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Late- and post-Caledonian fault deformation of rock units on the Fosen Peninsula follows a time
sequence wherein lower crustal ductile deformation was followed by several episodes of brittle
fragmentation, some with coeval hydrothermal mineral precipitat ion. Field evidence, including vari
ous minor structures and hydroth ermal parageneses, supported by fission-track and palaeomagne
tic dating, indicates the followi ng general history of development: (1) Sinistral ductile shear in Early
to Middle Devonian times is manifested both in regional southwest-directed shear and in concen
trated strike-slip movement along the Verran Fault. (2) A phase of retrogress ion of the mylonitic
rocks can be recognised within and close to the principal displacement zones. (3) Several episodes
of britt le faulting followed , some of which were accompanied by major pulses of hydrothermal
fluid penetration. Principal britt le faulting events occurred in Late Devonian, Perrno-Triasstc and
post- Mid-Jurassic times. A major phase of zeolite fault mineralisation was associated with the
post- Mid-Jurassic event. (4) Dip-slip normal faulting along the MTFZ characterised the Late Juras
sic/Early Cretaceous period but was directly followed by a component of dextral strike-slip move
ment. (5) NW-SE trending extensional joints and subordinate faults in the Outer Fosen district are
considered to relate mainly to Tertiary tectonic events and in particular to a stress field created
by ridge-push forces generated from the Mid-Atlantic spreading ridge. (6) NW-SE to NNW-SSE
minor joints with plumose and fringe structures represent a latest stage of brittle fracturing on
the Fosen Peninsula; these mesojoints may have been initiated in post-glacial times.
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Introduction
In an earlier study of the northeastern part
of the Mare-Trandelaq Fault Zone (MTFZ)
(Gabrielsen & Ramberg 1979a, 1979b, Gabriel
sen et al. 1984) northwe st of Trondheimsfjord,
analysis was based largely on an integration
of satellite imagery, aerial photographs and
existing geological maps (Gr0nlie & Roberts
1989). This showed an array of faults and frac
tures reflecting a geometric arrangement akin
to that of a major dextra l strike-slip fault zone.
It was emphasised, however that the MTFZ
had existed as a zone of major crustal weak
ness since at least the time of the Caledonian
orogeny, and that slip motions have varied
appreciably, from strike-slip to dip-slip, at diffe
rent points in time.

In the present account we compare and
discuss the nature of brittle fracturing and
fault rock products in two selected areas on
the Fosen Peninsula, one within and the other
outs ide the MTFZ. Verrabotn -Beitstadfjord,
located within the MTFZ, was chosen because

the bedrock there shows abundant brittle defor
mation structures along the main fault zones.
As the fault rocks developed both below and
above the brittle/duct ile transition (Sibson 1977)
and also carry upper crustal zeolite mineralisa
tion, a relative timing of events can be estab
lished.

The second area is situated on the coast ,
near Stokksund, and is dominated by NW-SE
trending fractures. Field mapping has shown
that these fractures are most ly vertical extensi
on joints and their consistent occurrence over
the entire Outer Fosen coastal region would
seem to indicate that this particular trend is
of more than local significance.

Comparison of the fault and fracture pat
terns in these two areas shows easily notice
able disparate trends, which epitomises the
contrasting lineament patterns seen in the
Outer and Inner Fosen districts , to the north
and to the south of the Hitra-Snasa Fault,
respectively (Fig. 1a-c).
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Fig. 1 (A): Simplil ied bedrock geology and tectonic map 01 the Fosen Peninsula. Central Norway , showing the main geologi
cal units and laults as well as foliation trends. (b): TM- lineament trends in the crystalline basement 01 the Outer Fosen
area. northwest 01 the Hitra-Snasa Fault. Number 01 lineaments = 397. (c): TM-Iineament trends 01 the Inner Fosen area.
southeast 01 the Hitra-Snasa Fault. Number 01 lineaments = 87. The numbers show locations lor measurement 01 Iracture
poputations (cl . rose diagrams in Fig. 3, 1-64). Offshore fault interpretations Irom B0e (pers.comm.1989) (Frohavet). B0e &
Bjerkli (19B9) (Beitstadl jord) and B0e & Sturt (1991) (Asaney area).
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Geological setting
The bedrock of the Fosen Peninsula, north
of the prominent Verran Fault (Fig.1a) is domi
nated by heterogeneous, Proterozoic mig
matitic banded gneisses (Wolff 1976, Gee et
al. 1985, Solli 1990). The gneisses are tecto
nostratigraphically overlain by amphibolite
facies psammites, schists and amphibolites,
and higher up by low-grade metasediments
and greenstones . These 'cover' rocks repre
sent slices of the Lower, Middle and Upper
Allochthons of the Caledonide orogen (Gee
et aI.1985). The Proterozoic gneissic rocks are
also strong ly banded and Caledonised and
are considered to form part of the Lower AI
lochthon. South of the Verran Fault, the bed
rock consists mainly of Caledonian nappe
rocks of the Upper Allochthon (Thorsnes &
Grenlie 1990).

On 0 rland and in the Aseney area (Fig.1a),
Late Silurian to Middle Devonian, Old Red
Sandstone molasse sediments are present
(Siedlecka 1975, B0e & Sturt 1991). In the
Verran area the geology of Beitstadf jord prov i
des evidence bearing on the age of fault
movements along the MTFZ. Fragments of
coal and pebbles of sideritic ironstone with
plant fossils found along the shores of this
fjord are believed to have been derived from
the fjord bottom (Horn 1931, Oftedahl 1975)
and are of Middle Jurassic age. A recent shal
low-seismic prof iling survey has largely con
firmed Oftedahl's original Beitstadfjord inter
pretat ion and has also provided additional in
formation on the Late to post-Mesozoic fault
pattern (B0e & Bjerkl i 1989). This shows that
the Jurass ic rocks are preserved in a half
graben structure whose main (Verran) fault
strikes NE-SW close to the northern Beitstad
fjord shoreline. The Fosdalen Fault trend ,
NNE-SSW, is also an important element of the
Beitstadfjord structural framework (B0e &
Bjerkli 1989).

