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Introduction

Caledonian deformation in Norway in general, and Mid 
Norway in particular, is characterised by deep crustal 
deformation with plastic deformation (mylonitisation) 
under high-grade metamorphic conditions (e.g., Roberts 
& Gee, 1985). Cataclastic fault-rock development, on 
the other hand, is generally known to be associated 
with younger faulting in Late Palaeozoic, Mesozoic and 
Cenozoic times (e.g., Grønlie & Roberts, 1989; Grønlie 
et al., 1991). In this paper we investigate two outcrops of 
breccias found at the northeasternmost headland of the 
island of Frøya, off the west coast of Mid Norway (Fig. 1). 
One of the localities in question, Skaget, has previously 
been described and interpreted by Torske (1983) as a 
‘fluidisation’ breccia that likely formed during the post-
Cretaceous opening of the Norwegian Sea. However, as 
we document in this paper, the outcrops are associated 
with contractional thrust faults as well as several other 

features that are incompatible with fluidisation as a 
causal mechanism for the formation of these breccias. 
This motivated the present study, in which we describe 
and document the breccias in detail. Specifically, we aim 
to improve the understanding of the nature, origin and 
significance of these ‘enigmatic’ breccias, in the context 
of their appearance, setting and regional tectonic history. 
We do this through the following set of objectives, which 
are i) to document, map and describe the breccias; ii) 
to investigate through thin-section and SEM analysis, 
the geochemical composition and microstructural 
characteristics; and iii) to discuss different hypotheses for 
the origin of the breccias. 

The geology of the study area is well documented, 
having undergone a complex tectonic history includ-
ing Ordovician–Devonian contraction during the 
Caledonian orogeny (e.g., Roberts & Gee, 1985; Pickering 
et al., 1988), syn- and post-orogenic extensional collapse 
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Laurentia (the Scandian phase; Gee, 1975) in Late Silurian 
to Early Devonian times (e.g., Gee & Sturt, 1985; Pickering 
et al., 1988). During this orogeny, Baltican basement and 
sedimentary cover as well as exotic terranes were thrust 
southeastwars upon the Baltoscandian margin. As a result, 
several thrust nappes were stacked on top of one another 
during southeastward transport, forming a lithotectonic 
pseudo-succession that is commonly grouped into the 
Lower, Middle, Upper and Uppermost Allochthons (e.g., 
Roberts & Gee, 1985). These allochthonous units were 
placed on top of parautochthonous and autochthonous, 
Fennoscandian basement gneisses of Precambrian age 
(Roberts, 1988; Séranne, 1992). 

The bedrock geology of the Trondheimsfjorden to 
Møre coastal area (Fig. 1) is dominated by folded and 
mylonitised, lower to upper allochthonous units consisting 
of metasedimentary and volcanic rocks and gneisses 
resting upon parautochthonous, Precambrian basement 
rocks (Roberts, 1998). Structurally, the area is dominated 
by the regionally extensive, ENE–WSW-trending Møre-
Trøndelag Fault Complex, which is a long-lived fault zone 
that is thought to have formed initially in  latest Silurian–
Early Devonian times as a sinistral, orogen- parallel, 
transpressional shear zone (Fig. 1A) (Séranne, 1992; 

and sedimentary basin formation in Devonian time 
(Séranne, 1992; Osmundsen et al., 1998; Fossen, 2000; 
Eide et al., 2002), repeated reactivation in Permo–Jurassic 
times (Grønlie & Roberts, 1989; Grønlie et al., 1991, 
Gabrielsen et al., 1999), North Atlantic break up in post-
Cretaceous times (e.g., Redfield et al., 2005), in addition 
to long-lived transverse activity on the regionally 
significant Møre Trøndelag Fault Complex (MTFC). 
The resulting geological, and particularly structural, 
complexity influencing the studied area was  considered 
by Torske (1983) only to a limited extent, even though 
an ENE–WSW structural grain controls the geology of 
Frøya (and the brecciated bodies), and may thus point to 
an older and different origin for the breccias than what 
had previously been proposed.

Geological setting

Regional geology of Central Norway

The geology of Central Norway, and indeed Norway as a 
whole, is to a large extent dominated by the imprint of the 
Caledonian orogeny, which culminated during the closure 
of the Iapetus Ocean and the collision of Baltica and 

Figure 1. (A) Regional framework of the central Norwegian Caledonides based on Braathen et al. (2000) and Sommaruga & Bøe (2002), DF – 
Dolmsundet Fault, HSF – Hitra–Snåsa Fault, VF – Verran Fault, TF – Tarva Fault, MTFC – Møre-Trøndelag Fault Complex. According to Tucker 
et al. (2004), the various gneisses and plutons on Frøya and Hitra are part of the Uppermost Allochthon. (B) Bedrock map of the island of Frøya, 
modified from Askvik & Rokoengen (1985). (C) Detailed map of the field areas. EFF – East Frøya Fault , the Rottingen and Skaget outcrops are 
marked with black squares.   
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to the north (Fig. 1B), have been suggested to be of 
Jurassic age by previous authors (Braathen, 1996; Bøe 
et al., 2005); in Frohavet, these faults delimit Jurassic 
basins (Sommaruga & Bøe, 2002). Furthermore, a N–S-
trending brittle fault, the East Frøya Fault (EFF; see Fig. 
1C), is suggested to define the sound immediately off 
the eastern coastline of Frøya island (Braathen, 1996). 
This fault may be related to Riedel shears formed during 
ENE–WSW dextral displacement along the MTFC, 
similar to faults reported by Grønlie & Roberts (1989) 
between the Verran Fault and the Hitra–Snåsa Fault on 
the Fosen Peninsula (Fig. 1A). On bathymetric maps and 
shallow reflection seismic data (Bøe, 1991), the offshore 
continuation of the EFF can be followed for several 
kilometres north of Frøya into Frohavet. 

