented perpendicular to the stretching
lineation, is associated with orange zeolite mineralization (Fig.
5i). The mineralized joints are, in places, offset by 1-5 mm by
shear planes that are parallel to the low-grade mineral lineation.

The above observations demonstrate that top-to-the-SW ductile
strains, kinematically consistent with those observed in the
footwall, affected the southeastern parts of the hanging wall prior
to brittle deformation. The interpretation of the Borgklintan unit
as a sequence of deformed and metamorphosed plutonic rocks
(Bergfjord 1989; Solli 1995) is consistent with the Hoybakken
detachment fault having developed at a relatively late stage
compared with the ductile, top-to-the-SW deformation in the
footwall and hanging wall.

Ductile to brittle, normal and oblique faults. SW of Heybakken,
the mylonitic rocks of the Borgklintan unit, as well as the lower
parts of the Austratt Formation, are cut by swarms of NE—SW-
to north—south-trending, normal—sinistral, semi-brittle to brittle
mesoscopic faults and by densely spaced, open fractures (Fig. 6).

Pink cataclasite derived from
granite protolith (Eidsfjellet granite);
several metres thick

Banded cataclasite; c. 0.5 m thick;
bands of grey-pink quartzfeldspatic
cataclasite and dark grey/black

o /
—— ; cataclasite and ultracataclasite.

5 = —— Hoybakken detachment fault
% —| 7 Brown-grey cataclasite

Greenish-grey cataclasite, likely
derived from footwall mylonites

Breceiated footwall mylonites

Fig. 6. Simplified, synthetic line drawing showing succession of fault
products associated with the Hoybakken detachment fault at Hoybakken.
A brownish, c. 20 cm thick cataclasite—breccia separates brecciated
footwall mylonites from the cataclasites of the hanging wall; structurally
higher, in the hanging wall, are banded cataclasites with pink and dark
grey layers (20—50 cm thick). The lowermost ¢. 5 cm of hanging wall is
composed by dark cataclasite and ultracataclasite. Below the brown
cataclasite are grey—green cataclasites that constitute the top of the
footwall and are gradational downwards into cataclasites and breccias
derived from the mylonitic metadiorite in the footwall.

Many of the faults and joints are associated with epidote
mineralization and epidote-indurated breccias; others are asso-
ciated with thin coatings of carbonate and/or orange zeolite.
Where age relationships can be assessed, the latter two miner-
alizations are consistently younger than epidote-bearing miner-
alizations. The kinematic indicators associated with the faults are
mainly in accordance with top-to-the-WSW and -SW faulting
(Fig. 5) but locally, NW-plunging lineations are observed to
overprint earlier, top-to-the-SW slickenfibres.

Some tens of metres structurally above the Hoybakken detach-
ment fault, a large normal to oblique fault is characterized by
epidote-bearing mineralization and green cataclasites that host
WSW-plunging grooves and slickenlines (Fig. 5f). The fault
probably constitutes a large, intra-hanging-wall normal fault
kinematically compatible with the main detachment fault.

NW-SE-trending fractures largely dominate the lineament
pattern north of the Mere—Trendelag Fault Complex (Rindstad &
Gronlie 1986; Gronlie et al. 1991; Gabrielsen et al. 2002) and
are common in the study area, where they cut all previous

Fig. 5. Map of Hoybakken—Austratt area with the Hoybakken detachment fault and NE—SW-trending strands of the Meore—Trondelag Fault Complex
described in the text. (a) Stereographic Schmidt-net representation of observations from the Hoybakken detachment fault, including undulating fault plane
(m) with pole to best-fit great circle (star), yielding roughly the orientation of a local large-scale corrugation axis (trend c. 225°), measured megagrooves
(A), and younger mineral fibre and slickenside lineation (A). (b) Slip-linear plot of small-scale faults that cut the Hoybakken detachment fault; a larger
fault that cuts and offsets the detachment fault and footwall mylonites is represented by three readings (larger squares). (¢) Slip-linear plot of mesoscale
faults that cut red cataclasite in the hanging wall of the Hoybakken detachment fault fault. (d) Poles to ‘planes of movement’ (m-planes, Alexandrowski,
1985) calculated from fault population in (c), the mean m-plane (great circle) indicates movement of the hanging wall towards ¢. 237°. (e) Slip-linear
representation of fault planes with epidote-mineralized segments and splays associated with large fault structurally above the detachment fault; A, larger
corrugations on this fault plane. (f) Ductile structures in the Borgklintan unit including (mylonitic) main foliation (contoured); pole to best-fit great-circle
for deflected main foliation (star, 244/21), mineral and quartz-rod stretching lineation (A). (g) Ductile structures in the Lowermost Austratt Fm at
Ottersbo, including main (phyllonite) foliation (®); mineral fibre (chlorite, quartz) stretching lineation (A) and ductile shear bands (m). (h) Ductile-to-
brittle, normal-sinistral faults in the lower Austratt Fm at Ottersbo. Slip-linear representation of striated faults, poles to faults without striae are
represented by open squares. (i) Zeolite-filled tension gashes, Ottersbo. These fractures cut ductile and semi-ductile structures such as those in (g) and (h)
above. However, they are consistent with a NE—SW-oriented maximum elongation trend. ( j) Slip-line representation of north—south- to NE—SW-trending,

