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Basement fracture and fault patterns on passive continental margins control the onshore landscape and offshore
distribution of sediment packages and fluid pathways. In this study, we decipher the spatial-temporal evolution
of brittle faults and fractures in the northern section of the passive margin of Western Norway by combining field
observations of fault mineralizations and K-Ar fault gouge dating with different paleostress approaches, resulting
in the following model: (1) High-T fault mineralizations indicate Silurian NW-SE compression followed by NW-
SE extension in the Early to Mid-Devonian. (2) Epidote, chlorite and quartz fault mineralizations indicate a
dominant strike-slip stress field in the Late Devonian to early Carboniferous. (3) E-W extensional stress fields
which could be related to Permo-Triassic or Late Jurassic rifting are not prominent in our data set. (4) K-Ar fault
gouge ages indicate two extensive faulting events under a WNW-ESE transtensional stress regime with related
precipitation of zeolite and calcite in the mid (123-115 Ma) and late (86-77 Ma) Cretaceous. Our results show
that the brittle architecture of the study area is dominated by reactivation of ductile precursors and newly formed
strike-slip faults, which is different from the dip-slip dominated brittle architecture of the southern section of the

West Norway margin.

1. Introduction

Fractures and faults are common geological features in the upper
crust. Onshore, fractures and faults represent zones of weakness with
generally high erodibility, controlling the location of important land-
scape features such as valleys and fjords. Offshore, similar structures
offset sedimentary packages, impacting the permeability and fluid and
gas pathways, which have implications for hydrocarbon exploration and
CO, storage projects. Understanding the formation and evolution of
fault and fracture patterns in space and time is therefore an important
task when we try to resolve the evolution of landscapes or to understand
the pathways of fluids and gasses.

Western Norway has long been an important site for the study of rift
processes and source to sink relationships along passive continental
margins. The region is one key area where basement fault and fracture
patterns both influence the onshore landscape and impact the distribu-
tion of sedimentary packages offshore (Redfield et al., 2005; Fossen
et al.,, 2017, 2021; Scheiber and Viola, 2018). Deciphering the spatial
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and temporal evolution of complex fault and fracture patterns in
metamorphic basement is challenging, and one needs to address the
issues that follows: (a) the role of ductile structural precursors (e.g.
Walsh et al., 2013; Skytta & Torvela, 2018), (b) the role of reactivation
of fault systems under changing stress fields (Redfield et al., 2005;
Scheiber and Viola, 2018) and (c) complexities in interpreting K-Ar fault
gouge data. The latter requires a good understanding of the thermal
evolution of the study area and the complexity of fault zone architecture
(Viola et al., 2016; Scheiber and Viola, 2018; Tartaglia et al., 2020).
In this study, we aim to unravel the spatial and temporal evolution of
fault and fracture patterns in a so-far little-studied key area of Western
Norway: the transitional area between the N-S trending North Sea
margin in the south and the NE-SW trending Mgre margin in the north
(Fig. 1). We combine remote sensing lineament analysis with ductile
foliation trace mapping to investigate the significance of ductile pre-
cursors for the subsequent brittle evolution. We then present an exten-
sive field data set from brittle faults and fractures, highlighting the
presence of both newly formed structures and structures reactivating
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older, ductile precursors. Observations of fault and fracture minerali-
zations help to constrain the relative timing of faulting activity, and
K-Ar fault gouge data provide absolute age constraints on faulting. By
applying different approaches of paleostress analysis to our dataset, we
then suggest a spatial-temporal model for the brittle evolution of our
study area. We show that the area is dominated by strike-slip kinematics
and that prominent phases of rifting offshore are less prominent in the
onshore realm.

2. Geological setting

The bedrock in the study area consists of the following elements
(Fig. 1): 1) Proterozoic gneisses of the Western Gneiss Region (WGR) (e.
g. Rohr et al., 2004, 2013; Corfu et al., 2014; Wiest et al., 2021), 2)
Proterozoic and Paleozoic ortho- and paragneisses of the Caledonian
nappes (e.g. Furnes et al. 1990; Corfu and Andersen 2002), and 3)
Devonian sedimentary rocks (e.g. Osmundsen and Andersen 2001). The
bedrock is highly influenced by the Caledonian orogeny with the sub-
duction of parts of the WGR to ultra-high pressure depths in the Devo-
nian (e.g. Hacker et al. 2003, 2010; Kylander-Clark et al. 2007),
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translation of the nappes during the collisional phase (e.g. Roberts and
Sturt 1980; Hacker and Gans 2005; Corfu et al. 2014), subsequent
extensional collapse (e.g. Fossen 1992, 2010; Krabbendam and Dewey,
1998) and the associated formation of the Devonian basins (e.g. Seranne
and Seguret 1987; Osmundsen et al. 1998; Braathen et al. 2004).

2.1. Ductile precursor structures

The WGR and the overlying Caledonian nappes experienced exten-
sive shearing, folding and doming during the collapse of the Caledonian
orogen, starting at about 410 Ma and leading to the formation of the
main ductile precursor structures in the study area (e.g. Fossen and
Dunlap, 1998; Wiest et al., 2021). Several Devonian shear zones sepa-
rate the orogenic root of the WGR from the overlying Caledonian nappes
and the Devonian basins. The large-scale, corrugated detachment system
of the Nordfjord-Sogn Detachment Zone (NSDZ; e.g. Labrousse et al.,
2004; Young, 2018) connects with the Bergen Arc Shear Zone (BASZ) (e.
g. Wennberg 1996) to the south (Fig. 1a). The Mgre-Trgndelag Fault
Complex (MTFC, Seranne, 1992), the Nordfjord Shear Zone (NSZ,
Hacker et al., 2010) and the Lom Shear Zone (LSZ, Wiest et al. 2021) all
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Fig. 1. (a) Simplified tectonic map of Western Norway showing offshore structures and onshore major shear zones (transparent green areas) and major faults (brown
solid lines). BD= Bergen Detachment; BASZ=Bergen Arcs Shear Zone; DF = Dalsfjord Fault; GSZ = Geiranger Shear Zone; HSZ=Hardangerfjord Shear Zone; LGF =
Laerdal-Gjende Fault; LSZ = Lom Shear Zone; MTFC = Mgre-Trgndelag Fault Complex; NSDZ=Nordfjord-Sogn Detachment Zone; NSZ=Nordfjord Shear Zone. The
black square indicates the study area. White offshore and coastal areas indicate basement highs. Map modified from Wiest et al. (2021). (b) Tectonic map of the study
area. Red square on inset of Norway indicates the location of the study area. Stars indicate the location of dated K-Ar fault gouge samples (orange stars = N-S striking
faults, yellow stars = NE-SW striking faults). Green dots indicate the location of sampled fault gouges that were not analysed in this study. Foliation traces modified
from Wiest et al. (2021). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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show mostly ductile sinistral kinematics and acted as strike-slip transfer
zones during transtensional collapse (Krabbendam and Dewey, 1998;
Osmundsen and Andersen, 2001; Wiest et al., 2021). These structures
are reflected in the regional foliation trends. Foliation trace mapping
based on published foliation measurements shows E-W to NE-SW--
striking foliations north of and along the Nordfjord, and E-W to
NW-SE-striking foliations south of the Nordfjord, with several domes
developed in the WGR (Figs. 2 and 3a; Wiest et al., 2021). The foliation
is dominantly flat to gently dipping, but steeper dips occur as well
(Supplementary 1).