Geology of the study area 

The study area in the northern part of Frøya and on 
 Rottingen island is dominated by the Rottingen  Pluton 
(Nordgulen et al., 1995), which is part of an intrusive 
rock complex of granites and granodiorites dated to 
c 440–435 Ma extending northeastwards across the 
Froan archipelago (Nordgulen et al., 1995; Tucker et al., 
2004). The granites are characterised in the field area by 
a porphyritic texture with phenocrysts of microcline, 
up to 10 cm across, in a matrix of plagioclase (albite and 
anorthoclase), biotite and quartz. The migmatitic gneisses 
of Frøya, which are considered by Nordgulen et al. (1995) 
to be foliated tonalities, display a strong NE–SW- to ENE–
WSW-trending structural fabric, oriented parallel to the 
Caledonian grain and the MTFC. Brittle fault structures 
include N–S- and NNE–SSW-trending, thrust-fault 
zones featuring cataclastic and epidote-mineralised fault 
cores, as well as N–S-trending strike-slip faults displaying 
brecciation and fluid-assisted alteration of granitic 
rocks into clay minerals (Eliassen, 2003). This indicates 
deep faulting near the brittle-ductile transition and later 
overprinting in a purely brittle regime. 

Methods
The two studied localities are relatively small, with 
the studied breccias occurring in a 30 m-wide zone 
immediately adjacent to the shoreline. The outcrops 
are situated on headlands with little vegetation, making 
detailed outcrop studies of the breccias feasible. The 
mapping includes lithological logging, construction of 
geological profiles, and collection of structural data such 
as orientations of bedding, foliation, faults and joints. 
Samples were systematically collected of all breccia 
lithologies for thin-section and SEM (Scanning Electron 
Microscope) with back-scattered electrons. 

Breccias and cataclasites were characterised by using 
the nomenclature and definitions suggested by Sibson 
(1977), Braathen et al. (2004) and Woodcock & Mort 
(2008).

Osmundsen et al., 1998, 2006; Braathen et al., 2000) and 
reactivated several times in dextral strike-slip and dip-
slip regimes during Permian, Jurassic and  Palaeogene 
times (Grønlie & Roberts, 1989; Grønlie & Torsvik, 1989; 
Gabrielsen et al., 1999, Sommaruga & Bøe, 2002; Redfield 
et al., 2005; Bøe et al., 2005). The MTFC trend is transverse 
to the main Caledonian thrust direction (top-to-the-SE) 
but coincides broadly with the Central Norwegian 
coastline. Offshore, the MTFC constitutes a regionally 
significant structural divide, separating the Møre Basin in 
the Norwegian Sea from the Viking Graben in the North 
Sea (Gabrielsen et al., 1999; Nasuti et al., 2012). The MTFC 
also played a key role in the post-orogenic disintegration 
of the central Scandinavian Caledonides (Osmundsen 
et al., 1998). This syn- to post-collisional extension was 
accommodated along major detachments that terminate 
against segments of the MTFC. In the Trøndelag area, 
the Høybakken and Kollstraumen detachments were 
responsible for unroofing the entire column of Caledonian 
nappes, forming the ‘Central Norway  basement window’ 
(sensu Braathen et al., 2000). Contemporaneously with this 
extensional detachment faulting, Late Devonian sinistral 
transpression took place along the MTFC ( Osmundsen et 
al., 2006), forming wide, NE–SW-trending, folded mylonite 
zones (Séranne, 1992;  Roberts, 1998). Along the MTFC, 
localised, intramontane hanging -wall basins formed, 
accommo dating siliciclastic erosional products shedding 
off the rapidly degrading, Caledonian mountain ous 
terrain (Siedlecka & Siedlecki, 1972; Bøe, 1989; Séranne, 
1992; Eide et al., 2005).  Scattered, preserved occurrences 
of these  Devonian  conglomerates and sandstones are to 
be found along the Trøndelag coastline and on small islets 
and skerries (Fig. 1).

Subsequently, the MTFC was reactivated during dextral 
strike-slip movements in Permian and Jurassic times 
(Grønlie & Torsvik, 1989; Grønlie & Roberts, 1989; 
Roberts, 1998; Olsen et al., 2005). Both reactivation 
events are confirmed by seismic studies along the 
offshore prolongation of the MTFC (Gabrielsen et al., 
1999). In the Møre–Trøndelag area, marine Jurassic 
sediments were deposited in two basins (Beitstadfjorden 
Basin and Frohavet Basin), confirming substantial 
extensional reactivation along the MTFC (Sommaruga & 
Bøe 2002). 