Stokksund area
The coastal district of Stokksund and Skjera 
fjorden is dominated by a set of vertical frac
tures trending N400W (Figs.2a & b). Bedrock
mapping (Gr0nlie & M611er 1988, Fossen et
al. 1988) has shown that the t.andsat-TM and
photo lineaments of this area are, in fact, main
ly extensional joints and faults, the former
being dominant.
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In the field, most map-scale fractures show
up as vertical joints with walls typically 5-10m
apart. The fractures are generally remarkably
straight for several kilometres along strike
(Fig.2a), and splays or en echelon patterns
are not common. The proven faults, the Har
bak, Stokkey and Bj0rnahovud faults, show
evidence of normal dip-slip movement. Myloni
tic and brecciated rocks testifying to a prolon
ged history of fault ing have been found only
along the Stokkey fault. On account of the
commonly homogeneous nature of the gneis
sic lithology, faults could only be defined by
detailed bedrock mapping and even then the
amount of throw on individual faults is uncert
ain. In the absence of fault rock products it
is generally not possible to distinguish betwe
en master joints and faults due to a lack of
marker horizons.

Depending on lithology, mesoscop ic joints
are in places bordered by thin, red, hydrother
mal alteration haloes, generally extending 0.5
1cm on either side of the central joint. This is
a conspicuous feature of the Harbak Peninsu
la (Fig.2a) where thin, NW-SE trending veins
transect the granitic migmatite gneiss. The
overlying garnet amphibolite is dissected by
ubiquitous thin joints of the same trend, but
without the red alteration.

Regional significance of the NW
SE trend
Fracture populat ions have been measured on
outcrop at 64 different localities on the Fosen
Peninsula, providing good geographical cover
age of the study area (Fig.3, 1-64). A total of
ca. 2,400 joint orientations were measured.
The strikes and dips of ea. 40 randomly recor
ded joints were measured at each locality. The
vast majority of dips are in the 80-90° range,
and joint orientations are thus conveniently
illustrated by rose diagrams. The NW-SE to
NNW-SSE fracture trend is a dominant one in
approximately 40 of the measured sites, and
this trend is also most pronounced north of
the MTFZ. However, the nature of fracturing
on this scale is much more heterogeneo us
than that shown by the map-scale features,
the meso-fractures being more influenced by
local stress field variations.

The average length of NW-SE trending linea
ments north of the Hitra-Snasa Fault (HSF)
between 0 rland and Namsfjorden, as measu-
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Fig. 2 (a): Simplified geological map of the Stokk sund area (Grentie & M611er 1988, Fossen et al. 1988). (b): Rose diagram of
joints and faults occurring in the area of Fig. 2a. Number of fractures = 84.

red from the TM-lineament interpretation (Fig.
1a), is 3.1 km. The average fracture spac ing
is 1.1 km. For lineaments longer than 1 km,
air-photo and TM-lineament interpretations are
almost identical (Rindstad & Grenlie 1987).
Concerning fracture depth, Gudmundsson
(1987) stated that in evolving tension-crack
systems, crack depth should be of the same
order of magnitude, or less, than crack spa
cing, thus indicating a shallow upper crusta l
development for most of these fractures.

As indicated by the lineament interpretation
and later confirmed by bedrock mapping, the
NW-SE trending fracture set is well developed
north west of the Haugsdal and Grenlielv faults
(Fig.1a, 2a) even though identical lithological
units are prese nt on either side of these faults.
Also, the abundance of these fractures genera l
ly decreases with distance from the coast line.
Pleistocene glacial erosion wou ld have tended
to emphas ize fractures of this trend as they
are or iented parallel to the directio n of princi
pal ice movement dur ing the glaciations (Reite
1987). Field mapping has confirmed that the
decreas ing fracture frequency on a coast to
inland profil e is real. Within the MTFZ on Fo
sen, larger fractures of this trend are less
prominent (Fig.1c), but the trend is neverthe
less significant on a meso-scale along the
Verran and Hitra-Snasa (Faults (Fig.3-4).

B0e & Bjerkli (1989) noticed that the NW-SE
fracture trend is a major one in the Mesozoic
rocks of the coasta l Ed0yfjord basin, while
apparently being absent in the inland Beitstad
fjord basin. In the Devonian rocks of 0rlan
det, Siedlecka (1975) found two main fracture
sets, NW-SE and NE-SW, post -dat ing the Late
Devonian Svalbardian fold structures.

Aanstad et al. (1981) found four stat ist ically
important fracture trends to prevail in the
Mere-Trendelaq region; the bimoda l ENE
WSW and NE-SW (MTFZ) trend, as well as
N-S and NW-SE to .NNW-SSE trends. Meso
zoic britt le deformation was claimed for the
MTFZ trends as well as for the NW-SE to
NNW-SSE trend. It was noted by Aanstad et
al. (1 981) that the N-S trend is parallel to
what they termed the Oslo-Trondhe im and
Berge n Zones, charact erised by poss ible Per
mian movements. A high degree of correlation
betwee n onshore and off shore data was evi
dent and showed basement-imposed control
on the structural pattern off shore.

Verrabotn - Beitstadfjord area
In this area (FigAa) the Verran Fault forms a
prom inent topographic lineament running along
Skaudalen from Rissa to Verrasundet. Further
to the east-northeast it forms the northern
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bounding fault of the 8e itstadfjord half-graben
(80e & 8jerkli 1989). The Verran Fault, toget
her with its subsidiary faults, the Elvdal, Rau
tingdal and Skurven faults, constitute the Ver
ran Fault System (VFS).

The VFS displays a variety of fault rocks
belonging to the brittle or elasto-fri ctional regi
me of Sibson (1977). The brittle fault rocks
include fault breccias, cataclasites, pseudota
chylyte and mineral-filled extensional veins.
The various brittle fault rocks occur centrally
in all main lineaments such as the Verran,
Elvdal, Rautingdal and Skurven faults (FigA a).