2.2. Brittle faulting

From the Devonian onwards, the ductile structural pattern has been
overprinted by repeated episodes of brittle faulting (Gabrielsen et al.,
2002; Fossen et al., 2017, 2021; Ksienzyk et al., 2016; Scheiber and
Viola, 2018), including the brittle reactivation of major ductile shear
zones. North of the study area, the MTFC has shown repeated brittle
activity in the Late Devonian, Permo-Triassic, Mid- and Late Jurassic,
Cretaceous, and Cenozoic (Redfield et al., 2004, 2005; Osmundsen et al.,
2006). Similar repeated activity has been documented from other
regional faults: the Nordfjord-Sogn Detachment fault in the Permian and
Jurassic-Cretaceous (Braathen et al., 2004), the Dalsfjord fault (DF) in
Late Permian-Early Triassic, Jurassic, and Cretaceous times (Torsvik
et al., 1992; Eide et al., 1994; Fossen et al., 2021), and the Lardal-G-
jende fault (LGF) in Permian, Late Jurassic-Early Cretaceous and the
Paleocene (Andersen et al., 1999; Fossen et al., 2017; Tartaglia et al.,
2020). Detailed analyses of minor fault zones and fracture patterns,
mainly south of our study area, revealed early Carboniferous, Permian,
Triassic-Jurassic, Cretaceous and Paleogene episodes of brittle faulting
(Ksienzyk et al., 2014, 2016; Viola et al., 2016; Scheiber and Viola,
2018; Scheiber et al., 2019; Fossen et al., 2021).

2.3. Brittle evolution offshore

The onshore fault activity relates to two well-constrained phases of
rifting in the North Sea (Steel and Ryseth, 1990; Roberts et al., 1995;
Feerseth, 1996): 1) rift phase 1 during the Permian and Early Triassic
affecting a wide area and showing general E-W extension, and 2) the
more localized rift phase 2 during the Late Jurassic and Early Cretaceous
of which the extension direction is controversial. Several suggestions
have been made for the latter, including E-W extension (Bartholomew
et al., 1993; Reeve et al., 2015), NE-SW extension (Farseth, 1996;
Fearseth et al., 1997), or one or two phases of rotation throughout the rift
phase (Doré et al., 1997; Davies et al., 2001). Similar phases of rifting
have also been suggested for the Mgre Margin in the Norwegian Sea
(Talwani and Eldholm, 1972; Grunnaleite and Gabrielsen, 1995; Gomez
et al., 2004; Theissen-Krah et al., 2017): 1) a first rift phase is con-
strained to early Permian-Early Triassic with a ENE-WSW extension
direction, 2) a major NW-SE directed rift phase in Late Jurassic and
Early Cretaceous, suggested to have ended by mid-Cretaceous, and 3) a
last stretching event in Late Cretaceous and Palaeocene leading to the
final break-up between Greenland and Eurasia in the Eocene. In this
study, we aim at deciphering the structural evolution of the onshore
transition zone between the North Sea and the Norwegian Sea rift
systems.

3. Methods
3.1. Remote sensing

We conducted foliation trace analysis and lineament mapping in
ArcGIS to acquire an overview of the structural architecture of the re-
gion. We used foliation traces drawn by Wiest et al. (2021), which were
manually interpolated between field measurements of foliations stored
in the 1:50 000 and 1:250 000 bedrock map database of the Geological
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Survey of Norway (NGU). Manual extraction of lineaments is a quali-
tative method where the results depend on the operator, what map
sources are used, and the scale used for mapping (Scheiber et al., 2015).
Manual extraction of lineaments was conducted by the first author on
digital elevation models (DEMs) and on vertical derivatives of the
topography which is a map source not sensitive to illumination direction
and was made in Seequent Oasis Montaj (Supplementary 2). Ortho-
photos were used to study specific lineaments in more detail and, in
some cases, hillshaded DEMs were used for further analysis.

A conservative approach was applied where only distinct linear
topographic bedrock features that clearly represent the expression of
brittle bedrock structures were included in the lineament map (see
Supplementary 2). Lineament mapping was performed at three different
scales (1:300 000, 1:200 000 and 1:100 000) and is presented as a
synthesis map with lineaments from all scales (Fig. 2).

3.2. Structural field work

Our foliation trace and lineament analysis served as a base for
choosing areas for fieldwork. In the field, we systematically collected
fault and fracture data, including orientation, slip line orientation, fault
rock type, fracture surface mineralization, sense of slip, geometric
relation to the local foliation, and if present, signs of reactivation. For
the sense of slip, we attributed each fault-slip measurement with a value
based on confidence and preservation (C — certain, P — probable, S —
supposed, X — unknown). We also collected fault gouge samples for K-Ar
geochronology.

3.3. K-Ar fault gouge dating

The K-Ar fault gouge analyses including separation into grain size
fractions, XRD characterization and K-Ar dating were carried out at the
Geological Survey of Norway and a detailed method description is
provided in the supplementary material (Supplementary 3). The samples
were separated into five grain size fractions before dating: 6-10 pm, 2-6
pm, 0.4-2 pm, 0.1-0.4 pm and <0.1 pm. The mineralogical composition
of each fraction was determined by X-ray diffraction (XRD). The XRD
patterns were also inspected in terms of possible illite polytypes that
may represent different generations of illite (Grathoff and Moore, 1996).

To study the mineralogical and crystallographic properties of the
fault gouge samples, we used scanning electron microscopy (SEM) at the
Elmilab, University of Bergen. The gouge samples were first encapsu-
lated in epoxy and surfaces were polished. Backscatter electron imaging
(BSE) was done using a Zeiss Supra 55 VP. Element mapping and energy
dispersive X-ray analysis (EDX) was done by using a Thermo Fisher X-
ray detector and the Pathfinder software. Only the fractions of 2-6 pm
and 6-10 pm were studied under the SEM. The other fractions were too
fine grained and did not reveal any useful information.