The study area of northeastern Frøya is located north 
of the main MTFC segments and consists of granitic 
to granodioritic plutons of Ordovician age (440 Ma) 
intruded into Proterozoic gneisses of the Upper 
Allochthon (Nordgulen et al., 1995; Tucker et al., 2004; 
Solli & Nordgulen, 2006). These plutons dominate the 
islands of Hitra, Smøla, northern Frøya and Froan, and 
are interpreted to be the result of volcanic arc magmatism 
during early stages of the protracted Caledonian orogeny 
(Gautneb & Roberts, 1989; Bøe, 1991; Nordgulen et al., 
1995) (Fig. 1B). The segments of the MTFC that are 
recognised between the islands of Frøya and Hitra, as 
well as along the Dolmsundet Fault and the Tarva Fault 
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breccias occupies approximately 2400 m2, yet the total 
size of the breccia body is unknown since the breccias 
appear to continue offshore to the east. However, small 
islets 800 m to the east feature intact porphyritic granite, 
which could indicate a rather limited offshore extent. In 
the following, descriptions of the outcropping lithologies 
will be given from west to east; i) host granite (unit S1), 
ii) bleached breccias (unit S2) and iii) conglomeratic 
(sedimentary) breccia (unit S3). These three units are 
separated by two distinct contacts. 

Host granite (S1)

The host granite (Fig. 4) is porphyritic in texture and, 
near the studied breccias, significantly affected by brittle 
deformation structures (faults, joints and veins) and is 
also geochemically altered. Phenocrysts of microcline 
are typically between 1 to 3 mm in size and occur 
in a matrix of plagioclase, quartz and biotite (partly 
chloritised). The granite is unfoliated. In thin-sections, all 
potassium feldspar (microcline) and plagioclase (albite) 
grains contain scattered brown inclusions of clinozoisite, 
indicating some saussuritisation. Microcline hatch 
twinning is absent in most cases. The plagioclase crystals 
are partly saussuritised, with a few scattered, secondary, 

Field data
The two studied localities are found at Skaget and 
 Rottingen (Figs. 1, 2, 3) and will be referred to as the 
Skaget breccias and the Rottingen breccias, respectively, 
throughout this paper. Skaget is a peninsula located at a 
headland at the northeastern tip of the island of Frøya, 
whereas the Rottingen site is located at the easternmost 
promontory of the island of Rottingen (Fig. 1C). The 
Rottingen breccias are situated approximately 2 km 
northwest of the Skaget breccias (Fig. 1C). The islands 
have their longest axes oriented NE–SW, defined by 
NNE–SSE- and ENE–WSW-oriented lineaments cutting 
through the granitic bedrock. In a birds-eye view, no 
clear lineaments coincide with the breccia outcrops, 
separating them from the granites. Small neighbouring 
islets consist of porphyritic granites with no signs of 
breccias. 
 
The Skaget breccias

Overview of the Skaget locality
In map view, the Skaget breccias crop out in a crescent-
shaped body, delimited to the west by a curved boundary 
towards host granites (Fig. 2). The area covered by 

Figure 2. Geological map, 
profile and lithostratigraphy 
of the Skaget outcrop. Lower-
hemisphere stereonets display 
poles and contours to planes 
of joints, faults, pseudofolia-
tion and bedding (conglome-
ratic breccia). For location see 
Fig. 1C.
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Figure 3. (A) Geologi-
cal map and profile of 
the Rottingen outcrop. 
(B) Detailed profile of 
the boundary between 
the granite and the con-
glomeratic breccia. For 
locati on see Fig. 1C.

Figure 4. (A) Field photograph of the host granite close to the boundary between the granite and the breccia. Lens cap for scale. (B) Interpretation 
of outcrop in Fig 2A. (C) Photomicrograph of granite cross-cut by ultra-fine chlorite-epidote veins and quartz veins. Note cross-cutting relati-
onships and pseudofoliation in the chlorite-epidote vein.

A B C
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linked to cataclastic flow such as pseudo-foliation and 
injection textures (Fig. 5F). The breccia has a complex 
texture where cross-cutting relationships show evidence 
for multiphase brecciation. This is evident from the 
presence of rebrecciated breccia clasts surrounded by a 
younger generation of finer breccias and possibly also 
cataclasites. Clasts are predominantly strongly angular, 
with a clast size ranging from 1 to 20 mm. The clasts 
are composed of fine-grained breccia cross-cut by 
numerous quartz veins (Fig. 5F). Other clasts consist of 
altered feldspars and ultrafine opaque material, which 
may have been derived from earlier cataclasites (Fig. 5G). 
The internal texture of the bleached silicified breccia 
seen in Fig. 5F shows angular, foliated clasts of quartzite 
(probably derived from an earlier deformation event) 
arranged in a mosaic texture bounded by a fine-grained 
matrix. All of the clasts are dissected by numerous 
quartz veins varying in thickness from a few microns 
up to 1 mm, which show a wide range of orientations, 
whereas the matrix is not cut by the quartz veins. The 
matrix shows a microscopic pseudofoliation in the form 
of laminae of ultrafine material curved around clasts 
(marked in Fig. 5F). In places, matrix material appears 
to fill transgranular fractures, similar to injection veins 
(cf., Lin, 1996). The texture observed in Fig. 5F may be 
indicative of hydro-brecciation, as the clasts may have 
been dilatantly separated (Mode 1 fractures) with the 
fine-grained material being injected into the open spaces. 