Although this paper is concerned principally
with describ ing brittle deformation, it is appro
priate to comment briefly on aspects of the
pre-Mesozoic ductile deformation along the
Verran Fault. In the Verrabotn area, the Verran
Fault defines a 0.5-1 km wide, ductile shear
zone, in which regional-scale foliation trajecto
rles are seen to be drawn into the high-stra in
zone. The fault rocks of this duct ile deforma
tion zone include most of the mylonite series
rocks as defined by Sibson (1977), as well
as augen gneiss and a protomylonitic porphy
ry granite of poss ible Caledonian age. Kinema
tic indicators, which include asymmetric feld
spar augen, displaced broken feldspa r porp hy
roclasts and S-C structures mostly indicate
sinistral movement along the shear zone. The

Fig. 3: Rose diagrams of 64 fracture populations measured
on outcrop. Each location represents ea. 40 fractures . The
position of each location is shown in Fig.1a. No. 65 repre
sents a rose diagram of the total number of measured frac
tures (N=2,400).
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mylon ites show a stretching lineation def ined
by elongate quartz and feldspar grains, in
general plunging at 20° towards the north 
east , a lineat ion which is considered to reflect
the shear movement. The mylon ites, derived
from a granodiorite protol ith, are commo nly
strongly retrograded . They show chlor itisation
of biotite , as well as albitisation, adular isation
and epidot isation of plagioclase . Primary, stra
ined quartz in quartz ribbons shows evidence
of replacement by unstra ined quartz grains.

The poss lbillty" exists that the mylonites and
shear zones are related to one or more episo
des of Late- to post-Caledonian, sinistral , stri
ke-slip or oblique-sl ip, shear movement and
not to regional overthrust ing of the nappe
rocks . Piasecki & Cliff (1988) prop osed that
this region was affected by a major Early to
Middle Devonian (ca.389 Ma) episode of oro
gen-para llel duct ile shear with top-to-the
southwest movemen t. The duct ile structures
in the Verrabotn area would seem to support
this view.

To the north, the Hitra-Snasa Fault and its
subs idiary faults (Fig.1a & 4a) show similar
mylon ites but the brittle overprint is less pro
nounced than along the VFS, althoug h fine
examples of quartz- epidote rich breccias and
pseudolachylyte occur (Fig.7e & f). The com
mon minerals of the britt le fault rocks here
are quartz , epidote and minor calcite, and there
is no late zeol ite mineralisat ion.

The Verran Fault
Along the Verran Fault a cataclas ite (VB1) is
commonly presen t, overpr inting the retrograde
mylonite. The cataclasite usually consists of
subrounded to subangular, medium-sized frag
ments of retrograded mylonite , albitised plag
ioclase, seconda ry epidote and calcite in a
matrix of epidote , albite, K-feldspar and finely
comminuted mylonite (Fig. 5d). Prehnite , chlor 
ite and calcite also occur , although less com
monly , as matrix minerals. The catac last ic
rock generally cons ists of irregular zones of
deformed mater ial which anastomose between
lenses of less defo rmed, retrograded mylonite.
In places, thin ultracatac lasite stringers tran
sect this fault rock. A similar cataclas ite (RB1)
occurs along the Rautingda l fault (Fig. 5a-c).

The character of the fragments of the VB1
catac lasite, subang ular to subrounded, points
to a prolonged period of faulting with milling
and grind ing of the fragments or fluidisation.
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Torske (1983) has maintained that a fluid con
sisting of CO, and H,O would induce a high
solubility for anorth ite as compared to albite
and K-felds par and this is consistent with
depos ition of Ca-minerals upon loss of CO"
leading to rapid depo sition of epidote and
probab ly calcite. It has been show n by Sibson
et al. (1975) and Sibson (1987) that signif icant
amounts of hydro thermal fluids migrate up
wards through fault zones by the mechanism
of seismic pumping following major earthq uake
movements. This is also manifeste d in the
local abundance of hydrothermally cemented ,
high-d ilation, wall-rock brecc ias showing mul
tiple brecciation.

Evidence of abundant, early, distr ibuted
cracking (Sibson 1986) of the Verran and
Rautingdal mylonites is widespread as shown
by epidote-mineralised micro-faults (Fig. 5e)
and minor shear zones (Fig. 5f).

A common rock-type along the Verran
Fault, trending parallel to the principal deforma
tion zone, is a greyi sh-green crush breccia
(VB2) (Fig. 6a) which consists mainly of angu
lar, coarse-grained fragments of retrograded
mylonite in a fine- to medium-grained matrix.
Plagioclase in the mylonite fragments is al
ways heavily saussuritised and shows a high
content of epidote, and biot ite is altered to
chlorite. Rare fragments of vein prehnite also
occur. In addition, the breccia contains vein
epidote fragments as well as composite clasts,
which testify to at least two earlier episodes
of brecciation or several stages of the same
ongoing brecc iation. Some of these contain
pseudo tachylyte and thus point to an early
deformation achieved by dry, seismic slip (Sib
son 1975). The main matrix minerals are qu
artz and epidote, but comminuted mylonite is
also present. The matrix quartz is unstrained.
The VB2 breccia is cut by 1-2 mm wide ultra
cataclasites with a quartz matrix and by epido
te veinlets. It is also transected by abundant
late, micro- and meso-faults, as well as joints.
The process of formation is considered to
have been attr ition brecciation (Sibson 1986).

Along the Verran Fault both mylonites and
crush breccias are cut by prehnite-matrix brec
cias (VB3) that show a pronounced NNE-SSW
trend, which happens to be parallel to the
Rautingdal Fault (Fig. 4a). These breccias,
which are generally 1-10 cm in thickness, dis
play rotated and angular fragments of mylon
ite. The matrix consists mainly of prehnite and
opaline quart z, but minute fragments of mylon-
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Fig. 5: VFS cataclasites,
a) Rautingdal fault. sample Rl (579.15 7077.15). RBl cataclasite. Subrounded fragments of retrograded mylonite and epidote
in fine-grained matrix. Note microfaulted sphene grain, Scale bar is 0.5mm.
b) Rautingdal fault, sample 347 (579,30 7077.60). RBl cataclas ite. Subangular to subrounded fragments of albite, epidote
and retrograded mylonite in a finely comminuted matrix of the same minerals. Scale bar is 0.5mm.
c) Rautingdal fault, sample VA llb (579.10 7077.15). RBl cataclasite. Subanqular to subrounded fragments of albite, epidote
and retrograded mylonite in a finely comminuted matrix of the same minerals. Scale bar is 0.5mm.
d) Verran Fault, sample VA40 (580,50 7078.30). VBl catactaslte. Subrounded fragments of albite and retrograded mylonite,
as well as calcite, in a fine-grained matrix of the same minerals. Scale bar is 0.5mm.
e) Rautingdal fault, sample 346 (579.22 7077.40). Microfaulted quartz-ribbon in mylonitic granodior ite. The fracture is epid
ote filled, Scale bar is O.25mm.
f)Verran Fault, sample 89-858-5 (581.70 7079.70). Microfau lted quartz-ribbon in retrograded mylonite. Scale bar is 0.5mm.

