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Abstract - **Ar/*’Ar dating methods have been applied to rocks across the Caledonian orogen in southwestern
Norway. In the castern nappe area, K-feldspar thermochronological modeling, microfabric characteristics and
conodont color alteration together indicate that temperatures were not above the closure temperature of mus-
covite for any significant period of time. Two groups of muscovite and biotite ages from this arca (415 408
for most samples with top-to-the-SE fabrics and 402-394 for samples with top-to-the-NW fabrics) are there-
fore interpreted as ages of contractional (thrusting) and extensional (hinterland-directed nappe translation) de-
formation. respectively. In the west (hinterland), peak Caledonian temperatures were higher. and “*Ar/*Ar
plateau ages are generally interpreted as cooling ages. The western basement and lower nappes cooled rapidly
through ~500°C (basement) at ~404 Ma and 350 C (basement and lower nappes) shortly after. i.e. during
cxtensional top-to-the-NW transport of the orogenic wedge. In addition. tectonostratigraphically higher
nappes in the hinterland show evidence of earlier cooling, probably following Ordovician orogenic activity
prior to the main collisional stage. The new *'Ar/Ar data conform to kinematic observations that contrac-
tion and extension in the Caledonian nappe region were sequential, and that the change from contraction

{convergence) to extension (divergence) was quick (between 408 and 402 Ma). «
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INTRODUCTION

It is now generally accepted that the complex tectono-
thermal evolutions of many orogenic belts, which were
traditionally attributed to contractional deformation
or plate convergence, are significantly influenced by
syn- to post-orogenic extensional deformation and tec-
tonics. A well-exposed example is the remnants of the
Caledonian orogen in Scandinavia, where the basal
thrust (décollement) zone recently was discovered to
contain abundant kinematic indicators indicating a
‘wrong" sense of shear with respect to thrusting
(Fossen, 1992; Fossen and Rykkelid, 1992). In this
particular example. extensional fabrics consistently
overprint contractional fabrics at a regional scale, and
the basal thrust zone was reactivated as a low-angle
extensional detachment which was subsequently tran-
sected by somewhat steeper extensional shear zones.
However, uncertainties exist about the absolute timing
of the contraction and the different expressions of
extensional deformation, as reflected in the recent lit-
erature (e.g. Andersen, 1993; Fossen, 1993a). We here
present results from a transect across the Caledonide
orogen in SW Norway that helps to constrain the tec-
tonothermal history of the classical Caledonian nappe
region in Scandinavia.
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TECTONIC SETTING
Caledonian framework

Convergent motions of Laurentia (North America)
and Scandinavia (Baltica) in Ordovician and Silurian
times caused the creation of the Caledonian orogenic
belt. The Caledonian orogeny is believed to have cul-
minated by a continent—continent collision somewhat
similar to the India—Asia example, where the western
edge of Baltica (Western Gneiss Region) was sub-
ducted under orogenic terranes located between con-
verging Laurentian and Baltic cratons. On the
Scandinavian (Baltic) side, these motions formed a
wedge consisting of Proterozoic and Lower Paleozoic
rocks of both oceanic and continental affinities.
Remnants of this orogenic wedge are preserved in a
1700-km-long and up to 350-km-wide orogenic belt
along western Scandinavia {Bryhni and Sturt, 1985).
Some of the nappes in this orogenic wedge were thrust
for several hundred kilometers to the southeast. includ-
ing the Jotun Nappe. which apparently represents a
huge detached fragment of the pre-collisional continen-
tal margin of Baltica (Hossack and Cooper, 1986).

The orogenic wedge in Scandinavia is separated
from the Precambrian basement (Fig. 1) by a mechani-
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cally weak décollement zone, consisting of phyllites.
micaschists and other metasedimentary rocks that
locally contain tectonic slivers of sheared basement
rocks. The metasedimentary rocks are mostly of
Vendian to Ordovician age, deposited on top of the
basement prior to, and locally also during, Caledonian
thrusting. A considerable amount of Caledonian defor-
mation has been localized in this décollement zone.
Caledonian deformation of the underlying basement is
mostly restricted to the contact zone with the over-
lying décollement rocks and thus classifies as thin-
skinned. except for the western parts (the Oygarden
Complex and Western Gneiss Region; WGR) where
significant but heterogeneous Caledonian deformation
is also present within the basement.