Coarse breccia lenses (S2B). Coarser breccias (S2B) 
appear in two lenses within the bleached silicified breccias 
(S2A), approximately 3 and 5 m from the boundary with 
the host granite (S1). These lenses are approximately 0.5 
m thick and extend up to 5 m along strike, which is NE–
SW and with a dip of 20–30° towards the southeast (Figs. 
2, 5B). The lower and upper boundaries towards the 
bleached silicified breccia (S2A) are sharp, but without 
any indication that they may represent discrete fault 
structures (Fig. 5B). Overall, the coarse breccia (S2B) is 
clast-supported and chaotic with angular to subrounded 
clasts consisting of altered granite and bleached silicified 
breccia. The presence of the latter also indicates that 
there have been several brecciation events. 

Bleached pseudofoliated cataclasites (S2C). In contrast 
to the bleached silicified breccias (S2A), the bleached 
pseudofoliated cataclasites (S2C) do not exhibit quartz 
veins but are enriched in iron and calcium, probably 
explaining the more pink coloration derived from 
iron oxides (as shown by back-scatter SEM analyses). 
Fig. 5C displays a section which shows three different 
textures from bottom to top; bleached ultracataclasites 
(S2C1), lenses of grey breccia (S2C2) and layers of 
red pseudofoliated cataclasites (S2C3). The bleached 
ultracataclasite (S2C1) is matrix-supported with a 
white, opaque, ultrafine matrix bounding subangular 
to subrounded, 1–3 mm, quartz and feldspar clasts (Fig. 
5D). It has no evident foliation or fabric nor any shear 
structures. Clasts consist of a similar material to the 

epidote grains; twinning is, in places, kinked and cross-
cut by shear fractures. Biotite grains are in most cases 
recrystallised into pseudomorphs of chlorite. The rock is 
dissected by irregular chlorite/epidote- and quartz-filled 
veins (Fig. 4A, B). Chlorite/epidote veins form discrete, 
light green, up to 10 cm-long veinlets, which in outcrop 
and in thin-section are observed to be dissected and 
truncated by the quartz veins (Fig. 4A, B). The chlorite/
epidote veins are between 1 and 2 mm thick, consisting 
of opaque, cryptocrystalline grains at the edges grading 
into larger, 10 µm, epidote grains at the centre of the 
vein (Fig. 4C). The cryptocrystalline material is foliated 
parallel to the vein boundaries, defined by bands of 
cryptocrystalline clinozoisite and chlorite minerals (Fig. 
4C). Quartz veins appear with an increasing abundance 
towards the contact with the bleached breccia unit, into 
which they continue (see next section). The quartz veins 
range between 1 mm and 10 cm in thickness with lengths 
up to 2 m, with dominant NNW–SSE and ENE–WSW 
orientations. Microtexturally, the quartz crystals within 
the veins have serrated boundaries and do not show any 
undulose extinction, indicating a lower state of strain for 
these minerals.
  
Bleached breccias (S2)
The bleached breccia and associated cataclasites form a 
crescent-shaped body thinning towards both north and 
south (Figs. 2, 5A). In its central part it has a width of 
10 m (map view), but this decreases to 5 m towards the 
northeast. The boundary between the host granite and 
the bleached breccias has only a limited exposure (Fig. 
5A), since the northern part is in the tidal zone and in 
the south it is partly covered by gravel and sand. Where it 
is exposed it defines a sharp, NE–SW-oriented, subplanar 
surface dipping at 40° to the southeast. In the tidal zone 
to the north, the boundary seems to swing to ENE–
WSW and can be traced along the shoreline, where it is 
dissected by ENE–WSW-oriented minor faults (Figs. 2, 
5A). 

The bleached breccia varies in colour from white to 
light green and pink. The unit is composed of zones 
or indistinct layers of breccias and cataclasites with 
variable grain size, grading from ultracataclasites to 
coarse breccias (Fig. 5A–C). This zonation, or layering, 
defines a pseudo-foliation which dips at 20–40° towards 
the southeast. Microtextural analyses from samples 
collected at various sites in the bleached breccia unit 
show a range of different textures that are subdivided 
into i) bleached silicified breccias (unit S2A) with ii) lenses 
of coarse breccias (unit S2B), and iii) bleached pseudo-
foliated cataclasites (unit S2C), which are described in the 
following subsections. 