ite are also common. The contact towards
mylonite is commonly marked by well defined
slickensided fault planes mostly documenting

dip-slip movement. The mechanism of forma
tion was probably that of implosion brecciation
(Sibson 1986). These high-dilation breccias
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Fig. 6: VFS breccias.
a) Verran Fault, sample VA44 (575.50 7074.40). VB2 orec
cia. Fragments of ultraca taclasite and retrograd ed mylonitic
granodior ite. The matrix consists mainly of quart z with
some epidote. Scale bar is 0.5mm.
b) Verran Fault. sample 87109b (582.40 7080.40). VB3 brec
cia. Fragment of retrograded mylonite in which the plagiocla
se is altered to prehnite. The matrix is composed mainly
of prehnite and opaline quartz . Crossed nicots. Scale bar
is 0.5mm.
c) Verran Fault, sample VA21 (578.30 7076.30). VB3 brec
cia. Fragments of calcite/st ilbite, shOwing replacement of
calcite by stilbite. The matrix is composed of prehnite and
quartz. Scale bar is 0.5mm.
d) Verran Fault, sample 87109c (582.40 7080.40). VB3 brec-
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pinch and swell and sometimes carry abun
dant sharp fragments; in other places they
are mostly dominated by the prehnite-quartz
matrix (Figs. 6b-d).

The Verran mylonites, crush breccias and
cataclasites are cut by numerous, irregular,
stilbite veins (Z2), and more rarely by calcite
and laumontite veins (Z1). The stilbite-minerali
sed veins, in general, cut through the other
mineralised veins. Thicker stilbite veins some
times contain angular, rotated fragments of
mylonite and could thus be classified as brec
cias. Faulting took place along the VFS rough
ly coevally with stilbite depos ition, as shown
by Figs. 8a and b, as well as later on (Fig.
8c). Along the Skurven fault (Fig. 4a), features
ascribed to several phases of brittle deforma
tion are shown in Fig. 8d.

Several phases of late, distributed, cataclas
tic crushing (Sibson 1986), such as rnicrofau
Iting and microcracking, can be identified over
wide areas, leaving large tracts of incohes ive
rubble . Surpr isingly, the small-scale pattern
of fractures along the Verran Fault principal
displacement zone seems to mimic the pat
tern defined by the TM- and airphoto-linea
ments in this area, but with an additional over
printed NW peak (Fig.3-4).

The Rautingdal fault
The sigmoidal Rautingdal fault (Fig. 4a),
trending NNE-SSW at a high angle to the
Verran Fault, provides spectacular outcrops
of the cataclasite series rocks (Sibson 1977)
as well as late zeolite mineralisation. The enti
re botto m of this narrow and steep-sided val
ley is made up of an approximately 10m wi
de, greenish catac lastic fault rock. Just outs ide
the actual fault zone, arrays of en echelon
gash veins are well preserved (Fig.9). The
cataclasite (RB1), similar to VB1 along the
Verran Fault, common ly consists of subroun-

cia. Fragment of retrogra ded myloni te in fine-grained prehn i
te-quartz matrix. Scale bar is 0.5mm.
e) Elvdal Fault. sample VA34 (569.35 7071.35). EB1 brec
cia. Compos ite fragment consisting of ultracataclasitel
pseudotachylyte (?) and retrograded mylorute, together with
other fragments of mylonite in a zeolite matrix. Scale bar
is 0.5mm.
f) Elvdal Fault. sample VA34 (569.35 7071.35). EB1 brec
era. Fragment of vein stilbite and smaller fragments of mil
led down mylonite in a fine-grained zeolite matrix. Scale
bar is 0.5mm.
g) Elvdal Fault, sample El -57 (569.20 7071 .20). EB1 brec
cia. Fragments of strained vein quartz in a zeolite matrix.
Scale bar is 0.5mm.
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ded to subangular, medium-sized fragments
of albitised plagioclase and secondary epidote
in a fine-grained matrix of epidote, albite and
K-feldspar (Figs.Sa-c). Prehnite, chlorite and
calcite also occur as matrix minerals. Calcite
is also a common vein mineral. Parts of this
cataclasite are transected by thin ultracatacla
site stringers showing a very fine-grained,
aphanitic groundmass. In places, the catacla
site shows a distinct red coloration which is
caused by numerous haematite blebs and
veinlets.

Along the actual slickensided fault plane,
here indicating dip-slip movement, there is a
0.S-2 m wide ultracatac lasite (RB2) (Figs.
7a-d). Widely dispersed angular fragments of
retrograded mylonite, quartz , epidote and ultra
cataclasite occur . Some ultracataclasite frag
ments show evidence of three episodes of
fragmentat ion. The minerals of the almost
opaque , ultra-fine-grained matrix are difficult
to determine optically , but XRD analysis shows
that they cons ist mainly of quartz and laumon
tite. Close to the fault plane, up to 10 cm
away, the ultracataclasite is transected by a
laumontite-matrixed breccia (Figs. 7c & d).
Both this and the ultracataclasite are dissected
by a late network of hair-thin laumontite vein
lets (Figs. 7a & d). The RB1 cataclasite is also
cut by numerous 1-3 cm wide stilbite and
calcite veins which trend ENE-WSW, i.e. paral
lel to the Verran Fault.

Just north of the Rautingdal fault, tunnels
of the Ormsetfoss hydroelectr ic scheme ex
pose numerous 10-30 cm wide gash veins fil
led with calcite and stilbite (Fig. 10). In addi
tion, the granodioritic rock is usually 'rotten';
that is, altered to clay minerals over a width
of approx imately 2 m adjacent to these veins.
Most veins trend NNE-SSW (Fig.3- 11), i.e.
parallel to the Rautingdal fault and to most
of the prehnite-matrix breccias.

The Elvdal fault
This slightly curved fault trends ENE-WSW,
subpara llel to the main Verran Fault (FigAa) ,
and displays fault rocks of a distinct upper
crustal affinity. The actual fault zone is marked
by brick-red breccias (EB1) and abundant stil
bite (Z2) veining which also contribute to the
distinct red coloration of the entire valley floor.
The stilbite veins trend ENE-WSW, parallel to
the trend of the actual fault.