The westernmost part of the orogenic wedge, of
which only remnants are preserved, contain ‘outboard
terranes’, l.e. Ordovician ophiolite fragments and
island-arc related magmatic rocks with unconformably
overlying sedimentary and volcanic sequences. There
are indications that these ophiolitic rocks may have
formed on the Laurentian side of the pre-collisional
ocean (lapetus) in the early Ordovician, and became
amalgamated to Baltica during the final, Silurian, col-
lision (Pedersen er af.. 1988). The rest of the allochtho-
nous units are dominated by Proterozoic rocks that
were detached from the hinterland during the history
of convergence. In the study arca, the Jotun Nappe
constitutes the largest of these, with the Bergsdalen
Nappes as smaller tectonics units (Fig. 1).

Increasing metamorphic grade in the (par)au-
tochthonous cover from the foreland region towards
the coastal area in the west (e.g. Lindquist, 1990) indi-
cates an originally ESE-tapering, wedge-shaped geome-
try of the Caledonian nappe pile in Scandinavia.
Similarly, the basement shows a westward increase in
Caledonian PT-conditions, and Caledonian high-P
eclogite parageneses in the westernmost part of the
WGR are interpreted as indicating subduction of the
western margin of Baltica to depths of 60-70 km or
more during the Silurian continent—continent collision
(Grithn er al., 1985).

Kinematic history

Although SE-directed, contractional nappe displace-
ments of several hundreds of kilometers have been esti-
mated in southern Norway (e.g. Hossack ¢t al., 1985).
detailed kinematic analysis of mylonitic fabrics in the
décollement zone has revealed that the dominating
sense of shear is top-to-the-(W)NW. i.e. opposite to
that deduced from orogen-scale reconstructions. The
latter shear deformation (D) consistently overprints
and locally obliterates contractional top-to-the-fore-
land (D, or Caledonian) structures (Fossen, 1992,
1993a). There is now general consensus that the D,
shearing reflects an extensional reactivation of the
décollement zone, which has been explained by a
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change from contractional movements during plate
convergence to divergent plate motions in the
Devonian (Fossen and Rykkelid, 1992; Wilks and
Chutbert. 1994; Milnes er /., 1997; Rey et al., 1997).

Extensional deformation is also expressed by large-
scale west to northwesterly-dipping shear zones rooted
in the ductile lower crust, particularly the
Hardangerfjord shear zone (HSZ; Fossen, 1992), the
Bergen Arc shear zone (BASZ; Fossen, 1992;
Wennberg and Milnes, 1994; Wennberg, 1996). and
the Nordfjord-Sogn detachment zone (NSDZ: Norton,
1987; Séranne and Séguret, 1987; Andersen and
Osmundsen, 1994; see profiles in Fig. 1). These are
NW- to W-dipping ductile shear zones with normal
displacements on the order of a few kilometers or tens
of kilometers (HSZ. BASZ) to more than 100 km
(NSDZ: Norton, 1986). The NSDZ transects and off-
sets the entire orogenic wedge, and Devonian clastics
deposited on its hanging wall are brought into close
contact with the eclogite-facies gneisses of the Western
Gneiss Region. To the south, the NSDZ bifurcates
and is connected to the steeper BASZ, which follows
the contact zone between the Bergen Arc System and
the Western Gneiss Region (Fig. 1). The main part of
the motion on these NW- to W-dipping shear zones
must, for kinematic reasons, post-date the top-to-the-
(W)NW shearing along the décollement zone under the
orogenic wedge (Fossen. 1992). A schematic illus-
tration of the kinematic history of the south Norway
Caledonides is shown in Fig. 2.

PREVIOUS ISOTOPIC WORK

Sm/Nd and U/Pb dating and P-T estimates of eclo-
gites in the WGR indicate a high-pressure meta-
morphic event at ~425 Ma, with metamorphic
pressures of at least 18-20 kb and temperatures ran-
ging from 600 to 700"C in the west (e.g. Griffin and
Brueckner, 1980; Gebauer ¢t «f., 1985: Griffin et al.,
1985). Although the average age of this event (425
Ma) is not very well constrained (most eclogites record
Sm/Nd mineral and U/Pb zircon crystallization ages
between 450 and 400 Ma). it is similar to the 43246
Ma Sm-—Nd isochron age for the peak metamorphism
in the northern part of the WGR obtained by
Dallmever er al. (1992) (note that all errors in this
article are quoted at the 20 level unless otherwise
noted).

