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Introduction
The Frøya Tunnel beneath Frøyfjorden (Figs. 1 and 2), in
coastal Mid Norway, links the islands of Hitra and Frøya.
Construction of the 5.3 km-long sub-sea tunnel, which
reaches a maximum depth of 160 m below sea level, was car-
ried out during the years 1997-2001, while geological and
geotechnical investigations started already in 1982. Prior to
the start of construction, it was realised that the tunnel had
to pass through a major fault/brecciation zone which paral-
lels the nearby Møre-Trøndelag Fault Complex (MTFC), and
that rocks of possible Mesozoic age could occur on or below
the seabed of the fjord in the extension of the Frohavet
Basin to the northeast (Oftedahl 1975, Bøe 1991). Extensive
investigations were therefore conducted, including map-
ping of lineaments on land and in the fjord, refraction and
reflection seismic surveys, drilling of coreholes on land, from
a drilling ship and in the tunnel during its construction (alto-
gether 1700 m of drillcore), and geotechnical studies (NGI
2002). In this contribution we examine fault zone complexity
from a study of lithology, deformation and weathering in
drillcores from Frøyfjorden. We also report the results of
palynological investigations aiming at a dating of the inter-
calated sediments.

Regional setting
In Norway, Mesozoic sedimentary rocks are exposed only on
Andøya in Nordland (Birkelund et al. 1978, Dalland 1979,
Sturt et al. 1979). Basins with Mesozoic sedimentary rocks
also occur in the fjords and coastal zone in northern and

western Norway (e.g. Fossen et al. 1997, Davidsen et al. 2001,
Sigmond 2002). In Trøndelag, the Beitstadfjord Basin in the
inner part of the Trondheimsfjord (Manum 1964, Vigran
1970, Oftedahl 1972, 1975, Bøe & Bjerkli 1989, Sommaruga &
Bøe 2002) and the Frohavet Basin northeast of Frøya
(Nordhagen 1921, Oftedahl 1975, Bøe 1991, Sommaruga &
Bøe 2002) are examples of Jurassic basins (Fig. 1). Mesozoic
basins also occur south and west of the island of Smøla (Bøe
& Skilbrei 1998, Sommaruga & Bøe 2002).

Mesozoic rocks offshore Møre and Trøndelag are
described from exploration wells in the Slørebotn Sub-
basin/Gossa High area (Jongepier et al. 1996) and from shal-
low coring outboard of the island of Ona (Smelror et al. 1994,
Mørk & Stiberg 2003, Mørk & Johnsen, this volume), in the
Froan Basin area (Mørk et al. 2003, Smelror et al. in prep.), and
farther north off Vikna and Helgeland (Bugge et al. 1984,
Bugge et al. 2002).

Hitra and Frøya are dominated by granitoid plutonic
rocks of Mid Ordovician to earliest Silurian age, part of the
Smøla-Hitra Batholith (Gautneb & Roberts 1989, Nordgulen
et al. 1995). These rocks intrude a Palaeoproterozoic,
medium- to high-grade, supracrustal succession (Kollung
1963, Askvik & Rokoengen 1985). The overall picture shows
many similarities to that in the Helgeland Nappe Complex of
Nord-Trøndelag and Nordland (Nordgulen et al. 1993). A
sedimentary succession of latest Silurian to Early Devonian
age lies unconformably upon Ordovician diorite on Hitra
(Siedlecka & Siedlecki 1972, Bøe et al. 1989). Lower to Middle
Devonian sedimentary rocks also occur southeast of
Frohavet, on the Fosen Peninsula, (Siedlecka 1975, Bergfjord
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1989), and at Vingleia, north of Frøya (Nordgulen et al. 1990,
Bøe et al. 1992). Plant fossils and spores of Early and Mid
Devonian age have been described from several of the local-
ities (Høeg 1945, Allen 1976).

Hitra is situated northwest of the ENE-WSW-trending
Hitra-Snåsa Fault, one of the two most prominent structures
that define the MTFC. This major fault complex is known to
have been active at various times from the Devonian to the
Tertiary (Grønlie & Roberts 1989, Grønlie et al. 1994). Other,
similarly trending faults in this part of Mid Norway, such as
the Tarva and Dolmsundet faults along the southern margin
of the Frohavet Basin (Bøe 1991, Sommaruga & Bøe 2002),
may be associated with the MTFC.The Dolmsundet fault can
be traced from the northeast into the narrow sound
Dolmsundet between Hitra and Dolmøya (Fig. 2). Structural
studies along the MTFC on Fosen have concluded that there
was an early phase of ductile, sinistral strike-slip movement
of Devonian age. This has now been confirmed by isotopic
dating (Sherlock et al. 2004). The studies have also provided
evidence of more brittle, sinistral or dextral shear move-
ments in Late Palaeozoic, Mesozoic and even Tertiary time
(Grønlie & Roberts 1989, Grønlie & Torsvik 1989, Grønlie et al.
1990, 1991, 1994, Sættem & Mørk 1996, Watts 2001).
Numerical modelling of far-field stress patterns from the
Mid-Norwegian shelf does, in fact, predict a minor compo-
nent of dextral strike-slip along the MTFC in Tertiary time
(Pascal et al. 1999, Pascal & Gabrielsen 2001).