Bleached silicified breccia (S2A). The rock is termed a 
breccia due to the marked angularity of its clasts and its 
general chaotic appearance, i.e., lack of any distinctive 
fabric, and an apparent secondary quartz cementation. 
However, parts of the matrix show features that can be 
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Figure 5. (A) Field photograph of the bleached breccia unit at the contact with the host granite. (B) Field photograph of a lens of coarse breccia 
within units of microbreccia. In Fig. 4, this unit is mapped as a coarse breccia lens with granite clast (unit S2B). (C) Transition from bleached 
ultracataclasite to grey breccias and red pseudofoliated cataclasites. (D) Photomicrograph of the transition between bleached ultracataclasite and 
grey breccia. In the ultracataclasite, feldspar and quartz clasts (ii–iv) are floating in a matrix of cryptocrystalline opaque material. i) is a clast of 
ultracataclasite fragmented from the matrix, which is also seen as a clast in the upper section of the grey breccia. (E) Scanned thin-section of red 
pseudofoliated cataclasite, with stringers of ultracataclasite (i) within a coarser protocataclasite (ii). Ultracataclasite is also present as a clast (iii) 
within the clast-supported breccia, indicating that the protocataclasite was formed during a secondary cataclasis event post-dating the ultracata-
clasites. (F) Photomicrograph of hydro-brecciated, bleached silicified breccia. A pseudofoliation is observed in the matrix with inferred injection 
structures into inter-clast fractures (i). In the matrix, pressure-dissolution features along quartz grain contacts (ii) are also observed, supporting an 
incohesive state (brecciation) during formation. (G) Bleached silicified breccia with, (i) micro-shear structures as thin laminae surrounding clasts 
of quartz and feldspar, (ii) cross-cutting shear fractures (iii) brecciated ultracataclasites.  
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granitic matrix and layers of coarse granite sand. There 
are also scattered clasts of bleached breccias (S2) within 
this conglomeratic breccia, especially close to the S2–S3 
boundary (Figs. 4, 6C). Lenses and layers are oriented 
with a N–S to NE–SW strike and with a dip varying from 
17 to 35° (Fig. 4). Overall, the breccia is clast-supported 
with a chaotic texture. The granite clasts are generally 
pristine, with some altered feldspar grains and minor 
quartz veins. Indications of burial diagenesis are found at 
grain contacts, especially in the larger clasts where micro-
stylolitic seams with precipitated quartz are seen in thin-
section (Fig. 6E). Some grains also exhibit flaking and 
fracturing, where the spaces are filled with finer granite 
material (Fig. 6 F, G). The matrix consists of microscopic 
angular grains of feldspars and quartz (grain size ranging 
from a few microns to 0.1 mm) with accessory biotite, 
chlorite, epidote, zircon and iron oxides. 

This conglomeratic breccia (S3) displays several 
diagnostic features of sedimentary breccias, including 
a basal unconformity, layering and no signs of repeated 
brecciation. The breccia is therefore interpreted to 
represent a sedimentary breccia, possibly of Devonian 
age considering the regional importance and occurrence 
of Devonian sedimentary basins along the MTFC. 
However, it differs from other Devonian sedimentary 
rocks nearby by having a homogeneous, monomictic 
composition. This may be a result of short transport 
from a local homogeneous source area consisting entirely 
of granites.

Brittle structures
The entire outcrop at Skaget is dissected by faults and 
joints which displace the unit boundaries in several 
places, thus clearly demonstrating that these brittle 
structures post-date the breccias (Fig. 2). The faults 
and joints can be divided into two dominant sets with 
NNW–SSE and ENE–WSW trends, similar to other 
brittle structures in the Trondheimsfjorden area (Grønlie 
& Roberts, 1989). ENE–WSW faults bear evidence of 
sinistral strike-slip movement, whereas the NNW–SSE 
faults are steep extensional faults (50–80° dip) with a 
smaller component of dextral slip. Faults within the 
conglomeratic breccia (S3) exhibit a consistent dip 
towards the west, whereas faults in the host granites (S1) 
exclusively dip towards the east (see stereonet in Fig. 2). 
Fault and joint frequencies are generally higher in the 
granitic bedrock (10–30 fractures per metre) compared 
with the breccia units (5–10 fractures per metre). 

The Rottingen breccias

In map view, the Rottingen breccias appear as an 
elongate, NNE–SSW-trending body occupying a small 
headland on the island of Rottingen (Figs. 1, 3). The 
total extent of the breccia body is unknown since the 
outcrop is surrounded by sea on its northern, eastern 
and southern sides. The onshore area covered by breccia 
occupies approximately 1400 m2. In the following, 

matrix (opaque ultrafine). The boundary between the 
bleached ultracataclasites and the overlying grey breccia 
(S2C2) is an undulating contact in outcrop (Fig. 5C) and 
appears to be gradational in thin-section (Fig. 5D). This 
grey, clast-supported breccia (S2C2) consists of granite, 
quartz and feldspar clasts with some scattered clasts of 
ultrafine opaque microbreccia, probably derived from 
the bleached ultracataclasite (S2C1), indicating that the 
grey, clast-supported breccia (S2C2) is younger than the 
latter. The red, pseudofoliated protocataclasite (S2C3) 
is shown in Fig. 5E, which is a photomicrograph of a 
sample oriented perpendicular to the pseudofoliation. 
The breccia shows a mixture of clasts of altered granite 
and ultrafine cataclasite. Ultrafine cataclasites are also 
observed as mm-thick, semi-continuous laminae oriented 
parallel to the pseudofoliation. Zones parallel to foliation 
also exhibit rounded ultrafine material as clasts rather 
than discontinuous layers, probably broken off from the 
continuous layers during a later deformation event. 