3.4. Paleostress analysis

Observations of a brittle fault’s plane and slip line orientation
together with kinematic information can be used to deduce a local stress
tensor under which the fault has formed (Angelier, 1979; Lacombe,
2012; Simon, 2019). When performing paleostress analysis, the
measured kinematic data are inverted into a single reduced stress tensor.
The stress tensor provides information about the orientation of the
principal stress axes (67 > 62 > 03) and the stress ratio R. R indicates the
relative magnitude of the principal stresses and is defined as (o3 - 63)/(01
- 03) (Angelier, 1984).

To perform paleostress analysis, we used the program WinTensor by
Delvaux and Sperner (2003). The dataset was divided into local stations
based on location size and number of included fault and fracture mea-
surements. In Win Tensor, we did the following procedure: First, we
applied the Right Dihedron method, which finds the best fit stress tensor
for a given number of field measurements and which removes outliers.
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Fig. 2. Map with foliation traces (stippled brown lines, modified from Wiest et al. 2021) and manually extracted lineaments (blue lines). Lineaments represent a
compilation extracted from DEMs and the vertical derivatives of the topography at three different scales (1:300 000, 1:200 000 and 1:100 000). Based on overall
structural characteristics, the study area is divided into six subareas indicated by black boxes labelled A-F. Coloured circles indicate orientation of the observed
lineation along brittle faults (red = dip-slip; orange = oblique slip; blue = strike-slip), whereas black dots correspond to localities where no kinematic indicators were
observed. A total of 620 field localities are included. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 3. Strike orientation of structural data from subareas A-F (Fig. 2) shown as
number weighted rose plots (bin size 40). (a) Foliation measurements from the
structural database of NGU. (b) Lineament trends. (¢) Fractures and faults
measured in the field, also those not containing observed surface mineraliza-
tions. Background colours shows the main groups of strike orientation for each
plot (yellow = N-S; blue = NE-SW; pink = E-W; green = NW-SE). Subarea C
represents the Bremanger Granitoid Complex which lacks ductile foliation. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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The selected stress tensor was further analysed with the Rotational
Optimization method, where the stress tensor is iteratively adjusted to
the data set. During this step, fault planes containing slip lineations but
lacking information about sense of movement were also included. For
each subset, measurements exceeding an alpha misfit angle of 17° were
rejected as suggested by Simon (2019). Alpha is the angle between the
measured slip line and the theoretical slip direction according to the
resolved shear stress on the plane. To evaluate the resulting stress field,
we used the modified stress index regime R’ (Delvaux and Sperner,
2003). R’ is a numerical parameter ranging from 0 to 3: extensional
stress regime (o7 vertical) when R’ = R; strike-slip stress regime (o3
vertical) when R’ = 2 — R; and compressional stress regime (o3 vertical)
when R’ = 2 + R (Delvaux and Sperner, 2003). The following five cat-
egories of stress tensors are used (after Mattila and Viola (2014)): pure
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extension, R> = 0-0.75, transtension, R’ = 0.75-1.25, pure strike-slip,
R’ = 1.25-1.75, transpression, R’ = 1.75-2.25, and pure compression,
R’ = 2.25-3.

Following the first order paleostress analysis at the local stations, we
perform significance tests for the individual local stress tensors ac-
cording to Orife and Lisle (2006). We arrange the test results according
to amount of included fracture and fault measurements and the average
alpha value. Further, we categorize the individual measurements of each
station by fault surface mineralization and redo the paleostress analysis.
The resulting local stress tensors are again tested according to Orife and
Lisle (2006), a procedure suggested by Simon (2019).

4. Results

Based on the large-scale ductile architecture of the study area, we
divide the study area into six subareas (Fig. 2): subarea A encompasses
the area north of the NSDZ and NSZ; subarea B comprises the area along
Nordfjord including the NSZ and parts of the NSDZ; subarea C represents
the Bremanger Granitoid Complex dated to 440 + 5 Ma (Hansen et al.,
2002), which does not contain a ductile precursor foliation due to its
high structural position within the Caledonian nappe stack; subarea D
comprises the NSDZ south and east of the Hornelen Devonian basin;
subarea E encompasses the most inland parts of the study area domi-
nated by N-S trending valley systems; and subarea F includes the
southernmost part of the field area east of the NSDZ and north of the
Sognefjord.

4.1. Lineament mapping

Fig. 2 shows the lineaments identified within the different subareas.
Three main lineament orientation trends are visible (Fig. 3b): 1) N-S
(yellow in Fig. 3), 2) NE-SW (blue in Fig. 3) and 3) E-W (red in Fig. 3). In
subarea A, the NE-SW trend dominates, whereas in subareas B and D,
the E-W trend dominates, following mainly the trend of the ductile
foliation. In subareas C, E and F, the N-S trend dominates, clearly cut-
ting the trend of the main foliation (Fig. 3a and b).

4.2. Field observations

We collected structural data from brittle faults and fractures at 620
field localities, representing 1385 individual fault and fracture surfaces
with fault mineralizations and 452 slip lines on fault planes (Fig. 2,
Supplementary 4). In general, the three main orientation trends identi-
fied from lineament mapping are also present in the field measurements
within each subarea, except for the E-W trend in subarea B, which is
missing in the field data (Fig. 3b and c¢). The E-W lineament trend in
subarea B is therefore more likely an effect of the pervasive E-W ductile
foliation trend (Fig. 3a). In addition, the field measurements show that
N-S striking faults and fractures are more pronounced throughout the
study area than what the lineament mapping shows, except for subarea
D, where this trend is missing in the field data as well (Fig. 3b and c). The
NW-SE striking fractures and faults are minor in all subareas (green in
Fig. 3).

At each location, we studied the relationship between the orientation
of brittle faults and fractures and the local foliation. In subareas A, B and
F, the NE-SW fractures strike generally parallel to subparallel to the
local foliation, whereas in subareas D and E, the E-W brittle structures
strike parallel to subparallel to the foliation. In general, the dip of the
foliation is moderate to shallow, which is different from the steep dip of
the fractures and faults (Supplementary 1). The N-S striking faults and
fractures cut the local foliation throughout the study area.

The dip of the measured faults and fractures is generally steep (Fig. 4
and Supplementary 1). The slip line trends vary throughout the study
area, depending on the strike of the corresponding faults, with a
generally shallow plunge (Fig. 4). Slip line orientations show predomi-
nantly strike-slip kinematic indicators, with 248 strike-slip dominated
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Fig. 4. Stereoplots of all measured fracture and fault surfaces with mineral coatings and/or cataclasite/gouge from the study area. A-F correspond to subareas from
Fig. 2. The measurements are grouped according to their mineral coating and/or whether they are associated with cataclasite/gouge. Ep = epidote; Chl = chlorite; Qt
= quartz; Zeo = zeolite; Hem = hematite; Cal = calcite; Gou = gouge; Cata = cataclasite. Black and coloured (red = dip-slip dominated kinematic indicators (dip 90-
60°); orange = oblique-slip dominated kinematic indicators (dip 60-30°); blue = strike-slip dominated kinematic indicators (dip 30-0°)) measurements indicate
surfaces dominated by the main mineral within each category, whereas grey measurements represent surfaces where the mineral of the category is a minor con-
stituent; these grey surfaces appear as well within the plot of the dominating mineralization. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

faults, 125 oblique-slip faults and 79 dip-slip dominated faults observed
(Fig. 2).