steep faults. The slipline orientations range from NE—SW to NW—SE.
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structures, and bound a basement horst that crops out in the
central areas of the Bjugn Basin. At Heybakken, a NW-SE-
striking fault, containing epidote-bearing mineralization and
green cataclasites and hosting WNW-plunging lineations (Fig.
Sb), demonstrably cuts the Heybakken detachment fault and
produces a shatter zone of several metres width in the detach-
ment mylonites. Kinematic data from a number of steep, NNW—
SSE- to NW-SE-trending fractures (Fig. 5j) are consistent with
more than one slip event, as several fault zones display down-dip
as well as oblique, north—south- or NNE—SSW-trending slick-
enlines. The steeper lineations are in accordance with ENE—
WSW to WNW-ESE maximum elongation trends, as are
intraclast tension gashes reported from the ‘Old Red’ conglomer-
ates by Séranne (1992). In the Ottersbo area, NW—SE-trending
tension gashes filled with orange zeolite are in places offset by
small-scale shears developed parallel to the low-grade main
foliation, indicating that, at least locally, zeolite mineralization
commenced during NE—SW extension.

Structures related to NW—SE shortening. ENE—WSW-trending,
upright folds deform the rocks of the ‘Old Red’ basins on the
kilometre scale (e.g. Boe et al. 1989; Fig. 3). Adjacent to strands
of the More—Trondelag Fault Complex, however, brittle contrac-
tional structures locally dominate the deformation pattern.

In the Austratt—Ottersbo area (Fig. 5), the lower parts of the
Austratt Formation are telescoped by a suite of brittle thrusts and
reverse faults ranging in dip from subhorizontal to ¢. 50° to the
SE (Figs 7a, b and 8). Kinematic indicators on the fault planes
include grooves and striations, mineral fibre lineation, lineation-
parallel corrugations, displacement or semi-brittle folding of
bedding and subordinate, mesoscopic normal faults and joints.
The interpreted transport direction is consistently top-to-the-NW
at ¢. 320° (Fig. 7e and f). The contractional system involves
subordinate extensional faults and steep, WSW—ESE- to NW—
SE-oriented strike-slip faults interpreted here as transfer faults
(Fig. 7b). The thrust system is associated with cataclasis in the
metasediments in the lowermost Austratt Formation and with
epidote mineralization or silicification depending on location
with respect to the strands of the Meore—Treondelag Fault
Complex (Fig. 8). Locally, dark, flinty fault rocks interpreted as
pseudotachylite or ultracataclasite occur on the fault planes. The
majority of contractional structures in this system are cut by, or
merge with, the set of NE-SW-trending strands of the Mere—
Trondelag Fault Complex. Intriguingly, however, small-scale
structures of the contractional system also affect fault rocks
related to strands of the More—Trendelag Fault Complex (see
below).

Strands of the More—Trondelag Fault Complex

The southern parts of the study area are straddled by (seawater-
covered parts of) the NE—SW-trending Hitra—Snasa Fault, one of
the principal faults of the Mere—Trendelag Fault Complex (e.g.
Gronlie & Roberts 1989). Abundant strands or splays of the
More—Trondelag Fault Complex, probably belonging to the
damage zone of the Hitra—Snasa Fault, commonly define litholo-
gical boundaries, such as the Ottersbo fault, and boundaries
between subunits in the Austratt Formation (Figs 5 and 8). The
faults are associated with epidote mineralization, green to grey
cataclasites and/or metres-wide shatter zones with striated fault
planes. Subhorizontal grooves, locally on the metre scale, locally
decorate the more prominent fault planes. The strands of the
More—Trondelag Fault Complex show mutual cross-cutting
relationships with the Hoybakken detachment fault in the

Hoybakken area. On the larger scale, however, the Hoybakken
detachment fault is interpreted to terminate against the Hitra—
Snasa Fault (Séranne 1992).

In the study area, two of the more important NE—SW-trending
faults are the Ottersbo and Jektvika faults near Austratt (Fig. 5).
Ductile-to-brittle deformation of the Austratt Formation is evi-
dent in a NE-SW-trending belt of several tens of metres width
adjacent to the Ottersbo fault. In the Austratt Formation, detrital
plagioclase becomes increasingly saussuritized in the direction of
the fault, in concert with an increasing content of epidote,
carbonate and chlorite in the matrix, and of epidote and
carbonate in cross-cutting veins. In the Borgklintan unit, sub-
vertical zones of granulation, semi-brittle kink folding and grey,
flinty cataclasites up to several centimetres thick are commonly
observed in the zone of cataclasis and fracturing of ¢. 50 m
width associated with the Ottersbo fault. The Jektvika fault (Figs
6 and 8) is subvertical to steeply SE-dipping, and associated with
a zone of epidote-bearing cataclasite of several metres width on
both sides of the fault. A discrete, ¢. 50—75 cm thick, multi-
layered sheet of cataclasite (Fig. 7c) cuts the wider zone of
cataclasis, but is, in turn, incised at a low angle by the main fault
plane (Fig. 7d). The latter is coated by a centimetre-thick
cataclasite that displays evidence for both dip-slip and oblique
slip. Oblique sinistral shears, left-stepping of the main fault plane
and quartz-filled tension gash arrays provide evidence for
sinistral movements. This considered, oblique, SW-plunging
lineations on the outermost cataclasite sheet are consistent with
oblique sinistral displacement with a moderate reverse compo-
nent.