Summary of the bleached breccia unit (S2). The 
bleached breccia unit shows overall a character that 
indicates polyphasal tectonic cataclasis and alteration 
superimposed by phases of silicification and Ca- and 
Fe-rich mineralisation as well as repeated brecciation. 
Some of the finer particles in the matrix show evidence 
for fluxion and flow banding, and also possible injection 
structures at the micro-scale (cf., Lin, 1996; Braathen 
et al., 2004). Based on cross-cutting relationships, 
the finest parts (cataclasites) are the oldest, whereas 
the clast-supported breccias are relatively younger, 
possibly indicating a gradual shallowing of the depth of 
deformation. The total width of the bleached breccia in 
outcrop is 10 m but taking into account the 20–40° dip 
the true thickness would be around 7 m. For this rather 
wide cataclastic zone it is intriguing that no discrete 
deformation features occur at outcrop scale (such as slip 
surfaces, slickenlines, etc.). The origin of these breccias 
and cataclasites is treated further in the discussion.

Conglomeratic breccia (S3)
The contact between the bleached breccias (S2) and 
the conglomeratic breccia (S3) is, in general, sharp and 
undulating (Fig. 6A, B), but along parts of it there is a 
gradual transition with a thin zone of brecciation of the 
bleached breccia (S2) (Fig. 6C). The contact is oriented 
NNE–SSW in the southern part of the outcrop, shifting 
towards a NE–SW trend at the northern part; dip values 
range between 10° and 40° towards the southeast (Fig. 2). 
The conglomeratic breccia comprises a coarser breccia 
(S3A) with granite clasts of 1–10 cm size and a finer 
breccia (S3B) with clast size ranging from 2 to 10 mm; the 
latter appears directly above the contact with the bleached 
breccias (S2) (Figs. 4, 6A–C). Due to its undulating shape 
and abrupt change in texture, this contact is interpreted 
as an erosional unconformity. The entire conglomeratic 
breccia (S3) unit occupies a large portion of the outcrop 
(Fig. 2) and consists of lenses and layers with angular to 
subrounded granite clasts (Fig. 6D, E) in a finer-grained 
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therefore not be further described here. The granite is to 
some extent affected by the contractional faults described 
in the next subsection. 

Fault lenses associated with contraction and cataclasites (R2)
This unit appears between the host granite (R1) and 
conglomeratic breccia (R3) unit and comprises a thin 

descriptions of the lithologies are given from west to east; 
i) host granite (unit R1), ii) contractional fault lenses and 
cataclasites (unit R2) iii) conglomeratic breccia (unit R3). 
 
Host granite (R1)
The granite at Rottingen is of similar composition 
and texture to the host granite at Skaget (S1) and will 

Figure 6. (A–C) Field photographs of the Skaget outcrop showing the unconformity between the bleached breccia and the conglomeratic breccia. 
In (A) and (B) this boundary is sharp, whereas in (C) a 2–3 cm-thick regolith was formed beneath the unconformity. Note the encircled clast of 
bleached breccia within the conglomeratic breccia. (D) Coarse conglomeratic breccia with clast sizes up to 10 cm. (E) Intra-erosional surfaces. 
(F) and (G) Photomicrographs of the conglomeratic breccia, with rounded granite clasts surrounded by a finer matrix of angular granitic clasts. 
Quartz dissolution features are seen at grain-grain contacts between the larger clasts.   
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varying orientation (Fig. 8A, B). The ultracataclasite 
layer itself is dominated by a quartz-enriched matrix 
with minor amounts of feldspar, zircon and iron oxides/
sulphates. Embedded in this matrix are megaclasts of 
partly brecciated and quartz-veined granite (Fig. 7), as 
well as clasts of massive ultracataclasite (Fig. 8). 

Conglomeratic breccia (R3)
The basal boundary of the conglomeratic breccia (R3) is 
partly characterised as a thrust-fault surface and partly 
as an irregular unconformity similar to that observed 
at the Skaget outcrop. It is unclear whether this is an 
unconformity formed by erosion of a pre-existing thrust-
fault surface, or if the contact represents an unconformity 
that was later affected by thrust faulting. Nevertheless, 
the R3 unit features alternating fine- to coarse-grained 
breccias and grey wackes arranged in elongate lenses 
striking NNE–SSW and dipping at 20–30° towards east-
southeast. The conglomeratic breccia (R3) consists of 
angular to subrounded granite clasts bounded by a finer 
granitic groundmass. In contrast to the conglomeratic 
breccia at Skaget (S3), this unit (R3) is to a large extent 
dominated by finer-grained rocks such as wacke and 
quartz arenites. We consider, however, that the two (S3 
and R3) breccias form parts of the same unit.

(1–3 m) but complex assemblage of alternating lenses 
and layers of protocataclasite (R2A), ultracataclasite 
(R2B) and granite (R1). These fault rocks and lenses are 
bounded by gently NE- to SW-dipping fault planes (20–
40° dip). In the northern part, a large number of fault 
lenses separated by low-angle contractional faults form 
a stack of imbricate thrust sheets, or an antiformal stack 
(Figs. 3, 7). The lower section of the antiformal stack (Fig. 
7) comprises two, discrete, contractional slip surfaces 
bounding a deformed granite lens associated with a 
rim of protocataclasites, and at the edges of the lens the 
granite has disintegrated into cataclasites. The middle 
and upper parts consist of partly disintegrated granite 
lenses cross-cut by a 0.5 m-thick layer of ultracataclasites. 
In the upper part of the antiformal stack, another zone 
of granite lenses partly broken down to protocataclasite 
appears before being truncated at the top by the basal 
boundary of the overlying conglomeratic breccia 
(R3). The boundary between the protocataclasite and 
cataclasite forms a jagged surface where veinlets of 
fine ultracataclasite appear to finger into underlying 
granitic protocataclasite (Fig. 8A, B). In thin-section, 
bands of ultracataclasite trend parallel to this irregular 
granite surface (Fig. 8C–F). Farther down-section in the 
protobrecciated granite and in the host granite, veins 
of fine, bleached cataclasites form vertical swarms of 