Based on observed fault and fracture mineralizations, we assigned
our field measurements to seven different groups, sorted according to
inferred high-to low-temperature mineralizations (Figs. 4 and 5): 1)
Discrete fracture surfaces characterized by aligned muscovite/biotite
and/or stretched quartz, feldspar and hornblende (stretched host rock,
SHR) were mostly observed in subareas B, E and F (Figs. 4a and 5a). The
stretching of these minerals must have happened under relatively high-
temperature and thus semi-ductile conditions. These surfaces are, in
places, covered by epidote, chlorite and/or quartz mineralizations
(Fig. 5b). SHR surfaces have variable dip angles and they have been
found both cutting and being parallel to the foliation with variable strike

orientation (Fig. 4a). The observed kinematic indicators are mainly
dextral or sinistral strike-slip to oblique-slip. 2) Surfaces with epidote,
chlorite and/or quartz are the most common mineralizations in all
subareas (Figs. 4b and 5c). These surfaces do not show clear orientation
trends. Steeply dipping surfaces showing slip lines with shallow plunge
and strike-slip movements seem to be more abundant. Some of these
surfaces contain two generations of slip lines (Fig. 5d). 3) Surfaces with
zeolite mineralizations occur throughout the study area (Fig. 4c). The
zeolite mineralizations vary in colour from white to pink to orange and
occur as euhedral radial crystals or as striated fibres (Fig. 5e-g). Zeolite
often occurs on top of epidote and chlorite mineralizations and is the
apparent younger mineral (Fig. 5e). The zeolite surfaces are commonly
steeply dipping and generally strike N-S or NE-SW to E-W, and when
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Fig. 5. (a) Semi-ductile strained fault surface with stretched amphibole and muscovite mineralization (all coordinates of localities here and in the following UTM
32N: 364324/6828098). Arrow indicates sinistral shear. (b) Semi-ductile strained fault surface with stretched feldspar and quartz rods and with chlorite, epidote, and
quartz crystals on top (364340/6828103). Arrow indicates shear, direction unknown. (c) Epidote and chlorite mineralization with slickensides (347502/6869635).
Arrow indicates dextral shear. (d) Fault in serpentinite showing two generations of slickensides on epidote- and chlorite-coated surface (321049/6879673). Shear
sense of older slip line is unknown. Arrow indicates normal shear on younger slickenside. (e) Striated fracture surface with chlorite and minor epidote (384313/
6863612). Arrow indicates sinistral shear. Patches of white zeolite on top, also showing sinistral shear. (f) Pink-orange zeolite crystals on the fracture surface, no slip
line developed (368751/6836728). (g) Pale pink radial zeolite crystals on fracture surface (368751/6836728). (h) Striated hematite- and chlorite-coated surface
(280996/6807453). Arrow indicates dextral shear. (i) Fracture surface coated with zeolite (orange to pink) and calcite (white) (324866,/6921786). Zeolite is found
both below the calcite and in small patches above the calcite. (j) Fracture in the Kalvdg Melange on Bremangerlandet with white calcite (283257/6857875). (k)
Zoned cataclasite (385183/6863538). Dark green — chlorite; light green — epidote; white — quartz and patches of calcite; pink; altered host rock and zeolite. (1)
Fracture in peridotite coated with pale orange talc (316692/6871528). Arrow indicates normal shear. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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found alone, they rarely show any slip lines (Fig. 4c). 4) Surfaces with
hematite are more common in the northern field area and are commonly
found together with dark green chlorite (Figs. 4d and 5h). These surfaces
have similar orientations and sense of shear as the surfaces with epidote,
chlorite and/or quartz (grey, Fig. 4d). 5) Surfaces with calcite (Fig. 5i—j)
are most common in subarea B (Fig. 4e). The calcite appears as thin
mineral coatings or as bigger crystals, and both alone on surfaces or
together with any of the above-mentioned mineralizations. If occurring
together with other mineralizations, calcite is normally found on top and
seems to be the younger mineral (Fig. 5i). We rarely observed slip lines
on calcite, and no kinematic indicators were observed (Fig. 4e). 6) Faults
containing cataclasite and/or uncohesive fault rock such as breccia and
gouge occur throughout the study area, with most observations in sub-
area B (Figs. 4f, 5k and 6). These faults show variable orientations with
shallow to steep dips. Slip lines and kinematic indicators were rarely
observed on the fault surfaces in direct contact with the gouge. If
observed, it was commonly seen on other surface minerals and is plotted
in the corresponding mineral stereoplot in Fig. 4 and only shown in grey
for Fig. 4f. The observed cataclasites represent 5-80 cm thick zones of
crushed host rock containing minerals like chlorite, epidote, K-feldspar,
and zeolite (Fig. 5k). 7) A smaller group of faults contains other minerals
like talc, K-feldspar or pyrite (Figs. 4 and 51).

4.3. K-Ar gouge dating

In total, 56 gouges from 43 different faults were sampled (Fig. 1b).
We collected gouges from all the three main fracture orientation trends
observed (Figs. 3c and 4f). Six samples from the two most dominant
gouge-bearing fault sets were selected for K-Ar gouge dating (i.e., N-S
and NE-SW trending, representing the trend of the North Sea and Mgre
margins, respectively). For both the N-S and NE-SW trending fault sets,
we chose to analyse three samples representing the coastal, central and
inland region of the study area, respectively (Fig. 1b). Detailed results
from XRD analyses are shown in Supplementary 5.

4.3.1. N-S striking faults

4.3.1.1. VAH 116_1. Sample VAH_116_1 is from a W-dipping fault in
the unfoliated Bremanger granodiorite that is exposed within a quarry
(Figs. 1b and 6a). The main fault plane dips moderately towards the W
(263/39, dip azimuth/dip) and contains slip lines oriented 263-45
(plunge direction-plunge) associated with normal (W-down) dip-slip
kinematic indicators. Slickensides were observed on striated white
zeolite on the fault plane. The sharp fault scarp can be followed for about
150 m, and the width of the exposed fault core is ca. 1-1.5 m (Fig. 6a). At
the sample locality, the fault core consists of fault breccia with variable
clast sizes, layers of gouge as well as layers of coarse-grained orange
zeolite crystals. We sampled a ca. 3-6 cm thick gouge layer close to the
hanging wall (Fig. 6a). The three larger grain size fractions contain
smectite, quartz, K-feldspar, chlorite, illite/muscovite and plagioclase
(Fig. 7a). BSE imaging of the coarsest fraction shows smectite replacing
K-feldspar crystals (Fig. 7a). The two finest grain size fractions of the
sampled gouge consist of smectite with possible traces of illite/musco-
vite. Palygorskite may also be present as inferred from its characteristic
peak at 10.4 A (Supplementary 6). The K-Ar dates show a slightly
convex-upward age spectrum ranging from 155 + 2 Ma for the coarsest
fraction (6-10 pm) to 115 + 2 Ma for the finest fraction (<0.1 pm)
(Table 1, Fig. 8a).