Fault rocks and weathering products
On Hitra and Frøya, major lineaments, representing faults
and megafractures, show three principal trends: ENE-WSW,
NE-SW and NW-SE (Bering et al. 1986, Braathen 1996,
Sættem & Mørk 1996). A N-S trend is also evident on Frøya. In
Frøyfjorden, four very pronounced ENE-WSW trending linea-
ments have been reported: 1) along the southern coast of
Frøya between Grønholman and Løkskjæra; 2) centrally in
Frøyfjorden south of Løkskjæra; 3) along the northern coast
of Dolmøya north of Seibalskjæra, and 4) in Dolmsundet
between Dolmøya and Hitra (Fig. 2, Sættem & Mørk 1996).
These lineaments are evident as deep trenches up to several
tens of metres wide, and are believed to represent zones of
faulting and brecciation. Major lineaments (faults or frac-
tures) also trend N-S and NE-SW, while many, but shorter and
less pronounced lineaments occur along NW-SE and WNW-
ESE trends (Braathen 1996, Sættem & Mørk 1996).

Fault rocks, such as breccia, cataclasite and gouge, are
common in many of the weakness zones penetrated by the
Frøya Tunnel beneath Frøyfjorden (Sættem & Mørk1996, NGI
2002). Both consolidated and poorly consolidated fault
rocks can be recognised, and a variety of vein minerals is also
present. Investigation of the drillcores has shown that the
deformation zones and low-velocity zones contain strongly
weathered gneisses, granites, mafic rocks and breccias, and
in some intervals the rocks are partially or completely
altered to various clays. Weathering is most extensive in the

Fig. 1. Geological overview map. Subcropping Jurassic rocks are shown in blue colour. Devonian rocks on land and below the sea are shown in black.
MTFC – Møre-Trøndelag Fault Complex; HSF – Hitra-Snåsa Fault; VF – Verran Fault.
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strongly deformed and brecciated rocks, but there are also
examples of pervasive weathering in apparently coherent
plutonic rocks (Sættem & Mørk 1996). Common weathering
products from the mafic and feldspathic rocks are swelling
mixed-layer clay and mica/illite, with a variable presence of
dolomite, kaolinite, goethite, hematite and talc. Soft and
pale-coloured 'weathering breccias' may represent strongly
weathered cataclasites.

The fault complex in Frøyfjorden was initially studied in
vertical boreholes close to Frøya (BH-1A, 44 m water depth)
and Dolmøya (BH-2, 58 m water depth) that penetrated
bedrock below a thin Quaternary overburden (Figs. 2 and 3).
Cores from sub-horizontal boreholes drilled through weak-
ness zones during the tunnel construction display a lithol-
ogy similar to that in the vertical boreholes. The cores are
very heterogeneous with respect to lithology, deformation
intensity and weathering. The cored rock types comprise
foliated gneiss, mafic to intermediate plutonic rocks,
deformed and brecciated granite pegmatite (autobreccia),
migmatite gneiss, augen gneiss, mylonite, diverse catacla-
sites, fault breccias, matrix-rich breccias of possible sedimen-
tary origin (see below), and various weathering products
and fracture fills (Fig. 3).

Strongly weathered plutonic rocks, such as diorite and
quartz diorite, alternate with fault breccias composed of
granite-pegmatite clasts on a 0.5-3 m scale in the bore-hole
close to Frøya (BH-1A) (31 and 62 m depth). Fine-grained cat-
aclastic rocks and gouge occur in thin shear bands in the
plutonic rocks at 54-56 m depth. The strongly weathered
igneous rocks show contacts against foliated and weathered
gneisses in the upper part of the core.The plutonic rocks are
considered to correspond to the tonalitic rocks on Frøya.