With the exception of the outermost cataclasite sheet, the
multilayered fault—rock succession is cut and displaced north-
westwards by small-scale thrusts (Fig. 7c and d) with displace-
ments up to c¢. 20 cm up-dip along a SE-plunging slickenside
lineation. The direction of thrusting is similar to that obtained
from the numerous thrusts and reverse faults recorded on the
northwestern side of the fault. In our dataset recorded from a
multitude of NE—SW-trending faults in the study area (Fig. 7g)
slip-lines cluster in orientations parallel and normal to the fault
trends. This is consistent with combinations of sinistral strike-
slip movements and top-to-the-NW thrusting, such as interpreted
for the Jektvika fault. Later structures, such as subordinate open
fractures, provide indication of late movements with a dextral
component along some NE—SW-trending faults and of minor
reactivation of some reverse faults as normal faults. These
features, together with some of the steep and oblique lineations,
may represent post-Palaeozoic reactivation (Grenlie & Roberts
1989; Bering 1992) such as that responsible for the formation of
Jurassic basins adjacent to the Mere—Trendelag Fault Complex
in the Trondheimsfjord and coastal areas (Boe & Bjerklie 1989;
Boe 1991; Sommaruga & Bee 2002; Watts 2001), or Cenozoic
movements (Redfield et al. 2005).

Discussion

Ductile, large-magnitude extension and constriction in
Mid-Norway

In the entire western and Mid-Norway region, the Devonian
strain field responsible for this deformation was probably bulk
constrictional, to produce the well-developed L=S tectonites,
mylonites and folds that are, in turn, decapitated by brittle
detachment fault(s). This would indicate that constrictional
deformation accompanied the continued exhumation of the
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Fig. 7. Structures in the vicinity of the Hitra—Snasa Fault of the Mere—Trondelag Fault Complex. (a) Top-to-the-NW reverse fault rooted in, or cut by, the
NE—-SW-trending Jektvika fault. Shortening in the ‘Old Red’ clearly intensifies in the direction of strands of the Mere—Trendelag Fault Complex. Field of
view is c¢. 3 m. (b) Simplified line drawing of relationships between subhorizontal thrust faults and subordinate, normal faults, tension gashes and NW—
SE-trending strike-slip faults that form a kinematically consistent, epidote-mineralized network in the southeastern parts of the Austratt Formation.
Pockets with epidote-bearing mineralization and epidote breccia (grey in figure) are present along jogs on a number of normal faults, providing indicators
of top-to-the-NW transport. (¢) Low-angle, top-to-the-NW thrusts cutting steep, multilayered cataclasite sheet associated with the Jektvika fault, except for
the youngest and outermost cataclasite. Compass for scale. (d) Simplified representation of relationships presented by the Jektvika fault including
thrusting of multilayered breccia sheet, sinistral shears cutting breccias and truncation of the multilayered cataclasite sheet by the main fault plane (see
text). The variable thickness of the multilayered cataclasite sheet is due to the combination of thrusting and low-angle cutting of the multilayered
cataclasite by the late fault plane. (e) Slip-linear representation of faults with epidote-bearing mineralization, related to top-to-the-NW thrusting, Austratt—
Ottersbo area. (f) Poles to m-plane (contoured) and mean m-plane (great circle, trend 320°) for faults in (e). (g) Slip-linear representation of structures
obtained from NE—SW-trending faults and lineaments related to the Mere—Trendelag Fault Complex in the study area. The grouping of sliplines parallel
to, and normal to the lineament trends, reflecting the distribution of steep, NE—SW-trending, sinistral strike-slip faults, moderately dipping reverse faults
with top-to-the-NW displacements and very steep dip-slip faults should be noted. The latter probably represent late reactivation of the strike-slip faults as
normal faults. (h) Slip-linear representation of fault readings in the Borgklintan Fm; a number of faults reflect the pattern in (f), and are related to
smaller-scale strike-slip faults and thrusts. A number of NE—SW-trending, moderately dipping oblique- and strike-slip faults tentatively represent normal
faults that were rotated out of their original orientation during folding of the Borgklintan Formation; such rotations have been described previously from
synsedimentary faults in the Devonian of western Norway (Osmundsen ef al. 1998).

Central Norway basement window to shallow crustal levels and, SW retrograde shearing in the Hoybakken detachment zone
eventually, across the ductile—brittle transition. (Bingen et al. 2005). “*Ar/** Ar hornblende and mica ages from

The c. 401-403 Ma U-Pb titanite ages reported by Bingen et the Central Norway basement window (Dallmeyer et al. 1992;
al. (2003, 2005, Fig. 9) provide a lower bracket for top-to-the- Kendrick et al. 2004), in combination with U—Pb ages on titanite
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Conglomerates and sandstones (Austratt Fm.)