4.3.1.2. VAH 53 3. Sample VAH _53_3 is from a fault zone located along
Rv651 north of Nordfjord (Figs. 1b and 6b). The host rock is a banded
gneiss with a foliation oriented 128/56. The fault itself measures 075/85
with slip lines oriented 159-15. The fault shows strike-slip movement
through slip lines on calcite but kinematic indicators were not observed.
The fault consists of one 10-40 cm wide fault strand containing gouge
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and clasts of host rock and calcite. All grain size fractions are poorly
crystalline as shown by broad diffractions peaks with low intensities.
The two coarser fractions of the sampled gouge contain mainly smectite
with subordinate K-feldspar, chlorite and minor quartz, whereas the
three finest grain size fractions are entirely dominated by smectite
(Table 1; Fig. 7b). The finest fraction is monomineralic. BSE imaging of
the coarsest fraction shows K-feldspar with smectite replacement tex-
tures (Fig. 7b). The K-Ar dates show an inclined age spectrum with dates
ranging from 124 + 2 Ma for the coarsest fraction (6-10 pm) to 86 + 2
Ma for the finest fraction (<0.1 pm) (Table 1, Fig. 8a). The three coarsest
fractions overlap within their uncertainties with a mean age of 123 £+ 2
Ma.

4.3.1.3. VAH 267 2. Sample VAH_267 2 is from a fault zone located
along E39 at the southern end of Votedalen (Figs. 1b and 6c). The
monzonitic host rock has a foliation oriented 125/30. The entire outcrop
is cross-cut by subvertical fractures coated with pink zeolite crystals and,
in some places, calcite minerals in the centre (Fig. 6¢, insert). There are
two zones of fault breccia, where one also contains gouge. The orien-
tation of the gouge-bearing zone is 261/65 with a slip line of 355-13.
The fault shows strike-slip movement on striated pink zeolite but kine-
matic indicators were not observed. The brecciated zone also contains
epidote. Only four grain-size fractions could be extracted from the gouge
sample (Table 1, Fig. 7c). The three coarser fractions of the sampled
gouge contain smectite, illite/muscovite, plagioclase, zeolite, pyroxene,
quartz, chlorite, and minor rutile, whereas the finest grain size fraction
is monomineralic and consists entirely of smectite (Table 1, Fig. 7c).
From XRD, the two coarsest fractions contain the 2M1 illite polytype
(Supplementary 6). The K-Ar dates show an inclined age spectrum
ranging from 240 + 3 Ma for the coarsest fraction (6-10 pm) to 158 + 4
Ma for the finest fraction (0.1-0.4 pm) (Table 1, Fig. 8a).

4.3.2. NE-SW striking faults

4.3.2.1. VAH_198. Sample VAH_198 is from a fault zone located along
road 653 close to Volda (Figs. 1b and 6d). The host rock is a dioritic
gneiss with a foliation oriented 071/47. The fault is located close to a
lens of amphibolitic gneiss. The fault zone is approximately 2 m wide
and consists of five fault branches, where two of these contain gouge and
are separated by fractured host rock (Fig. 6d). The sampled fault has an
orientation of 122/80 and a slip line of 204-25. The fault shows strike-
slip movement on striated K-feldspar, but no sense of shear was
observed. The coarser fractions of the sampled gouge contain biotite,
smectite, K-feldspar, chlorite, plagioclase, zeolite and traces of amphi-
bole, whereas the finest grain size fraction consists of biotite, chlorite
and smectite (Fig. 7d). Biotite was identified with XRD according to its 5
A/10 A peak proportion (Supplementary 6). The presence of biotite is
also supported by chemical data from ICP-OES analyses which show
high concentrations of both Fe and Mg in contrast to Al. The smectite
content decreases with decreasing grain size fraction, whereas biotite
content increases (Fig. 7d). BSE imaging from the coarsest fraction
shows fractured K-feldspar decomposing along its rims (Table 1,
Fig. 7d). The K-Ar dates show a slight convex-upward age spectrum
ranging from 194 + 2 Ma for the coarsest fraction (6-10 pm) to 180 =+ 2
Ma for the finest fraction (<0.1 pm) (Table 1, Fig. 8b).

4.3.2.2. VAH_ 58. Sample VAH 58 is from a fault zone located along
road Rv651 north of Nordfjord close to a major NE-SW trending linea-
ment crossing the valley (Figs. 1b and 2). The host rock is a banded
gneiss with a foliation of 134/61. The fault zone is about 1 m wide and
exhibits two slip planes containing incohesive fault rock and having
sharp boundaries to the host rock (Fig. 6e). The orientation of the
sampled fault is 122/55 with a slip line of 122-55. The fault shows dip-
slip movement on striated K-feldspar, but kinematic indicators were not
observed. The fault zone shows K-feldspar mineralization on the fault
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Fig. 6. Field photographs of dated (a—c) N-S striking faults and (d-f) NE-SW striking faults. The red circle marks the sample locality for K-Ar fault gouge dating.
Stereoplots show structural measurements for each fault (stippled black great circle = foliation at sample location; black great circle = fault plane; black dot = slip
line measured on host rock on the boundary to the sampled gouges; black arrow = observed kinematic indicators). (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. XRD data from the dated gouge samples (cf. Supplementary 5 and 6) and corresponding BSE photographs of the 6-10 pm fractions. Minerals are indicated in
red (Kfs = K-feldspar; Sm = smectite). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

surface. The coarser fractions of the sampled gouge contain epidote/
clinozoisite, chlorite, smectite, plagioclase, K-feldspar and quartz,
whereas the finest fraction consists mainly of smectite, with minor
chlorite (Fig. 6e). BSE imagining from the coarsest fraction shows
fractured and cracked K-feldspars (Fig. 6e). The K-Ar dates show an
inclined age spectrum ranging from 191 + 2 Ma for the coarsest fraction
(6-10 pm) to 77 + 1 Ma for the finest fraction (<0.1 pm) (Table 1,
Fig. 8b).