Borehole BH-2 close to Dolmøya penetrated deformed
gneisses and fault breccias (Fig. 3). An interval of fine-
grained, matrix-rich breccia that includes sedimentary
debris occurs within deformed gneisses at 52-58 m depth
(Fig. 4, see below). Fractures in the breccia carry red coatings
and slickensides. Fault breccias and gneiss in the upper part
of the core are pervaded by a network of calcite-cemented
microfractures, and rocks with extensive calcite replacement
occur in the upper part of the core. Similar gneisses in north-
ern Dolmøya include marbles (Kollung 1963), and we
believe that this marble-bearing unit could have acted as a
source for the calcite cementation and replacement of fault
rocks in the upper part of the core. Chlorite and mica/illite
occur along fractures in the gneiss below the fault zone in
BH-2.

Fracture density is high throughout the cores, and frac-
tures have variable dips. Some fracture surfaces display lin-
eations and slickensides. Lineations are commonly at a low
angle to the horizontal plane, suggesting that strike-slip or
oblique slip movements have occurred. Sættem & Mørk
(1996) concluded that these slickenside lineations represent
strike-slip movements younger than the Jurassic, possibly
including a Miocene dextral phase. Fractures with slicken-
sides are commonly associated with red-brown coatings
that include swelling mixed-layer clay and iron

oxides/hydroxides. Other fractures are calcite cemented.
Fractures coated by yellow-green montmorillonite repre-
sent a younger generation of fracturing and mineralisation,
postdating brecciation. Torske (1983) described montmoril-
lonite as cavity fill within a granite breccia close to a major
N-S fault along the east coast of Frøya, interpreted as a flu-
idization breccia related to Tertiary mantle pluming.The late
veining in the present area could likewise be related to Early
Tertiary geothermal activity documented by nephelinitic
volcanism in nearby areas (Bugge et al. 1980, Prestvik et al.
1999).

Sedimentary rocks and 
palynological dating
In the core material from the deformation zones, there is evi-
dence of incorporation of sedimentary rocks in breccia.
Palynological dating (see below) suggests a wide range in
age for this material, from Devonian to Late Cretaceous and
younger (Table 1). The sedimentary rocks occur within con-
solidated, matrix-rich breccias (Fig. 4). Deformation is shown
by common slickensides as well as by partly crushed and
comminuted rock fragments.

Rock fragments within the breccias are composed
mainly of gneiss. However, fragments of re-deposited sedi-
mentary breccia and dolomite-veined, matrix-rich, sedimen-
tary rock also occur (Fig. 4). The red matrix is composed of
quartz, feldspar, kaolinite, mixed-layer clay minerals and
hematite. Chlorite and dolomite may also be present
(Sættem & Mørk 1996).

Five samples of red-brown, matrix-rich breccia were col-

Fig. 2.Tectonic lineaments interpreted from bathymetry and aerial pho-
tographs in the Frøyfjorden area (modified from Sættem & Mørk 1996).
The location of the Frøya tunnel, boreholes BH1A and BH2 and major
fault and fracture zones (dashed lines) are shown. H: Hammarvik; G:
Grønholman; L: Løkskjæra; S: Seibalskjæra. See Fig. 1 for location. The
western border of the Frohavet Basin is indicated by the continuous
blue line.
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lected from a weakness zone near Dolmøya for palynologi-
cal investigation. Two of the samples are from the vertical
borehole BH-2; the three others are from borehole BH-4407
that was drilled sub-horizontally through the weakness
zone during the tunnel construction (Fig. 2, Table 1). Each
sample was treated following standard palynological tech-
niques, using warm hydrofluoric acid and dilute hydrochlo-
ric acid to extract organic remains from the silica. Schulze’s
reagent was used to brighten the plant remains before the
residue was sieved to remove the smallest particles. Slides
for microscopy were prepared from the sieved residue and
from the oxidised residue, after separation of the remaining
minerals.

Coal fragments and wood particles (tracheids) were
recorded in all 5 samples and provide evidence of a sedi-
mentary origin for some of the rocks in the fault zone. The
dark brown tracheids in some cases have pores and repre-
sent remains of Devonian or younger plants. Samples from
BH-2 also include rare, very dark palynomorphs that are
poorly preserved and have low potential for identification
and relative dating of the material. There are indeterminate
spores of Devonian to Carboniferous age as well as indeter-
minate bisaccate pollen of Mesozoic age. More brightly
coloured triporate pollen (Table 1, 52-53 m depth) represent
Late Cretaceous to Tertiary plants. The fossils support the

idea that the fault zone was exposed 
to deposition of sediments during
Mesozoic to Tertiary time.