Chlorite-bearing metaconglomerates (Austratt Fm.)

|:| Quartz feldspathic metasediments (Austratt Fm.)

Breccia, developed mainly from "Old Red” protolith

Cataclasite, developed mainly from granitic protolith (Eidsfjellet granite),
cut by multitudes of shear fractures kinematically consistent with top-to-the-SW
movements on the main detachment fault

Strongly deformed metaigneous rocks, included mylonitised metadiorite (footwall and
hangingwall of HDF, and Eidsfjellet granite (hangingwall). Deformed metaigneous rocks in

Brittle detachment fault (HDF) with banded cataclasites, cut by 1) small-scale normal faults

hangingwall are assigned here to the Borgklintan unit (see text). Black arrows denote mineral lineation in Borgklintan unit.

with slickenlines parallel to ductile mineral lineation; 2) faults and fractures with lineations oblique to the

transport lineation on the main detachment.

Fig. 8. Schematic block diagram showing relationships between structural elements observed in the hanging wall of the Hoybakken detachment fault in
the Hoybakken—Austratt area. The relationships between the Hoybakken detachment fault and the NE—SW-trending faults of the Mere—Trendelag Fault
Complex are not exposed in each case, but it is clear that a number of NE—SW-trending strike-slip faults cut the Hoybakken detachment fault or fault

products related to the Hoybakken detachment fault.

(Bingen et al. 2003; Tucker et al. 2004) are consistent with
cooling together with the northern Western Gneiss Region
between c. 405 and c. 390-395 Ma (Fig. 9). The older parts of
this age interval probably date the amphibolite-facies constric-
tional strain conditions responsible for the formation of strongly
prolate fabrics in the feldspar-rich rocks. In the detachment
mylonites, and structurally highest parts of the Central Norway
basement window, “°Ar/*°Ar ages of c¢. 386387 Ma for horn-
blende, 381-385 Ma for white mica and biotite and 371-356 Ma
for K-feldspar (Fig. 9) have been interpreted to represent the
progressive cooling of the footwall mylonites from c. 450—550°
to ¢. 250 °C over a period of ¢. 25-30 Ma (Eide et al. 2003;
Kendrick et al. 2004). Thus, it appears that exhumation of the
rocks in the window from amphibolite-facies conditions at c.
390 Ma into the frictional—elastic regime at c¢. 370-356 Ma
occurred at rates of <l mma~!. A similar conclusion of slow
exhumation rates after c. 390 Ma for the northern Western Gneiss
Region was reached by Terry et al. (2000) and Terry & Robinson
(2004).

In the outer Trondheimsfjord area, it has been demonstrated
that whereas Ordovician igneous titanites are little reset in the
rocks of the Steren Nappe of the Upper Allochthon, titanites
from the adjacent Western Gneiss Region were completely reset
at 395 4+ 2 Ma (Tucker et al. 2004). Thus, it appears that south
of the Hitra—Snasa Fault, the folded contact between the Western
Gneiss Region and the rocks of the Steren Nappe of the Upper
Allochthon represents a major tectonic boundary characterized
by cooling of the footwall through c¢. 550° at around 395 Ma

(Solli et al. 1997; Robinson et al. 2004; Tucker et al. 2004).
Adjacent to the contact, the structure of the footwall is domi-
nated by folded, top-to-the-SW and sinistral shear indicators, and
the contact has recently been interpreted in terms of an early,
ductile extensional detachment (Agdenes detachment of Robin-
son et al. 2004). The implication for the study area would be that
the highly sheared supracrustals in the southwestern Central
Norway basement window are sandwiched between the Agdenes
detachment and the younger Heoybakken detachment zone (see
also Robinson ef al. 2004). Thus, the gneissic core of the Central
Norway basement window probably shared parts of its exhuma-
tion history of NE—SW stretching and top-to-the-SW ductile
shearing with a large region, notably the northern Western Gneiss
Region and correlative rocks in the Trondheim area south of the
Hitra—Snasa Fault.

Decapitation of the detachment mylonites

The mineral assemblages in the mylonitic, meta-igneous rocks in
the hanging wall of the Hoybakken detachment fault (Borgklin-
tan unit) are largely similar to those observed in the upper parts
of the footwall at Heybakken. The flattening of pebbles and
development of a low-grade, phyllonitic fabric at Ottersbo is
consistent with greenschist-facies, SW-directed tectonic transport
and NW-SE-oriented shortening, similar to that observed in the
upper parts of the footwall. We suggest that the present brittle
detachment fault overprints a low-grade, ductile detachment zone
that included the upper parts of the footwall and structurally low
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Fig. 9. Summary of radiometric ages from the study area and from the northern Western Gneiss Region discussed in the text and interpretation of
geological events. Ages from the northern Western Gneiss Region are as follows. (1) Range of *°Ar/* Ar K-felspar ages reported by Root et al. (2005)
from ultrahigh-pressure domains of the northern Western Gneiss Region. (2) Range of muscovite ages from ultrahigh-pressure domains of the Western
Gneiss Region (Root ef al. 2005). The young muscovite and K-feldspar ages indicate folding of the northern Western Gneiss Region after ¢. 335 Ma (Root
et al. 2005). (3) U/Pb monazite age from ductile, sinistral shear zone in the Western Gneiss Region (Terry et al. 2000). (4) U/Pb titanite age from the
northern Western Gneiss Region adjacent to the Agdenes detachment (Tucker er al. 2004). (5) U/Pb zircon age of the ultrahigh-pressure Ulsteinvik
eclogite (Tucker et al. 2004). (6) U/Pb monazite mean age obtained from eclogite in the northern Western Gneiss Region by Terry et al. (2000). (See text