The matrix-supported brick-red breccias
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Fig. 8: Small-scale stilbi te-mineralised faults and joints along the VFS.
a) Verran Fault (582.30 7080.20). Stilbite-minera lised vein transecting retrograde mylon ite transe cted by late, sti lbite-minera
Iised fault.
b) Verran Fault (579.90 7077.65). Early quartz-vein transecting retrograde myJonite cut by main stilbite -mineralised fault and
non-mineralised splays from this.
c) Verran Fault (579.80 7077.65). Stilb ite-mineralised vein transe cted by late , nearly hor izontal fault.
d) Skurven fault (568.20 7080.20). Stilbite-minerali sed vein transecting prehn ite-matrix breccia. Evidence of late, post-stil
bite deposition, fault movement along prehnite-matrix breccia trend .

Fig. 7: VFS ultracataclasites and vein minerali sations .
a) Rautingdal fault , sample 89-857-1 (579.20 7077.70). RB2 uttracata clas tte. Fragments of albite, epidote and retrograded
mylonite in an opaque ground mass, transected by late laumontite veins . Scale bar is 0.5mm. .
b) Rautingdal fault , sample R-l0 (579.20 7077.70). RB2 ultracataclasite. Somewhat round ed fragments of retr ogra de myloni 
te, albite and epidote in an opaque ground mass. Scale bar is 0.5mm .
c) Rautingdal fault , sample 89-857-3 (579.20 7077.70). Laumonti te matrix breccia containing angular fragments of RB2 ultra
catactasite . Scale bar is 0.5mm.
d) Rautingdal fault , samp le 89-857-2 (579.20 7077.70). RB2 ultracataclasite . Ultracataclasite (left) cut by laumontite-matr ixed
brecc ia, and a younger thin laumon tite vein. Scale bar is 0.5mm.
e) Hitra-Snasa Fault, sample AGl77 (565.00 7080.15). Pseudotachylyte paralleling the foliati on of a mylon itic granodiorite.
Scale bar is 0.5mm.
f) Hitra -Snasa Fault. sample VA60 (577.107086.90). Pseudotachy lyte vein transe cting an early fault brecc ia. Scale bar is 0.5mm.
g) Sallervaln Fault. sample 871 DD (581 .70 7081 .95). Stilbite-mineralised fault transecting mylonitic granod ior ite. Scale bar
is 0.5mm.
h) Verran Fault, sample VA31 (580.20 7077.90). VBl cataclasite, with quartz vein, cut by a late vein of zeolite . Scale bar is 0.5 mm.
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Fig. 9: Rautingdal. small-scale. en echelon gash veins in
unaltered granodioritic gneiss.

conta in coarse to medium-sized angular frag
ments which are composed mainly of retrogra
ded mylonite (originally granodiorite), strong ly
unclulose fragments of vein quartz (Fig. 6g).
vein stilbite (Fig. 6f) and vein epidote . The
plagioclase of the retrograded mylonite some
times shows alteration to prehnite. Some of
the fragments are composite and show eviden
ce of three episodes of brecc iation: and frag
ments of ultracataclasite/pseudotachylyte are
also present ( Fig. 6e). The red matr ix is ext re
mely fine-grained but SEM images show that
it consists mostly of stilbite with some minute
fragme nts of epidote and adularia, as well as
comminuted mylon ite. The brick-red colour is
caused by abundant haematite inclusions, in
addition to the red stilbite and adularia.

As the Elvdal br ick-red breccia (E8 1) conta
ins stilbite both as fragments and as part of
the matrix , it is evident that it formed at a
very late stage in the development of the
MTFZ . It is, however, clear that the E81 was
generated in an already existing zone of weak-
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ness, as evidenced by the abundant frag
ments of retrograded mylonite and hydroth er
mal quartz .

Beitstadfjo rd fault and fracture pattern
As shown by 80e & Bjerkli (1989) in their
shallow- seismic survey , the fault system of the
Beistadfjord basin mimics the onland MTFZ
fault pattern (Fig. 1a). The meso-scale fault
pattern , however, is more comp licated.

North of Beitstadfjord plumose and fringe
structures occur on late NW-SE to NNW-SSE
trend ing joints. These structures are developed
only in the fine-gra ined metasandstones of
this area and do not occur elsewhere on Fosen.

Along the eastern shores of Beitstadfjord
(Fig.1a) abundant meso-sca le faults and joints
occur in metasandstone and show evidence
of mult iple episodes of fracturing. Early E-W
trending quartz veins (Fig. 11a) are transected
by a set of N-S to NNW-SSE trend ing meso
faults and also by shear-zones show ing conju
gate fault sets (Fig. 11a). The N-S trending
faults and joints are themse lves cut by late
NW-SE trend ing joints with transv erse minor
joints (Fig. 11b).

En echelon gash veins (Fig. 11c), in which
the trend of the vein array is close to S, are
common. Some are sigmoidal (Fig. 11d) and
filled with calcite. En echelon gash veins are
useful in determ ining the sense of shear as
the vein array is usually parallel to the direc
tion of shear. These small shear-zones are
mainly of local significance and formed in res
ponse to minor movements on mesofaults.
The overall, small-scale fault pattern is exten
sional and can probably be linked to an early
stage in the format ion of the Beitstad fjord
half-graben, although this is diff icult to prove
conclusively.

Discussion
The VFS crush brecc ias and catac lasites which
overpr int retrograded rocks of the mylonite
series show abunda nt evidence of high crus
tal level catac lasis. fractu ring and micro- and
meso- faulting. The depth of form ation of the
Verran Fault (VB1) catac lasite is not well con
strained. The new mineral assemblage of
VB1, albite-chlorite-ep idote-(prehnite-haema
tite), is intermediate between the sub-green
schist parage nesis pumpellyite-chlorite-actino-
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lite and the greenschist assemblage clinozoi
site-chlorite-actinolite. According to Kamineni
et al. (1988), this mineral assemblage is stable
between 2.5 and 3.5 kb at temperatures of
325-375°C. For a geothermal gradient of 35°C/
km this implies a maximum depth of formation
between 9 and 11 km (Fig. 12).