Figure 7. Field photograph and inter-
pretation from the Rottingen outcrop 
showing stratified cataclasites,  granite 
lenses and thrust faults. See text for 
explanation.
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to impact breccias, e.g., in the Gardnos crater in central 
eastern Norway (Dons & Naterstad, 1992; Kalleson et 
al., 2010), an impact origin of the breccia was carefully 
considered. However, no planar deformation features in 
quartz were detected, nor were other impact-indicative 
features such as morphological circular shapes. Hence 
an impact origin was considered highly unlikely. It is also 
difficult to find support for brecciation being related to 
a ‘fluidisation event’ (sensu Torske, 1983), given that i) 
evidence for hydrobrecciation is present but limited, 
ii) ultracataclasites do not form at the leading edge of 
pressurised fluids, and iii) mineralisation (see discussion 
below) of, e.g., epidote suggests a deeper (5–10 km) depth 
of formation than the near-surface condition suggested 
by Torske (1983). Hence, although hydrobrecciation, or 
‘fluidisation’ (sensu Torske, 1983), probably played some 
part in the history of the breccias (see next subsection), 
it is our view that this can be ruled out as the chief 
causal mechanism for the breccia formation. Instead, 
the uniform dip of the breccia layers towards ESE and 

Discussion 
At the two studied localities, complex composite 
breccia successions are sandwiched between the Early 
Silurian host granite (S1, R1) and sedimentary breccias 
of probable Devonian age (S3, R3). The composite 
breccia sections (S2, R2) at the two localities bear several 
characteristic features that are indicative of an ‘atypical’ 
origin, including the large thicknesses of cataclastic fault 
rocks (up to 10 m), the lack of discrete fault structures 
at Skaget and the presence of pseudo-injectites of 
ultracataclasites at Rottingen. In general, both localities 
are similar as they are hosted in a granitic pluton and 
feature sedimentary breccias above an unconformity 
truncating a zone of cataclastic breccias. Several models 
can be proposed for the formation of the breccia series 
(S2, R2), such as i) an impact origin, ii) hydrothermal 
fluidisation brecciation as proposed by Torske (1983), or 
iii) tectonic cataclasis. Due to the intriguing similarities 

Figure 8. (A) and (B) 
Field photograph at 
Rottingen and inter-
pretation of the transi-
tion between proto-
cataclasites and ultra-
cataclasites. (C) Scanned 
thin-section (crossed 
polars) showing an irre-
gular transition bet-
ween ultra cataclasite 
and protocataclasite 
as shown in Fig. 8A, B. 
Note the apparent flow 
banding and apparent 
injection of ultracatacla-
sites into irregularities 
of the protocataclasite. 
(D) Photomicrograph 
of transition in Fig. 8C. 
(E) Scanned thin-section 
and photomicrograph 
of ultracataclasites; note 
pseudofoliation defined 
by laminae of finer frag-
ments. (F) SEM back-
scatter electron image of 
thin-section in Fig. 8E. 
Mineralogy is domina-
ted by cryptocrystalline 
quartz (iv and vi and 
dark groundmass) with 
accessory grains of pyrite 
(i), zircon (ii), K-feldspar 
(iii) and titanite (v). 
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area have suffered severe high-strain mylonitisation 
(Osmundsen et al., 2006). In contrast, the Rottingen 
granite bears little evidence of high-grade mylonitisation. 

The shallow Caledonian deformation in the study area 
may also be explained by the location of Frøya in relation 
to the Caledonian allochthons and the exhumation 
history of the area. Based on apatite fission-track 
analyses, Redfield et al. (2005) suggested the uplift along 
MTFC during Mesozoic and Cenozoic times to have been 
accommodated by reactivation of MTFC segments.  The 
Frøya area coincides with the outermost (westernmost) 
fault block and experienced least uplift compared to the 
more inland fault blocks; the differential uplift from the 
outer to the inner fault blocks is in the range of several 
kilometres (Redfield et al., 2005). Based on this, the Frøya 
area would have undergone Caledonian deformation at 
shallower depths compared to rocks in the more uplifted 
inboard blocks, where erosion, syn- to post-Caledonian, 
tectonic unroofing and later Mesozoic–Cenozoic uplift 
have exhumed deeper crustal levels. Another option 
is that the contractional faults were part of the sinistral 
transpressional tectonic regime along the MTFC in Late 
Silurian–Early Devonian times (Roberts, 1998; Braathen 
et al., 2000), but still represented a shallower depth than 
that inferred along shear zones of the central part of the 
MTFC. It is worth noting here that a shallowly dipping, 
N–S-trending contractional fault (associated with a 
5–10 cm-thick cataclastic zone) has also been reported 
at Kvisten in the southwestern part of Frøya (Eliassen, 
2003).