for discussion.)

parts of the present-day hanging wall. The preservation of a
sliver of detachment mylonites in the hanging wall of the
detachment fault can be explained by brittle truncation of
extension-parallel folds (Fig. 10). Truncation of a folded detach-
ment by a younger one has been suggested previously for the
Simplon—Brenner fault system in the Eastern Alps (Mantkelow
& Pavlis 1994) and for the Devonian Nordfjord—Sogn detach-
ment in SW Norway (Krabbendam & Dewey 1998; Osmundsen
et al. 1998; Erambert & Braathen 2005).

The timing of the truncation of the folded detachment
mylonites by the Hoybakken detachment fault is bracketed by
the c. 381-385Ma, *°Ar/*’Ar mica crystallization ages from
the detachment mylonites and the c¢. 320 Ma “°Ar/°Ar K-
feldspar age reported by Kendrick er al. (2004) from the pink
cataclasite in the hanging wall of the brittle detachment fault.
However, the footwall had probably entered the frictional—
elastic regime at around c. 356—370 Ma, as suggested by the
40Ar/* Ar K-feldspar cooling ages (Kendrick et al. 2004). This
suggests that decapitation of the footwall by the brittle detach-
ment fault may have taken place closer to 370 Ma than to
320 Ma. The kinematics of swarms of brittle faults that cross-
cut the pink cataclasite associated with the Hoybakken detach-

ment fault (Fig. 5c and d), show that top-to-the-SW movements
still prevailed at this stage.

Brittle detachment faulting, late-stage exhumation and
‘Old Red’ sedimentation

The propagation of the Heybakken detachment fault into the
exposed structural level may also be reflected by the adjacent
‘Old Red’ stratigraphy. The upper parts of the ‘Old Red’ at
Asengy experienced pressures and temperatures not much above
diagenetic conditions (Eide e al. 2003). In the uppermost parts
of the Aseney basin, clast petrography and palaeocurrent data
from coarse alluvial deposits indicate east to west sediment
transport (Haabesland et al. 2002). An *°Ar/>® Ar K-feldspar age
of 372 £+ 3 Ma obtained from a gneiss clast at high stratigraphic
levels in the Aseney Basin confirms the link between high levels
of the ‘Old Red’ stratigraphy and source areas in the Central
Norway basement window (Eide et al. 2003, 2005). The highest
stratigraphic levels of the ‘Old Red’ succession must be Late
Devonian or younger in age to allow exhumation from depths
corresponding to 250 °C to the palaeosurface prior to erosion and
deposition (Eide et al. 2003). Thus, the above age constraints are
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CNBW/WGR E Rocks of the Upper Allochthon, strongly sheared in
ductile detachment zone

Rocks of the Upper and uppermost Allochthons, [ E _1; 'Old Red’ sedimentary rocks
unaffected by ductile extension

A= Austratt Formation; B= Borgklintan unit; O= Ottersbo fault

Fig. 10. Schematic illustration of relationships between detachment mylonites, the Hoybakken detachment fault, the Borgklintan unit and the ‘Old Red’
Bjugn Basin as discussed in the text. Schematic, non-linear time scale based on benchmark radiometric ages referred to in text. Top of model corresponds
roughly to present-day exposed structural level and not to the palaeosurface. (a) Top-to-the-SW movement along a regional, extensional shear zone
accommodating denudation of the Central Norway basement window (CNBW) and the northern Western Gneiss Region (WGR) in a constrictional strain
field. The older parts of the ‘Old Red’ may have been deposited at the surface (above the model) at this time, on rocks of the Upper and Uppermost
Allochthons. (b) Continued top-to-the-SW movements along the detachment zone; constriction led to folding of the entire crustal section, including the
Central Norway basement window, the detachment zone and the ‘Old Red’ basin. Continued burial of the ‘Old Red’ deposits and contraction of geotherms
related to extensional detachment faulting led to very low-grade and low-grade metamorphism of the ‘Old Red’, increasing in the direction of the contact
with the hotter footwall rocks. Shearing along this contact was dextral along SE-dipping fold flanks and sinistral along NW-dipping ones, as suggested by
Séranne (1992). Low-grade phyllonitic fabrics formed in the hanging-wall rocks along the contact. As the (at present exposed) levels of the Austratt Fm
would have been located close to the brittle—ductile transition at this stage, brittle fractures may well have developed that trapped fluids and allowed
minerals such as epidote to precipitate. Some of the brittle, epidote-bearing structures in the study area may have started to form in this interval. (c) Brittle
detachment fault (Hoybakken detachment fault; HDF) truncates previous fabrics in the ductile detachment zone. As a result, part of the folded detachment
mylonite was captured in the hanging wall of the Hoybakken detachment fault as the Borgklintan unit (B). The rocks of the Central Norway basement
window underwent denudation under conditions where 7'was below c. 250 °C. In the ‘Old Red’, networks of quartz—epidote-mineralized fracture networks
form adjacent to the Hoybakken detachment fault. The Ottersbo fault (O) may have started forming at this stage, incising the flank of the decapitated fold
limb at present represented by the Borgklintan unit. In the Austratt Formation (A), shortening by thrusting intensified adjacent to strands of the More—
Trondelag Fault Complex that developed as parallel and Reidel shears along the Hitra—Snasa Fault. At the surface, the Asen Fm was probably being
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consistent with the brittle detachment fault controlling late-stage
sedimentation in the Late Devonian or Early to Mid-Carbonifer-
ous (Eide et al. 2005).