The mechanism of formation of the VB2
breccia was by attrition brecciation and probab
ly some distributed crush brecciation (Sibson
1986). Some of the fragments containing pseu
dotachylyte testify to early episodes of dry,
seismic slip (Sibson 1975). The VB2 breccia
was primarily a porous and incohesive brec
eta and its secondary cohesion was achieved
mostly by precipitation of hydrothermal quartz.
Silica-rich fluids must have been mobilised
along the fault trace, either coeval with or
succeeding dip-slip movement, and were preci
pitated when encountering lower temperature
and/or pressure, The quartz matrix sealed the
fault for an unknown period of time until it
was re-crushed and remineralised with abun
dant hair-thin epidote and quartz veinlets. The
depth of formation for VB2 is poorly constrai
ned, In general, such a breccia would develop
at crustal depths between 4 and 13km (Sib
son 1977), in the elasto-frictional (EF) regime.
The absence of any ductile deformation of the
quartz matrix points to a formation in the mid
dle part of this regime. The presence of a
small number of vein prehnite fragments sup
ports a depth of formation in the lower rea
ches of the prehnite-pumpellyite facies (Fig.
12).

Field relationships show that the prehnite-
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Fig.l 0: Ormsetfoss calcite-stilb ite gash vein flanked by 'rot
ten', clay-altered, granod iorite. The hammer used as a sca
le is 30cm long.

matrix breccias (VB3) clearly formed at a later
stage than VB1 and VB2. They transect the
earlier breccias, mostly at a high angle, trend
ing NNE-SSW. As prehnite const itutes a subst
antial part of the matrix and vein fill, this sug
gests a site of origin in the middle to upper
parts of the EF regime. The general down
ward sequence of developed facies is zeolite
~ prehnite-pumpellyite ~ greenschist (Fig.
12). The zeolites and the prehnite-pumpellyite
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Fig. 11: Examples of mesoscale joint patterns from Beitstadfjord . See text for explanation.
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Fig. 12: Depth of formation of britt le fault rocks along the
VFS. The figure has been adapted from Sibson (1983). The
geothermal gradient in this particular case has been assu
med to have been ea. 35°C/km.
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facies minerals form by reaction of unstable
initial minerals with fluids that pervade the
fault system, within a certain range of pressu
re and temperature. The zeolites and prehnite
were deposited in veins and originally incohe
sive breccias, prob ably by reaction between
fluids and minerals such as plagioclase, qu
artz and calcite. Prehnite is stable up to 250
300°C, normally indicating crustal depths of
10 km or more, but considering the higher
heat flow in a major fault zone the depth of
formation in this particular case may have
been considerably lower . Considering a geo
thermal gradient of 35°C/km, this would indica
te a maximum depth of VB3 formation of 7-8.5
km (Fig. 12). The somewhat higher than nor
mal geothermal gradient is reasonable since
laboratory experiments and theoretical models
(Turcotte et al. 1980, Sibson 1980) indicate
that fault-zone temperatures are considerably
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elevated above those expected for the surroun
ding host rocks.

In the Miocene Tanzawa Mountains of Ja
pan, there is a depth sequence consisting of
stilbite (0-2 km)-Iaumontite (2-4 km)-prehnite
(4-6 km) and albitised plagioclase (4-6 km)
(Seki et al. 1969). However, in many cases
there will be a considerable overlap of the
different mineral phases, as shown by Liou
(1971). Evidence from laumontite and stilbite
veins along the Verran Fault, for example,
shows that, in some cases, laumontite crystal
lised later than stilbite. Also, in the VFS, the
laumontite and prehnite fields have over lapped
in some cases, as evidenced by laumontite
fragments in a prehnite matrix. According to
Kristmannsdottir & Tomasse n (1978), the tem
peratures at which stilbite and laumontite are
stable are 70-170°C and 110-230°C, respec
tively.

The Rautingdal (RB1) cataclas ite, which is
very similar to the above-described VB1 cata
clasite, would presumably, by the same line
of argument , have formed at a maximum depth
between 9 and 11 km (Fig. 12). The RB2 ultra
cataclasite, containing a significant proportion
of laumontite, test ifies to formation in an inter
mediate crustaI pos ition; as laumontite is one
of the zeolites stable at highest temperatures,
up to 230°C, i.e. a maximum depth of 6 km for
a gradient of 35°C/km. This ultracataclasite
thus probab ly formed later than the (VB3) preh
nite-matrixed breccias occurring along the
Verran Fault.

As stilbite is one of the zeolites which is
stable at lowest temperatures «170°C), its
widespread occurrence in veins along the
entire VFS test ifies to a major period of late
stage hydrothermal precipitation which was
at least accompan ied by some faulting activity
(Fig. 8). At Ormsetfoss, stilbite and calcite
occur together in gash veins. Stilbite is the
major vein mineral along both the Verran Fault
and the Elvdal fault. It was depos ited in fractu
res of the upper crust, in connection with an
episode of extensional fault activity. Along the
Elvdal fault, the EB1 breccla contains frag
ments of vein stilbite, pointing to activity along
this fault at a comparatively late stage.

With regard to the timing of faulting along
the VFS, Oftedahl (1975) suggested that a
major episode occurred in the Middle Juras
sic, resulting in the downfaulting of the Beit
stadfjord half-graben. B0e & Bjerkli (1989)
favoured Late Jurassic-Early Cretaceous fault-
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Fig. 13: Equal-angle projection (lower hemisphere) of sncken
side lineations measured on individual. planar to curvipla
nar, anastomos ing fault surfaces within the Verran Fault
zone at Trongsundet (cf. Fig. 4a) (582.50 7080.70 • 580.50
7078.40).