Formation of the cataclasites

The bleached breccias of Skaget (S2) show evidence for 
multiple brecciation events and cataclasis. The oldest of 
the Skaget bleached breccias contains prominent quartz 
precipitates and comminution into cataclastic zones; 
later phases involved rebrecciation of the quartz-veined 
cataclasites. At this phase, hydrobrecciation occurred and 
injection structures were generated as a result of possible 
high-pressure fluidisation of the cataclasites (Lin, 1996). 
The Rottingen breccias do not show this apparently 
repeated crushing process at the micro-scale. However, 
evidence for repeated cataclasis can be observed in the 
different cataclastic layers and fault lenses (in unit R2). 

In both localities, stringers of cataclasites were apparently 
injected into neighbouring rock units. On Rottingen, this 
is represented by cm-sized veinlets fingering into the 
host granite, and at Skaget this is observed at microscopic 
scale as ultracataclasites injected into transgranular 
voids. Injection structures in the cataclasites are 
indicative of mobilisation and possible fluidisation 
of the fault rocks during coseismic slip (Lin, 1996; 
Ujiie et al., 2007). According to Melosh (1996), high-
frequency vibrations near fault zones due to released 
earthquake energy may reduce the normal stress of the 

the coincidence of contractional faults and cataclastic 
rocks at Rottingen rather provide strong support for a 
tectonic origin. Tectonic faulting is most evident at the 
Rottingen outcrop, where the breccia series (R2) of 0.5 
to 3 m thickness is clearly relatable to thrust faults, the 
orientations of which coincide well with back-thrusts 
related to Caledonian top-to-the-SE contraction. There 
is also a textural similarity to many other examples of 
cataclastic faults formed in the brittle-ductile transition 
(e.g., Ujiie et al., 2007; Selverstone et al., 2012). At Skaget, 
there is no clear evidence for discrete faults being 
responsible for the formation of the bleached breccia 
unit (S2), and this unit has a much greater thickness (10 
m) compared to that of the Rottingen outcrop (2 m). 
However, the pseudofoliation and lenses of breccia have 
a similar trend, which may reflect the orientation of the 
shear which is inferred to have taken place. Whether 
this shearing is associated with thrusting or extension 
remains questionable. Even though both localities exhibit 
an overall ESE–WNW orientation and are characterised 
by cataclastic breccias, it is tempting to infer that the 
Skaget and Rottingen breccias both formed under the 
same tectonic regime as evidenced by the thrust faults 
at Rottingen. Given the approximate coincidence with 
Caledonian (back-)thrusting, and the contractional 
nature of the faults, it is likely (but not certain) that the 
brecciation took place during Caledonian (Scandian) 
contraction in Silurian–Early Devonian times. On a 
final note, a tectonic origin for the breccias is historically 
more plausible than post-Cretaceous fluidisation (sensu 
Torske, 1983), given the repetitive nature of tectonic 
events in the area.

Previous work close to the study area has suggested that 
cataclastic deformation likely took place along NW–
SE- and ENE–WSW-trending, steep, strike-slip and dip-
slip faults (Grønlie & Torsvik, 1989; Grønlie et al., 1991; 
Roberts, 1998; Bøe et al., 2005). This deformation is 
related to Permian–Jurassic strike-slip movement at 4 to 
10 km depth along the MTFC. Furthermore, along the 
Kollstraumen and Høybakken detachments, mylonites 
are overprinted by brittle-ductile cataclastic rocks 
along large top-to-the-SW structures (Séranne, 1992; 
Osmundsen et al., 2006). This is not the case for the two 
outcrops in northern Frøya, which show shallow-dipping 
cataclastic zones with transport top-to-the-WNW. As 
mentioned above, this orientation coincides well with 
Caledonian back-thrusting. 

Concerning the depth of deformation, index minerals 
such as stilbite, laumontite (Torske, 1983) and epidote 
suggest a deformation depth in the range of 5–10 
km (Grønlie et al., 1991), which is far shallower than 
what has previously been reported for Caledonian 
thrusting. According to Roberts (1998) this thrusting 
was associated with plastic mylonitisation under 
amphibolite-facies conditions (870°C, 13–14.5 kbar) 
in the middle to upper allochthonous units. Other Late 
Ordovician–Early Silurian granite batholiths in the 
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along thrust faults, succeeded by anomalous fluid-
pressure activity (probably related to later reactivation) 
forming injection veins of fluidised ultracataclasites into 
neighbouring rock units. Mineralisation and fault-rock 
style indicate that faulting occurred at a depth of 5–10 
km, which is significantly lower than in the case of other 
Caledonian thrust structures in the area. This may be 
explained by variable degrees of uplift in the area; high-
grade metamorphic rocks have been exhumed inboard, 
which contrasts with the Frøya area where significantly 
less uplift has taken place (Redfield et al., 2005). 

During late- to post-Caledonian extension in Devonian 
(or later) times, significant erosion took place and short-
transported erosional products were deposited in fault-
controlled depressions. Brittle structures which coincide 
with similar structures recorded along other parts of the 
MTFC affect and post-date the breccias.
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