The significance of Late Devonian and/or younger slip along
the Hoybakken detachment fault is probably best illustrated by the
late stages of exhumation of the Central Norway basement
window. Assuming a geothermal gradient of 25 °C km~!, some
8—10 km of exhumation would be required to expose rocks with
preserved c. 370 Ma *°Ar/3? Ar feldspar cooling ages at the surface
during deposition of the uppermost ‘Old Red’ (Eide et al. 2005).
Contraction of geotherms in relation with detachment faulting
may significantly reduce this number, but the relatively slow
exhumation rates since c¢. 390 Ma indicate that geotherm contrac-
tion may have been limited compared with the Early and early
Mid-Devonian. Even with an unrealistic geotherm of 50 °C km™',
post-370 Ma exhumation from a depth of 4-6 km would be
required. The associated slip on the low-angle Hoybakken detach-
ment fault could then easily have been of the order of 10 km or
more. Significant slip events may have occurred as late as c.
320 Ma (Kendrick et al. 2004), and the banded cataclasites and
ultracataclasites at the base of the hanging wall in Heybakken
could be even younger. In SW Norway, the Nordfjord—Sogn
detachment was reactivated in the Permian and in the Late
Jurassic—Early Cretaceous (Torsvik et al. 1992; Eide et al. 1997).

Brittle extension, contraction and the role of the More—
Trondelag Fault Complex

In the study area, normal faults are consistent with NE—-SW
horizontal extension and vertical shortening, whereas brittle
thrusts and reverse faults indicate NW—SE shortening. If these
structures are treated as roughly contemporaneous in view of the
common epidote-bearing mineralization, the resulting strain field
would correspond to general constriction (I < £ < oo in the
Flinn (1962) plot). The formation of the epidote-bearing brittle
structures appears to partly predate and partly post-date the
brittle detachment fault at Hoybakken, and certainly post-dates
deposition of the Austratt Formation. Thus, these structures
probably did not develop exclusively as intra-hanging-wall
structures coeval with ductile shearing in the footwall, but appear
to have continued to accompany the deactivation of the brittle
detachment as a major, top-to-the-SW normal fault.

The Hitra—Snésa Fault of the Mere—Trendelag Fault Complex
is situated in a steep, kilometre-wide mylonite belt that shows
abundant evidence for ductile, sinistral displacements (Gronlie &
Roberts 1989; Gronlie et al. 1991; Roberts 1998; Watts 2001).
Sinistral shearing along the Meore—Trondelag Fault Complex
could have been roughly contemporaneous with denudation of
the Central Norway basement window in the footwall of the
HDZ, as suggested by Séranne (1992), and probably of Early to
Mid-Devonian age. Supporting this model is an “°Ar/** Ar white
mica age of 406 = 11 Ma reported from the mylonites of the
More—Trendelag Fault Complex by Sherlock et al. (2004).

After ductile shearing, localization of strains led to formation
of brittle faults of regional importance. Green, epidote-veined
cataclasites from the core of the Hitra—Sndsa Fault have been

interpreted to record the earliest post-mylonitic, sinistral faulting
events, occurring under prehnite—pumpellyite- to lower green-
schist-facies conditions (Grenlie ef al. 1991; Watts 2001). The
broad similarity in fault products and faulting conditions (saus-
suritization, epidote mineralization, cataclasis) suggests a link
between a main phase of brittle, sinistral faulting along the
Meore—Trondelag Fault Complex and the development of epidote-
mineralized structures in the study area. Top-to-the-NW thrusting
in the Austratt Formation, close to the strands of the More—
Trondelag Fault Complex, appears to have alternated with
sinistral strike-slip along the Hitra—Snasa Fault. Considering the
high angle between the thrust direction and the strike-slip faults
as well as the regional evidence, we suggest that the thrusts of
the Austratt Formation represent the brittle kinematic equivalents
of the NE-SW-trending folds and thrusts that deform the north-
ern Western Gneiss Region, the Central Norway basement
window including the detachment mylonites and the ‘Old Red’
deposits. We interpret this as evidence for constriction to have
prevailed as the rocks of the study area passed into the brittle
regime. The thrusting in the Austratt Formation probably took
place during or after metamorphism of the Austratt Formation,
and during the juxtaposition with the Borgklintan unit. Short-
ening by SE-verging folds in the ‘Old Red’ farther SW in the
outer Trondheim region and in the Devonian basins of SW
Norway has been suggested to be Mid-Devonian to Late
Devonian—Early Carboniferous in age based on stratigraphic
evidence and palacomagnetic dating (Torsvik et al. 1986, 1989;
Chauvet & Séranne 1994; Osmundsen & Andersen 2001). The
late, NW—SE-trending lineations on the Hoybakken detachment
fault are statistically parallel to those of the thrusts and reverse
faults, and may possibly also be related to the latest phase of
top-to-the-NW thrusting.