4.3.2.3. VAH 250_2. Sample VAH_250 2 is from a fault zone exposed
along the construction road to the top of the Loen skylift at the inner-
most Nordfjord (Fig. 1b). The host rock is a monzonitic augen gneiss
with a foliation oriented 033/46. A 5-6 m long fault scarp is exposed
along the road (Fig. 6f). The fault measures 336/60 and the slip line is
261-19. The fault shows strike-slip movement on a fault surface con-
taining striated chlorite, quartz and white to orange zeolite, but kine-
matic indicators were not observed. The fault plane bends off from an
about 2 m wide zone of cataclastic rock containing clasts of the host
rock, epidote, chlorite, zeolite, K-feldspar, and calcite in a matrix of
epidote, chlorite, zeolite, K-feldspar and quartz (Fig. 5k). The sampled
gouge layer is 10-15 cm thick and is partly covered with superficial
deposits (Fig. 6f). The coarser fractions of the sampled gouge contain
chlorite, K-feldspar, smectite, zeolite, epidote/clinozoisite, plagioclase
and quartz, whereas the finest grain size fraction consists of smectite,
chlorite, zeolite and K-feldspar (Fig. 7f). BSE imaging of the coarsest
fraction shows K-feldspar being replaced by smectite (Fig. 7f). The K-Ar
dates show an inclined age spectrum ranging from 241 + 3 Ma for the
coarsest fraction (6-10 pm) to 129 + 3 Ma for the finest fraction (<0.1
pm) (Table 1, Fig. 8b).
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5. Interpretation
5.1. Interpretation of K-Ar fault gouge age spectra

In recent studies, the “Age Attractor Model” (Torgersen et al. 2015a;
Viola et al. 2016) has been used to explain how an inclined age spectrum
(K-Ar age vs. grain size fraction) defines a mixing curve between two
end-members; the coarsest grain size fraction representing inherited
host rock or early grown K-bearing minerals, and the finest grain size
fraction representing K-bearing minerals formed under the last detect-
able faulting/fluid alteration event. The amount of authigenic K-bearing
mineral phases increases with decreasing grain size and the finest frac-
tion (here <0.1 pm) is generally interpreted to represent the last event of
faulting (Torgersen et al., 2015a; Viola et al., 2016; Tartaglia et al.,
2020). This model serves as a useful first-order interpretation, but
several additional complexities have to be addressed when interpreting
K-Ar age spectra as described in the following.

Firstly, all different K-bearing mineral phases which contribute to the
age have to be identified, with possibly several inherited and several
authigenic phases. Secondly, the effect of inherited K-bearing minerals
from the host rock has to be estimated (e.g. Zwingmann et al. 2010), and
thirdly, the possibility for fault reactivation and the generation of more
than one phase of authigenic K-bearing minerals has to be taken into
account (Torgersen et al., 2015a; Viola et al., 2016; Fossen et al., 2021).

5.1.1. K-bearing mineral phases

Our mineralogical dataset shows that the following K-bearing min-
erals can contribute to the K-Ar dates: K-feldspar (up to 20 wt% in some
fractions), biotite (up to 65 wt% in some fractions), illite/muscovite (up
to 22 wt% in some fractions), smectite (up to 100 wt% in some frac-
tions), and zeolite (up to 14 wt% in some fractions). Biotite, illite/
muscovite and K-feldspar have known average K-contents of 9 wt%, 6/
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Table 1
Results from K-Ar fault gouge geochronology.
Sample Sample locality Dip direction/  Grain size fraction ~ “°Ar* K Age data
(UTM 32) dip (pm)
Easting Northing Mass Mol/g c A0pr Mass wt % c Age +o
mg (%) % mg (%) (Ma) (Ma)
VAH_53_3 347717 6869820 075/85 <0.1 2.284 6.254E- 1.45 14.4 49.9 0.408 1.53 86.3 1.8
11
0.1-0.4 2.302 9.577E- 1.06 18.6 50.3 0.537 1.48 100.1 1.8
11
0.4-2 1.624 2.028E- 0.80 34.7 50.8 0.927 1.38 121.9 1.9
10
2-6 2.084 2.679E- 0.45 50.5 50.8 1.202 1.33 124.1 1.7
10
6-10 1.622 2.818E- 0.54 52.7 51.5 1.265 1.32 124.1 1.7
10
VAH_58 349682 6873671 122/55 <0.1 2.436 9.175E- 0.92 28.2 50.2 0.672 1.44 77.1 1.3
11
0.1-0.4 2.552 2.309E- 0.42 57.9 50.4 1.208 1.33 107.0 1.5
10
0.4-2 2.498 5.253E- 0.31 85.6 51.5 1.857 1.25 156.1 1.9
10
2-6 1.834 5.261E- 0.37 90.0 51.4 1.605 1.28 179.7 2.3
10
6-10 2.692 4.987E- 0.30 91.5 49.7 1.427 1.31 191.1 2.4
10
VAH_116_1 286379 6856537 277/53 <0.1 1.082 1.832E- 1.10 41.0 50.2 0.886 1.39 115.5 2.0
10
0.1-0.4 2.504 4.845E- 0.31 60.0 50.0 1.807 1.26 148.3 1.9
10
0.4-2 1.978 7.797E- 0.32 72.0 50.5 2.532 1.20 169.3 2.0
10
2-6 1.196 7.407E- 0.45 70.5 51.4 2.697 1.18 151.8 1.8
10
6-10 1.686 7.139E- 0.36 68.6 50.4 2.551 1.20 154.6 1.9
10
VAH_198 343457 6901544 122/80 <0.1 1.316 1.467E- 0.39 72.0 50.2 4.458 1.10 180.4 2.0
09
0.1-0.4 1.368 1.809E- 0.37 77.6 50.1 4.595 1.09 213.9 2.3
09
0.4-2 1.034 1.744E- 0.46 77.6 50.3 4.318 1.10 219.0 2.5
09
2-6 1.314 1.549E- 0.39 77.4 50.7 4.197 1.11 201.2 2.2
09
6-10 1.886 1.522E- 0.31 77.9 49.7 4.278 1.11 194.3 2.1
09
VAH_250_2 385184 6863534 322/67 <0.1 1.548 1.002E- 1.35 65.5 51.1 0.432 1.52 128.9 2.5
10
0.1-0.4 2.182 2.400E- 0.47 83.3 50.9 0.812 1.40 162.8 2.3
10
0.4-2 1.144 6.577E- 0.48 94.2 50.7 1.894 1.25 189.9 2.4
10
2-6 1.796 9.386E- 0.33 96.7 50.8 2.204 1.22 230.2 2.7
10
6-10 1.588 9.876E- 0.35 96.9 52.0 2.207 1.22 241.2 2.9
10
VAH_267 2 369092 6833464 261/65 <0.1
0.1-0.4 1.574 8.296E- 1.57 60.6 35.9 0.290 1.66 157.9 3.5
11
0.4-2 2.008 2.601E- 0.47 81.0 52.3 0.662 1.43 213.4 3.0
10
2-6 0.986 5.212E- 0.59 89.0 50.4 1.221 1.33 230.7 3.2
10
6-10 1.082 6.271E- 0.51 89.3 50.5 1.410 1.31 239.9 3.1
10