Discussion
Based on the drillcore data, the geology
of Hitra and Frøya (Kollung 1963,
Nordgulen et al. 1995), and the geology
in Frohavet (Bøe 1991, Sommaruga &
Bøe 2002), we think that a major, NE-SW
to ENE-WSW-trending fault zone, with
several splays, is located in Frøyfjorden,
and that these faults have been active at
several times since the Devonian. A simi-
lar suggestion was made by Oftedahl
(1975) and Braathen (1996). This struc-
tural feature is here referred to informally
as the Frøyfjorden fault zone.

The drillcores show evidence of
many episodes of deformation, fractur-
ing and brecciation. The oldest phase is
represented by intrusive dykes of the

igneous complex in BH-1A. Mylonites of possible late-
Caledonian origin record shear deformation in the gneisses
in borehole BH-2. These older structures are cut by
hydrothermal veins, which may be as young as Late Permian
or Jurassic if they are comparable to the hydrothermal activ-
ity interpreted elsewhere along the MTFC (e.g., Grønlie &
Torsvik 1989, Grønlie et al. 1994). Younger deformation
events with cataclasis resulted in the formation of fault brec-
cias, microbreccias and gouge..

Bøe (1989) described weathering breccias and regolith
development below the Downtonian-Devonian sediments
on Hitra. However, the Devonian and older Palaeozoic sedi-
mentary rocks in the area have been subjected to low-grade
metamorphism (Bøe et al. 1989). From the relationships
between deformation and weathering in the present study,
we thus interpret the main phases of weathering in
Frøyfjorden to be younger than the Devonian. From a study
of sediments deposited in the offshore area, Mørk et al.
(2003) have described a major phase of weathering in the
Late Triassic-Early Jurassic.

Extensive weathering is observed only in rocks from the
Frøyfjorden fault zone, and not onshore on Hitra and Frøya.
Granite pegmatite occurring in the fault zone shows evi-
dence of both brittle deformation and weathering. In con-
trast, the relatively coherent fabric of the weathered plu-

Fig. 4. Details of breccias in core BH2 (see Fig. 2
for location) from (A) c. 46.3 m, (B) 52.5 m and (C)
75 m depths. Core width is c. 7 cm. (A) Calcite-
cemented and calcite-veined gneiss/fault brec-
cia. (B) and (C) Matrix-rich, sediment- and gneiss-
bearing fault breccias. Note the dolomite-veined
fragment in the lower part of B (arrow).
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tonic rocks in parts of BH-1A suggests that deformation was
localised in the intervening shear zones, and this, in turn,
indicates that the weathering detected in this part of the
fault zone took place after the main deformation events.

Seismic data from the southwestern part of Frohavet
show that Jurassic sediments were deposited on a more or
less horizontal surface, probably representing an old pene-
plain (Bøe 1991). The present sea-bed surface in Frøyfjorden
occurs at approximately the same elevation as the pene-
plain.Weathering processes and erosion must have acted on
the surface repeatedly, possibly since the Permian, forming
sediments and removing them again. Only in topographic
lows, in fractures and deep clefts, possibly created by faults,
have sediments been partially preserved. During Mid
Jurassic time and in later tectonic events, the faults were
reactivated, and the sediments which had been deposited
on the peneplain were incorporated into the fault zones.

Conclusions
The investigations in Frøyfjorden, made in connection with
construction of the Frøya Tunnel, have shown the existence
of a complex fault zone with rocks varying from massive
migmatitic gneisses to completely hydrothermally altered
rock masses with a consistency like medium-soft clay. Low-
velocity weakness zones several tens of metres wide are pre-
sent. Faults and fractures within these zones, and in the
Frøyfjorden fault zone as a whole, developed during
Devonian to Tertiary movements, as is also the case along
the MTFC. Drillcores from the weakness zones include plu-
tonic rocks from the Smøla-Hitra Batholith as well as
migmatitic gneisses, metasedimentary rocks and fossilifer-
ous rocks reflecting Late Palaeozoic, Late Mesozoic and
Tertiary ages of deposition. The Mesozoic sediments were
probably deposited on a fractured peneplain, and subse-
quently incorporated in and along the faults during their
reactivation in Mid Jurassic and later times. Extensive weath-

ering of fault rocks and igneous rocks within the weakness
zones mainly post-dates the brittle deformation and brec-
ciation. Some of the weathering may have occurred in the
Late Triassic-Early Jurassic, prior to the Mid Jurassic trans-
gression and deposition of the sedimentary succession in
Frohavet.The youngest deformation event is represented by
cross-cutting, montmorillonite-filled fractures which we ten-
tatively relate to the Tertiary thermal activity documented in
nearby areas.
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