Relatively few **Ar/*°Ar and K-Ar thermochronolo-
gical studies have been carried out in the southern
Norwegian Caledonides, except for the coastal areas
(Fig. 3). The first **Ar/*’Ar analyses reported from the
present study area were those of Strand (1969), who
cited a biotite plateau age of about 417 Ma and a
hornblende plateau age of 463 Ma from supracrustal
rocks in the foreland (Grotli) of the thrust system (as
much of the critical analytical information is undocu-
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Fig. 1. Geological map, showing main tectonic units and sampling localities. Two profiles illustrate the large-scale over-

print of the extensional deformation on the Caledonian nappe region. Temperature contours in the WGR are adapted

from Griffin er af. (1985). D,-—thrusting/contractional deformation. D,—extension-related deformation. BN Bergsdalen

Nappes, HSZ-- Hardangerfjord shear zone, LN—Lindis Nappe. NSDZ- Nordfjord-Sogn detachment zone, GC.
Oygarden Complex, e-—eclogites. After Fossen (1992).

mented, these data must be considered with caution).
In addition. two biotites from the same area
yielded K-Ar ages of about 383 + 8 Ma (la) (recalcu-
lated using the decay constant of Steiger and Jaeger,
1977).

Bryhni er al. (1971) measured a **Ar/Ar plateau
age of about 400 +2 Ma (lo) for a biotite from the
WGR east of the Hornelen basin (Fig. 1). An amphi-
bole from the same area yielded Paleozoic (Cambrian)

minimum  ages, suggesting partial resetting during
Caledonian tectonometamorphism. Farther west in the
WGR (north of the Hornelen basin) Bryhni es al.
(1971) determined a K/Ar age of 466 +9 Ma (lo,
recalculated) for one muscovite and a **Ar/*°Ar iso-
chron age of about 488 +2 Mua (1¢) for a biotite, but
the significance of these data is unclear.

More recently, Lux (1985) presented a comprehen-
sive **Ar/*Ar and K/Ar study of a restricted part of
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Fig. 2. Silurian-Devonian development of the eastern (Scandinavian) side of the Caledonian collision zone. The orogenic

v\edu was overriding the subducted edge of Baltica at the time of continent-continent collision (a), and was shortly

after affected by reversed movement (extension) along the basal décollement (b) and, eventually, by down-to-the-W shear

zones (¢). The new **Ar”’Ar data indicate that the Lhangu from stage (a) to (b) occurred at about 408-402 Ma.

Thermochronological m()ddmg of K-feldspar indicates a maximum temperature near Bygdin at about 300 C, increasing
to the west. See text for discussion.

the WGR in the coastal region north of the Hornelen
basin and concluded that hornblendes cooled through
about 500°C at ~410 Ma whereas biotites cooled
through about 300°C at ~370 Ma. Chauvet and

Dallmeyer (1992) performed an ““Ar/*Ar study of

hornblendes and muscovite from the near-coastal
region between the Hornelen basin and the Bergen
Arcs (Fig. 1). They determined plateau ages for eight
muscovite concentrates that range from 393 to 403
Ma. which they related to W-directed extensional
shearing and unroofing of the footwall of the NSDZ.
Several of the hornblende age spectra are markedly
disturbed, yielding plateau-like minima between 490
and 421 Ma. These results suggest only partial reset-
ting of older mineralogies during Caledonian meta-
morphism at these locations. A single muscovite from

a gneissic rock much further east in the WGR and
outside the NSDZ gave a plateau age of 442 + | Ma.

Preliminary results from *’Ar/*Ar dating of conti-
nental rocks from the hanging wall of the NSDZ in
Sunnfjord (Fig. 3) suggest cooling through muscovite
closure temperature at about 446 Ma (Berry ef al.,
1994). These older ages may represent early
Caledonian cooling prior to the main continent—conti-
nent collisional stage. and contrast with younger ages
within the NSDZ reported by the same authors (Berry
et al.. 1995).

Boundy et al. (1996) presented *"Ar/*’Ar data for
hornblendes and muscovites from the Bergen Arc
System and the immediately adjacent WGR. They
report 450 Ma hornblende and ~430 Ma muscovites
from partly eclogitized rocks in the Lindis Nappe
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Fig. 3. Previous “OAr/PAr plateau ages in the study area (from

Strand, 1969; Bryhni er «f., 1971; Lux, 1985 Chauvet and

Dallmeyer, 1992; Boundy ef a/., 1996; Fossen and Dallmeyer. 1998).