In the study area, the curving into the Jektvika fault of some
reverse faults resembles the pattern associated with positive
flower or ‘palm-tree’ structures, described from other areas of
strike-slip faulting such as the San Andreas Fault of the south-
western USA (e.g. Sylvester 1988). In transtension, the area of
resolved strike-slip faulting is also the area represented by the
highest transtensional angles and the most intense extension-
normal shortening (Krabbendam & Dewey 1998; Dewey 2002).
Thus, flower structures should be expected to form along strike-
slip faults that develop in transtension. Considering the long
movement history of the Mere—Trondelag Fault Complex,
structural geometries resembling ‘flower structures’ may have
developed along the fault complex from the Early Devonian into
the late Devonian—Early Carboniferous, at different crustal levels
and thus under different rheological conditions.

Despite the differences in crustal level and, probably, timing, the
trend of the thrust transport lineation observed by us in the Austratt
Formation (c. 320—140°), is remarkably similar to that associated
with SE-directed, eclogite-facies thrusting in the northern Western
Gneiss Region in the interval c¢. 407—-395 Ma (Terry & Robinson
2004). This time interval was associated with very high exhumation
rates, probably owing to combination of thrusting with high-level
extension (Terry & Robinson 2004), and overlaps with the “°Ar/
3 Ar age of ductile sinistral shearing (406 + 11 Ma, Sherlock et al.

deposited in this time interval (Eide ef al. 2005). NW—SE-trending shortening continued, as the late Devonian or younger Asen Fm was gently folded
after its deposition. (d) Together with the Austratt Fm, the Borgklintan unit underwent further extension and strike-slip deformation along faults associated
with cataclasis and epidote-bearing mineralization. Extension-normal shortening was now probably minor. Epidote-mineralized oblique, normal and strike-
slip faults demonstrably cut deformation products associated with the Hoybakken detachment fault, such as the pink cataclasite developed from the
Eidsfjellet granite that yielded the ¢. 320 Ma K-feldspar age reported by Kendrick et al. (2004). This deformation may be related to the Late
Carboniferous—Early Permian movements along the Hitra—Snasa Fault recorded by Watts (2001) and Sherlock et al. (2004).
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2004) along the Hitra—Snasa Fault. Thus it appears that a principal
trend of shortening remained at right angles to the More—
Trondelag Fault Complex from the Early Devonian and at least into
Mid- and Late Devonian time.

Displacement of the Hoybakken detachment fault by subver-
tical, NE—SW-trending fault strands provides evidence that
movements on the Mere—Trondelag Fault Complex continued in
concert with, or after, brittle detachment faulting. Grenlie et al.
(1991) and Roberts (1998) considered the green cataclasites and
epidote mineralizations along the More—Trendelag Fault Com-
plex to be Late Devonian in age, consistent with a Late Devonian
U—Pb age obtained from titanite growing in fault-related epidote
mineralizations in North—Central Norway (Larsen et al. 2002). A
Late Carboniferous—Early Permian “°Ar/°Ar age of 290 +
10 Ma obtained from a pseudotachylite inside the epidote-
bearing cataclasite on the Hitra—Snasa Fault (Sherlock et al.
2004) inspired the conclusion by Watts (2001) that all the brittle
deformation along the Hitra—Snasa Fault was Permian or young-
er in age. We prefer a scenario where brittle deformation along
the Hitra—Snasa Fault was initiated in the Devonian to Carboni-
ferous, as part of the regional low-temperature denudation
history. It is clear, however, that a number of strike-slip and
oblique normal faults cut the Hoybakken detachment fault. Some
of the latter have slip-lines that plunge in a westerly or north-
westerly direction. It is quite probable that these structures
correlate with the Late Carboniferous—Early Permian slip event
recorded by Watts (2001).