It has earlier been postulated (Granhe &
Roberts 1989) that the VFS acted as a major,
dextral, strike-slip fault-zone and defined a
strike-slip duplex system (Woodcock & Fischer
1986) in Mesozoic times. This hypothesis,
which was based mainly on a detailed Land
sat TM lineament study (Rindstad & Gmn lie
1986) and minimal field control , has not been
conclusively proven even though the geome
tric configuration favours this interpretation.
On account of the comparatively homogene
ous gneissic lithologies , the question cannot
be settled simply by bedrock mapping. Most
late, minor britt le structures seen in the field
are extensional in character . On the basis of
slickenside data from late, minor faults, many
of which are stilbite mineralised, Bering (1990)
showed that 0' , was oriented vertically along
most of the MTFZ, thus favouring dip-slip
normal fault movement. Along the Verran Fault
zone on the north shore of Verrasundet, how
ever, slickens ide Iineations vary considerably
in plunge, from fault surface to fault surface,
from near-vertical to near-horizontal (Fig. 13).
The precise dating of fault movements is cru
cial here. It may be that a post-Z2 (post-Mid
Jurassic) component of faulting was largely
dip-slip or oblique-slip . Right-lateral movement
could then have been either Late Jurassicl
Early Cretaceous or even Late Cretaceousl
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ing, either dip-slip succeeded by dextral strike
slip, or oblique-slip in a transtensional regime.
We suggest that this fault ing activity broadly
coincides with the major hydrothermal flux
associated with stilbite deposition. Preliminary
fission-track dating of apatite in a sample ta
ken from the Verran Fault at Trongsundet (Fig.
4a), an area of intense stilbite mineralisation ,
gives an age of 144 ± 22 Ma (Grenlie et aI.,
in prep.). As apatite has a closure tempera
ture of 125 ± 25°C (Naeser 1981), this shows
that the dated apatite cooled below this tempe
rature at some time near the Jurass ic/Cretace
ous transition. Since this is the youngest apa
tite age of several from this region, the other
samples from fresh country rocks showing
Early Jurassic and Triassic cooling ages, it
would appear that the Verran Fault was part
of an active hydrothermal system during Juras
sic times; and moreover, the hydrothermal
system must have been associated with the
post-Mid Jurassic downfaulting of the Beitstad
fjord basin. The sample would then have been
positioned at a depth of 3-4 km, correspon
ding to an average uplift/erosion of 0.02-0.03
mm/yr since Late Jurass ic/Early Cretaceous
time. The Elvdal fault would appear to have
been active either at the same time as, or
somewhat later than the Verran Fault.

Fission-track dating of zircon and sphene
suggest that the study area had a tectonically
complicated, early, pre-Jurass ic history with
complex fault block movements in Devonian
and Permo-Triassic times (Grenlle et aI., in
prep.). The various VFS fault rocks, originating
in different crustal depth positions , support
this view. Palaeomagnetic dating of fault rocks
has indicated Permian as well as Mesozoic
hydrothermal activity and faulting, particularly
in the area of inner Trondheimsfjord (Grenlle
& Torsvik 1989). Fission-track dating indicates
that the Triass ic was a period of intense fault
ing and rapid uplift in the Trondheimsfjord
area (Grenlie et al.,in prep.). Piasecki & Cliff
(1988), in dating shear-zone pegmatites from
Fosen, concluded that a major phase of oro
gen-parallel ductile shearing had taken place
in the Middle Devonian at ca.389 Ma, probab
ly coeval with a major episode of sinistral
shear along the Hitra-Snasa Fault (Grenhe &
Roberts 1989). Most brittle fault rocks of the
VFS can thus be assigned to the Late Devon
lan-Jurasstc time span; the VB1/RB1 forming
just above the brittle/duct ile transition and
possibly in Late Devonian times.
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Early Tert iary, at a time when react ivation is
known to have occurr ed within the MTFZ
(Gren lie et al. 1990). Whatever the case, it has
been shown from seismic reflection prof iling
across southern Fosen that both the Verran
and the Hltra-Snasa Faults dip steeply and
regularly to the northwest, penetrating to
depths of 18-20km (Hurich & Roberts , in prep.).
Their existence as major strike-s lip faults thus
appears indubitable.

Accepting the importance of aip-slip in the
evolut ion of the VFS, the Verran and Elvdal
faults could possibly be inferred as elements
of an extensional fault system, with the high
angle Rautingdal fault functioning as a trans
fer fault (Bering 1990) (Figs.1a and 4a). Howe
ver, the laumontite veining of the RB2 ultra
cataclasite indicates that the Rautingdal Fault
was active prior to the main, probably Juras
sic, stilbite (Z2) hydrothermal flux along the
Verran and Elvdal Faults ; but as the fields of
laumontite and stilbite partly overlap, this is
not conclu sive.

On the basis of shallow seismic reflection
evidence from the Beitstadfjord basin, B0e &
Bjerkli (1989) cons idered two genetically rela
ted models; one wher e Late Jurassic-Early
Cretaceous dip-sl ip normal faulting was follo
wed by dextral strike-slip movement; and an
other in which the deform ation was by Late
Jurassic oblique-sl ip and transtension. The first
model would be in agreement with Gren lie &
Roberts ' (1989) interpretation, as well as with
off shore obser vations and deductions (e.g.
Larsen 1987).

The very latest stage of brittle fractur ing on
Fosen is represented by a set of NW-SE to
NNW-SSE trend ing minor joints, in places
showing plumose and fringe structures. It is
uncertain how this set of clearly late small
scale joints relates to the pattern of master
joints of the NW-SE trend seen in Outer Fo
sen, The general lack of fault rocks along the
master joints indicates a rather simple tecto 
nic history, as compare d with the resurgent
fault tecton ism along the MTFZ . It is thus
possible that the master joints reflect a regi
onal stress pattern related to a specific episo
de in Earth history.

The geometric co nfi gurat ion of the m ast er
joints indicates that most fractures are con
fined to the shallow upper crust (Nur 1982,
Gudmundsson 1987). This is no proo f of a
young age of initiat ion, however, as they could
have been initiated at deeper levels in the
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crust, e.g. due to the influence of high cleft
water pressures which counteract the over
burden effect and permit deep tensile fracture
(Secer 1965). In gently folded platform areas,
joints can show a well defined relationship to
folds developed dur ing the same tectonic event
(Price 1966). On Fosen, the master joints are
clearly not related to the two earliest phases
of tight to isoclinal folding which produced
lunate and arrowhead fold interference pat
terns (Robert s 1986). They could, howev er,
poss ibly be interpreted as 'ac' joints (Price
1966) relating to the latest, NE-SW trending,
gentle to open folds of Late Devonian (Sval
bardian/Solundian) age. The joint and fault
patte rn observed in the 0rlandet ORS by Sied
lecka (1975) is indeed in accordance with such
an interpretation. Siedlecka (1 975), furth er
more , suggested that Tert iary tectonic events
may have react ivated existing fractures of this
trend , but also created new joints and faults.
If the fractures are of Devonian age they show
a surprising lack of fault rock products; and
the question arises as to why they were not
reactivated at some stage dur ing the Meso
zoic as in the case of faults along the MTFZ.