10 wt% and 14 wt%, respectively (Barthelmy, 2014). Smectite and
zeolite are generally considered not to contain K in their crystal struc-
ture (Howie et al., 1992). It is, however, common to find smectite
intercalated with illite due to smectite illitization (Altaner and Ylagan,
1997), which can be difficult to identify with XRD analysis at low con-
centrations (Bense et al., 2014; Viola et al., 2016; Scheiber et al., 2019).
For fractions consisting entirely of smectite, but giving a well-defined
K-Ar date, we therefore assume that the K-content in these fractions
can be assigned to illite interlayers in smectite.
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5.1.2. The effect of inheritance

The gneisses of the WGR commonly contain K-feldspar, and this
mineral is therefore an obvious candidate for inheritance in our samples.
Dunlap and Fossen (1998) and Walsh et al. (2013) showed that the
K-feldspar in the WGR cooled through ~400 °C at 400-330 Ma and
through ~200 °C at 330-230 Ma. If a fraction consists solely of inherited
K-feldspar, the K-Ar date should be the age at closure temperature
(200-400 °C, Reiners et al. (2017)). Alternatively, K-feldspar might be
an authigenic growth phase depending on fluid geochemistry and PT
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Fig. 8. K-Ar fault gouge data from (a) N-S striking faults and (b) NE-SW striking faults. Circles indicate fractions containing more than one K-bearing mineral phase
while triangles indicate monomineralic fractions. Filled shapes and grey bars show interpreted ages of faulting events and maximum ages of faulting (see text for
details). (c) Previously published K-Ar fault gouge ages from Western Norway containing both faulting events and maximum ages of faulting grouped by fault strike
orientation (bin width 10 and Kernel distribution (bandwidth 10), modified from Fossen et al., 2021).

conditions during faulting (Brockamp and Clauer, 2013; Torgersen
et al., 2015b). In this case, euhedral crystal growth might be expected.
From BSE images, we see that the K-feldspars (at least in the coarsest
fractions) in our samples do not show crystal faces, but are rather
replaced by smectite or fractured and decomposed along edges, indi-
cating that they might represent inherited grains. Finally, inherited
K-feldspar might have isotopically re-equilibrated during faulting
(Zwingmann et al., 2010), and might even show younger cooling ages
than the actual timing of faulting if the faulting temperature was higher
than the closure temperature of K-feldspar (Koehl et al., 2018).

Biotite is another candidate for inheritance and is abundant in
sample VAH_198. Biotite is abundant in the host rock of this fault gouge,
and it is therefore probable that at least some of the biotite is inherited.
Earlier K-Ar biotite dating from within the study area showed cooling of
biotite through 300 °C at about 340 Ma (Lux, 1985). K-Ar dating of
biotite is, however, complicated (Kelley, 2002) and the interpretation of
this age should be done with caution. If the biotite is inherited, we would
expect to see the 340 Ma cooling age reflected in the K-Ar gouge data
from the coarsest fraction. Authigenic formation of biotite in fault gouge
has not been documented in the literature so far, but cannot be excluded
depending on fluid chemistry and PT conditions during faulting.

Illite is commonly interpreted to represent an authigenic phase in
fault gouges if located in crystalline and high-grade metamorphic rocks.
Out of all the studied samples, VAH 267_2 appears to be the only one
whose two coarsest fractions comprise 2M1 illite (Supplementary 6).
Thus, we cannot rule out inheritance of host-rock muscovite. Muscovite
is usually assumed to have an Ar closure temperature of ~350 °C
(Harrison et al., 2009) and within the study area, muscovite Oar 3Ar
ages are about 380-400 Ma (Chauvet and Dallmeyer, 1992; Walsh et al.,
2013). If some inherited muscovite is present, we would expect to see
the dates of the coarsest fractions to converge towards the muscovite
cooling ages, potentially making the dates older than the actual faulting
age. However, depending on the PT conditions of faulting, inherited
muscovite might become isotopically reset during faulting (Zwingmann
et al., 2010).

Smectite, like illite, is generally assumed to represent an authigenic
phase in a gouge in magmatic or high-grade metamorphic host rocks,
since it is a low-T mineral formed under diagenetic or hydrothermal
processes (Reid-Soukup and Ulery, 2018).
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Zeolite is a common product of low temperature (<250 °C) inter-
action between fluids and crustal rocks (Weisenberger and Bucher,
2010), and is therefore generally interpreted to represent an authigenic
growth phase during low-temperature faulting. Zeolite has earlier been
documented in fault zones in Norway (Tartaglia et al., 2020). Zeolites do
commonly contain very little K, and we therefore assume the influence
of zeolite on the K-Ar gouge dates to be minor.

5.1.3. Fault reactivation

Reactivation of a fault can potentially lead to several generations of
authigenic illite/smectite growth, adding additional complexity to the
already complex mixing between inherited and authigenic phases.
Unravelling the contribution from inherited or partly re-equilibrated
phases versus potentially several generations of authigenic phases is in
many cases not unequivocally possible, and many K-Ar dates potentially
represent mixed dates not representing any faulting event. We therefore
in the following use a conservative approach, and state that some mixing
cannot be ruled out even for the finest fractions.