The data are mainly restricted to the coastal area in the vicinity of
the Nordfjord-Sogn Detachment Zone (NSDZ).

(LN, Fig. 1), whereas rocks to the cast (WGR) and
west (JC in Fig. 1) of the nappe yield hornblende ages
that are significantly younger (395-410 Ma).

TIMING OF OROGENIC EVENTS
Foreland region

The autochthonous to allochthonous sedimentary
cover to the basement in southern Norway is preserved
beneath and in front of the Jotun and similar crystal-
line nappes. Using the time scale by Gradstein and
Ogg (1996), the youngest fossils in sediments over-
thrust by crystalline units are Llanvirnan (470-464
Ma) trilobites and graptolites (Bruton et al., 1984
Nickelsen, 1985). Sediments younger than Llandvirn
are only reported from the foreland sediments of the
Oslo area, where increased rates of subsidence in
middle Ordovician and Silurian times have been re-
lated to isostatic loading by advancing nappes
(Bjolykke, 1983). The arrival of thrust nappes from the
NW may also have caused an influx of sand in
Llandeilian—Caradocian (464-449 Ma) beds near
Mjosa north of Oslo (Stermer, 1967), and particularly
the uppermost Llandoverian (~430 Ma) Bruflat
Sandstone (Bjeriykke, 1974). Similarly, post-early
Ordovician turbidites in the Strondafjord and Gausdal
Formations in the Synnfjell Nappe are interpreted as
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flysch in front of the advancing Jotun Nappe
(Nystuen, 1981; Hossack ef al., 1985). The demonstra-
bly youngest contractional deformation is recorded by
open folding of the Ludlow and lower Pridoli (423~
418 Ma) Ringerike Sandstone of the Oslo region
(structurally beneath the Synfjell Nappe in Fig. I;
Bockelie and Nystuen, 1985).

Post-contractional sediments are absent in the fore-
land region, perhaps with the exception of Middle to
Lower Devonian sediments in the hanging wall to an
extensional shear zone in Roragen (NE of area covered
by Fig. I, Norton, 1987). Combined with the age of
the Ringerike Sandstone, the change from contraction
to extension thus appears to be of Lower Devonian
age.

In conclusion, the present evidence indicates that the
Jotun and other nappes were being thrust above
Baltica toward the foreland in mid-Ordovician and
Silurian times, and that thrusting in the foreland
demonstrably continued until ~418 Ma and probably
longer.

Hinterland

Exotic or outboard terranes along the coast of SW
Norway contain fragments of mostly lowermost
Ordovician ophiolites. These ophiolites contain numer-
ous island-arc type intrusions as young as ~430 Ma
(Fossen and Austrheim, 1988; marked as Rb/Sr in
Fig. 4) and are covered by Late Ordovician to Early
Silurian (~430 Ma) sediments (Thon, 1985), all of
which pre-date the main (Silurian-Early Devonian)
orogenic phase in West Norway. Furthermore, an
obduction melange (Sunnfjord melange of Andersen ¢t
al.. 1990) overlies fossiliferous Wenlock (~425 Ma)
sedimentary rocks of the Baltic margin in the hanging
wall of the NSDZ, indicating that accretion of out-
board terranes onto Baltica and the high-pressure
metamorphism of the WGR may be broadly coeval.

Early Caledonian tectono-thermal events are well
preserved in outboard terranes, but are also recorded
in rocks of continental affinity, such as the continental
margin-type Heyvik Group in Sunnfjord (Fig. I;
Brekke and Solberg, 1987). *"Ar/*’Ar ages indicate
unroofing of the Hayvik Group at about 450-435 Ma
(Berry et al.. 1994), suggesting that the early
Caledonian event was pre-Silurian in age. Other evi-
dence that conforms to this interpretation include the
YOAr/*Ar amphibole plateau ages of 463 and 442 Ma
reported by Strand (1969) and Chauvet and Dallmeyer
(1992) from the WGR.

Devonian sediments (Steel er «f., 1985) post-date the
Caledonian contraction in west Norway. The absolute
age of these sediments is constrained by local occur-
rences of plant and fish fossils of Middle Devonian
(391-370 Ma) age.