Offs hore, in addition to the three main Meso
zoic fault trends (N-S, NE-SW and ENE
WSW), Gabrielsen et al.(1984) recognised a
fourth (NW-SE) trend which resulted from
Tertiary tecton ic activity or poss ibly from a
reactivation of older structures . Seismic prof i
ling in the Mesozoic Ed0yfjord basin, just
southwest of the study area, by B0e & Bjerk
li (1989) also show ed several faults of the
same trend . It is thus reasonab le to assume
that many of the on-land, NW-SE trending,
master joints and faults were initiated in Late
Mesozo ic or Tert iary times.

The widespread occurrence of fractures of
this trend could be interpreted as having been
caused by a stress field generated by ridge
push and associated lithospheric drag forces,
subsequent to the Palaeocene/Eocene opening
of the Norweg ian-Greenland Sea, and such a
model is depicted in Fig. 14. As first maintain
ed by Husebye et al.(1978), the opening of the
Norweg ian-Greenland Sea is likely to have
produced ridge-push related forces creating
compressive stresses w ith in the plates on eith
er side of the mid-oceanic ridge. Stephansson
(1 988) also concluded that the ridge-spreading
stress created at the Mid-Atlantic ridge is the
main contr ibutor to the current stress field in
Fennosca ndia. In general, it has been found
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that much of cont inental Europe, the North
Sea area and the British Isles shows a cons is
tent NW-SE trend of the maximum horizontal
stress (Klein & Barr 1986).

In situ stress measurements have been carr i
ed out at Ormsetfoss, near Verrabotn , by
Hanssen & Hansen (1987) employing the over
cor ing technique. These show that 0 , is near
ly horizontal and oriented E-W. The local stress
situation is thus considerably influenced by
topoqraphically induced stresses and tecton ic
residua l stresses. As expected, there is no
apparent correlation between the present rock
stress situat ion in this area and the trends
of major fractures (Fig.1a). In contrast, in situ
stress measurements from the Fosdalen mine
at Maim, 40km to the east, shows 0 1 to be
oriented close to N-S. At present , no in situ
stress measurements have been reported from
the Outer Fosen area.

Recent earthquake activity in Norway has
been centred in the offshore Meley and Ale
sund regions. The Mere-Trendelaq area is
also a region of considerable seismic activity.
Important faults in Central Norway that are
seismically active today , at least along speci
fic segments , include the MTFZ, the Kristian
send-Bode Fault Complex and the Rana Fault
Complex (Bungum 1989, Bungum et al. 1991).
From Scandinavian earthquakes as a whole,
Bungum et al. (1991) have shown that the
inferred maximum stress or ientations approxi
mate to a NW-SE trend . These same authors
found that fault plane solutions from southeast
ern Norway are the ones that correspond clo
sest to the NW-SE ridge push direction. Along
the continental margin, however, cond i
tions are more comp lex and require cons idera
tion of other sources of stress in addition to
that caused by plate movements . One poss ib
le stress generat ing mechanism is that of litho
spher ic loadingfunloading due to sedimentat ion
andfor glaciation. In Tert iary times, the study
area was affected by numerous episodes of
uplift and sedimentation . Rundberg (1989) dis
tinguished between five major phases of up
lift prior to the Pleistocene in the northern
North Sea. The first , Palaeocene uplift was
probab ly of a flexural style, while the SUbsequ
ent phases of uplift to a large degree reactiva
ted the pre-existing basin margin faults. A
particularly strong uplift occurred in Pliocene
times, as indicated by the depos ition of more
than 1000 m of prograd ing Pliocene sedi-
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Fig. 14: Possible ridge-push initiation of the NW-SE tren
ding master joints and faults in the Outer Fosen area (see
text for discussion). Adapted from Olsen (1987).

ments in the Haltenbanken area (Rundberg
1989).

The postglacial uplift of Fennoscandia is
another source of stress accumulation which
has resulted in neotectonic activity in northern
Scandinavia (Lundquist & Laqerback 1976,
Oleser. 1988). At present, there is no evidence
of recent fault activity in the study area, such
as that documented from southwest Norway
(Anundsen 1989). Bungum et al. (1991) do,
however, maintain that the dominant source
of stress , also in the coasta l margin area, is
the ridge-push effect from plate movements.

Conclusions
The post -Caledonian deformation of rock units
occurring along the VFS represents a time
sequence where lower crustal ductile deforma 
tion was followed by several episodes of britt 
le fragmentation. The main stages of develop 
ment are as follows.
(1) On the basis of evidence from various kine
matic indicators we maintain that the Verran
Fault was subject to one or more episodes
of ductile sinistral shear in Late Silurian to
Middle Devonian times.
(2) This was followed by retrog ression of the
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mylonites and granodior itic rocks within and
close to the principal displacement zone.
(3) Several later episodes of britt le faulting
fo llowed. some of which were accompanied
by major pulses of hydrothermal fluids. We
conclude that major, britt le faulting events took
place in Late Devonian, Permo-Triassic and
post-Mid Jurass ic times. As indicated by apat i
te fission-track data , the major phase of hydro
thermal act ivity and zeolite mineralisat ion is
associated with the post-Mid Jurassic down
fau lting of the Beitstad fjord half-graben. Apat
ite fro m the Verran Fault cooled below the
block ing temperature of apat ite (125 ± 25°C)
approximately at the boundary between the
Jurassic and Cretaceous per iods (144 ± 22
Ma). Most brittle fault rocks along the MTFZ
in this region were form ed in the time interval
from Late Devonian to Jurassic.
(4) Although britt le fault rocks and other minor
stru ctures along the MTFZ do not directly fa
vour any major lateral displacements in Meso
zoic time, the genera l geometric conf iguration
points to significant dext ral strike-slip. Ongo ing
seismic reflection wo rk also indicates that the
major faults in the MTFZ are deep-seated str i
ke-slip structures. The mode l proposed by
B0e & Bjerkli (1989) in which a Late Jurassicl
Early Cretaceous phase of dip-slip normal
faulting was followed by a phase of dextral
strike-slip faulting is favoured.
(5) It is postulated that most of the NW-SE
trend ing faults and master joints on Outer
Fosen are related to Tert iary tecton ic events
and most likely caused by a stress field crea
ted by ridge-push generated from the Mid
Atlantic spread ing ridge.
(6) The latest stage of britt le fracturing on
Fosen is represented by a set of NW-SE to
NNW-SSE trending minor joints, in places
showing plumose and fringe structures. It is
uncertain how these small-sca le joints relate
to the patte rn of master joints and faults of
the same trend on Outer Fosen , but it is pos
sible that they were initiated in postglacial
times.
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