The time interval suggested for transtensional deformation in
the Caledonides considered by Dewey & Strachan (2003) was
410-390 Ma, based on evidence from the North Atlantic region,
but in particular from the British Isles and Norway. Based on
palacomagnetic results and 4°Ar/3’ Ar geochronology, it has been
suggested that folding of the Western Gneiss Region around
cast—west-trending axes, related to transtension by Krabbendam
& Dewey (1998), continued at least into the Early Carboniferous
(Torsvik et al. 1986, 1989) and Mid-Carboniferous (Hacker et al.
2003; Root et al. 2005). In combination with the evidence
presented above, this allows for extensional detachment shearing
and faulting, ‘Old Red’ sedimentation and NW—SE compression
to have continued at least into the Late Devonian—Early
Carboniferous. Thus, the upper age bracket placed on Palacozoic
transtension in the North Atlantic domain by Dewey & Strachan
(2003) should probably be shifted by at least 20 Ma towards the
younger end of the time scale for the Norwegian domain.

The major frontal thrusts of the Scandinavian thrust stack were
not cut by the Mere—Treondelag Fault Complex. The ductile-to-
brittle strains described in this paper were relayed farther inland
where top-to-the-SW normal or oblique shearing and faulting was
localized along the western margins of the gneiss-cored culmina-
tions that straddle the watershed between Norway and Sweden
(Fig. 1; Rykkelid & Andresen 1994; Braathen et al. 2002;
Osmundsen e al. 2003). “*Ar/*° Ar geochronology performed on a
ductile-to-brittle extensional shear zone that bounds the western
margin of the Rombak window (Fig. 1) provided ages in the range
from c¢. 370 to 355 Ma (Coates et al. 1999), which is well in
accordance with the younger ages of faulting and ‘Old Red’
sedimentation proposed by Eide ez al. (2003, 2005).

Movements on the Hoybakken detachment fault were probably
terminated by the cross-cutting of the steep, NW—SE-trending
faults that also affect the Central Norway basement window. We
suggest that the earliest movements on the steep, NE—SW-
trending structures, characterized by epidote-veined green cata-
clasites, were related to the Devonian to Carboniferous strain
field, as the fault planes are parallel to the principal shortening

trend and normal to the trend of maximum elongation (see also
Eliassen 2003). Epidote mineralization gave way to carbonate
and zeolite mineralizations that appear to have commenced
during NE—SW extension (see above), but that have generally
been assigned to later (Mesozoic?) phases of extension (Grenlie
et al. 1991; Watts 2001; Braathen et al. 2002).

Conclusions

Exhumation of the southwestern Central Norway basement win-
dow in the footwall of the Hoybakken detachment zone took place
from the Early Devonian at around c. 400 Ma to Late Devonian—
Early Carboniferous time after c. 365 Ma; that is, over a period of
more than 30 Ma. This is reflected by the age range of the ‘Old
Red’ sedimentary successions deposited in the hanging wall.

Parts of the ductile deformation in the footwall of the
Hoybakken detachment fault probably developed together with
the regional Agdenes detachment of Robinson ef al. (2004) and
other large-magnitude extensional shear zones in the region, such
as the Nesna shear zone (Eide et al. 2002; Osmundsen et al.
2003) and the Nordfjord—Sogn detachment zone (Séranne 1992).
Deformation took place in a constrictional strain field, resulting
in the formation of extension-parallel folds through the entire
structural section. As this section was exhumed past the ductile—
brittle transition, the brittle Hoybakken detachment fault trun-
cated the folded detachment mylonites, capturing a mylonitic
sliver in its hanging wall.

Afterc. 370—-365 Ma, movements on the Hoybakken detachment
fault were significant enough to exhume the rocks of the Central
Norway basement window from a depth corresponding to ¢. 250 °C
to the surface, where they were eroded and provided detritus to the
uppermost parts of the Asenoy Basin. The magnitude of slip
accommodated by the low-angle detachment fault in this time
interval is thus likely to have been of the order of several
kilometres. Significant, top-to-the-SW faulting events along the
detachment fault may have occurred as late as 320 Ma (Kendrick et
al. 2004), and the banded cataclasites and ultracataclasites at the
base of the hanging wall may have formed at an even later stage.

The metamorphic grade of the Austratt Formation in the
vicinity of the Hoybakken detachment fault, as well as along the
contact with the Borgklintan unit, may be related to contraction
of geotherms and juxtaposition of the sedimentary rocks with the
hot footwall of the detachment zone, as suggested previously for
the ‘Old Red’ basins in SW Norway (Krabbendam & Dewey
1998). Strongly reduced exhumation rates after c¢. 390 Ma would
be consistent with the non-metamorphic character of the Late
Devonian or younger ‘Old Red’ succession of the Asenay area.

The Mere—Trondelag Fault Complex developed as a sinistral
shear zone in the Early or early Mid-Devonian, resolving the
sinistral component of deformation in an overall transtensional
strain field (Krabbendam & Dewey 1998; Osmundsen et al.
1998). During or after the low-grade metamorphism of the
Austratt Formation, probably in the Mid—Late Devonian and
onwards, brittle thrusting at right angles to, and away from, the
Hitra—Snasa Fault intensified along the strike-slip fault strands.
Kinematically, the thrusts represent brittle analogues to the
extension-parallel folds, and may have formed as parts of
positive flower structures that formed along the More—Trendelag
Fault Complex. Probably, a constrictional strain field, associated
with regional transtension, persisted at least into the late
Devonian—Early Carboniferous.
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