5.1.4. N-S striking faults

5.1.4.1. VAH 116_1. In this sample, smectite, K-feldspar and illite/
muscovite contribute to the K-Ar dates. The cracked and irregular K-
feldspars partly replaced by smectite are interpreted to represent
inherited grains from the host rock. The three coarser fractions that
contain K-feldspar have similar mineralogical compositions and yield
dates of 155 + 2 Ma (6-10 pm), 152 + 2 Ma (2-6 pm) and 169 + 2 Ma
(0.4-2 pm). These dates correspond mainly to K-feldspar and illite/
muscovite in the samples, since those have a much higher K-content
than smectite. Both K-feldspar and illite/muscovite might be either
inherited from the host rock, (partially) reset or authigenic. We choose
therefore not to attribute much significance to these dates. The two finer
fractions contain smectite and illite/muscovite with dates of 148 + 2 Ma
(0.1-0.4 pm) and 115 + 2 Ma (<0.1 pm). We interpret the date from the
0.1-0.4 pm fraction to result from mixed generations of authigenic illite
and smectite, and the <0.1 pum fraction to reflect authigenic smectite
with interlayered illite grown during faulting at 115 + 2 Ma (Fig. 8a).
Due to possible traces of illite/muscovite in this fraction, we consider
this a maximum age of faulting.
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5.1.4.2. VAH 53 3. In this sample, smectite and K-feldspar contribute
to the K-content. Dates for the three coarser fractions are similar and plot
around 123 + 2 Ma. Earlier studies (e.g. Torgersen et al. 2015a, 2015b;
Scheiber et al., 2019; Fossen et al., 2021) interpreted similar over-
lapping dates among fractions to represent an extensive faulting event.
The K-content from smectite is minor compared to K-feldspar, indicating
that the K-feldspar should have an important control on the resulting
dates. BSE imaging (Fig. 7b) shows that K-feldspar in the 6-10 pm
fraction gets replaced by smectite and does not show euhedral crystal
shapes as expected if authigenic. That all three grain size fractions
yielded identical ages within the age uncertainties, despite variable
K-content, suggests that the K-feldspar was isotopically reset at c. 123
Ma, which we tentatively interpret as an earlier period of activity along
this fault (Fig. 8a). Similar ages have been detected elsewhere in
Western Norway (Fig. 8c, Supplementary 8) and it is also similar to the
ca. 115 Ma faulting age from VAH_116 (see above). The two finer
fractions contain only smectite, where we interpret the 0.1-0.4 pm
fraction to be a mixed date rather than an individual faulting event and
the youngest age of 86 & 2 Ma (<0.1 pm) to represent an age of faulting
(Fig. 8a).

5.1.4.3. VAH 267 2. VAH_267_2 did not yield an <0.1 pm fraction. The
coarser fractions contain illite/muscovite, plagioclase and zeolite,
whereas smectite is the only K-bearing mineral in the 0.1-0.4 pm frac-
tion. The decreasing content of illite/muscovite with fraction size in-
dicates that this might be an inherited muscovite component, which is
further supported by the 2M1 illite in the coarsest fractions (Supple-
mentary 6). We assume the K-contribution from plagioclase to be minor.
The inherited muscovite, together with the inclined age spectrum in-
dicates that the dates of the three coarser fractions represent mixed ages.
We interpret the monomineralic finest fraction (0.1-0.4 pm) to represent
authigenic smectite/illite growth during a faulting event at 158 + 4 Ma
(Fig. 8a).

5.1.5. NE-SW striking faults

5.1.5.1. VAH 198. In this sample, K-feldspar, biotite, zeolite and
smectite are the K-bearing minerals contributing to the K-Ar dates. This
sample has an unusual composition since it contains biotite in all frac-
tions, with biotite content increasing towards smaller grain fractions.
Biotite Ar cooling ages in the area are typically 400-380 Ma (Lux, 1985),
which suggests that the biotite has to be at least partially reset or
authigenic. K-feldspar is assumed to be inherited, as indicated by its
fractured and craked appearance in BSE images of the 6-10 pm fraction
(Fig. 6g). Based on the concave-up age spectrum and unusual miner-
alogy with uncertain proportions of inheritend and reset or authigenic
biotite, the significance of any of the dates from this sample is uncertain
(Fig. 8b).

5.1.5.2. VAH 58. In this sample, K-feldspar, smectite and potentially
plagioclase are the only K-bearing minerals contributing to the K-Ar
dates (Fig. 7e). From BSE images we see that the K-feldspar of the
coarsest fraction is fractured, indicating an inherited origin. XRD anal-
ysis of VAH 58 shows that all fractions except the <0.1 pm fractions
contain K-feldspar, and we assume these fractions to show mixed dates.
The finest fraction (<0.1 pm), however, only contains smectite and we
interpret the date of this fraction to represent authigenic smectite/illite
growth during faulting at 77 + 1 Ma (Fig. 8b).

5.1.5.3. VAH 2502. In this sample, smectite, K-feldspar, potentially
plagioclase and zeolite contribute to the K-Ar dates, where the amount
of smectite increases and K-feldspar decreases with decreasing grain size
(Fig. 7f). Together with BSE images showing K-feldspar replaced by
smectite, this indicates that K-feldspar, at least partly, is inherited from
the host rock. This indicates that all fractions containing both K-feldspar
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and smectite represent mixed dates, and even the finest fraction, which
still contains ca. 6% K-feldspar, would be older than the main smectite
growth event. However, assuming an inherited K-feldspar age of >240
Ma, and a minor K-contribution from smectite, the age of the authigenic
smectite component would need to be unrealistically low to pull down
the age of the finest fraction to 129 Ma. Therefore, we suspect that some
of the K-feldspar in the finest fraction might be authigenic or reset, as
also interpreted for a gouge sample of the Leerdal fault by Tartaglia et al.
(2020). The presence of zeolite in the gouge indicates that temperatures
during faulting could have been up to 250 °C, a temperature where
K-feldspar can grow (e.g. Mark et al. 2008; Brockamp and Clauer 2013).
The date of the finest fraction of 129 + 3 Ma still needs to be regarded as
a maximum age of faulting (Fig. 8b). The age overlaps with the 123 Ma
age of sample VAH_53_3 (Fig. 8a) and with similar ages interpreted from
other faults in the study area (Fig. 8c, Fossen et al., 2021).

5.2. Paleostress analysis

In an attempt to model the stress field(s) which led to the observed
fault and fracture pattern in our study area, we performed paleostress
analysis using the software WinTensor by Delvaux and Sperner (2003).
To highlight different aspects of our data set, we applied two different
approaches to sort and treat the structural data during paleostress
analysis: 1) a station approach, and 2) a fault mineralization approach.

5.2.1. Station approach

The station approach is suited to show local variations and the po-
tential effect of inheritance of trends from ductile precursor structures.
We assigned our field measurements to 24 stations (Fig. 9). The mea-
surements assigned to each station are located within less than 100 m
distance from each other. The stations are colour-coded based on the
relationship between brittle fracture and fault measurements and the
main ductile foliation at that station (Fig. 9g): 1) if the measured frac-
tures are mainly parallel to the foliation, the station is blue, 2) if the
measured fractures mainly cut the foliation, the station is orange, and 3)
if fractures are both parallel to and cutting the foliation, the station is
red. In addition, grey stereoplot background indicates stations where
faults and fractures are dominated by mica mineralizations and strained
host rock (Fig. 9b-f). For each station, we conducted individual paleo-
stress analyses (Fig. 9a—f). The resulting paleostress analyses show filled
arrows (Fig. 9) for stress tensors derived from seven or more faults and
fracture measurements, and for stress tensors with an average misfit
angle (alpha) of 5° or less. Hollow arrows in Fig. 9 represent stress
tensors derived from 5 to 6 fracture and fault measurements and an
average misfit angle (alpha) higher than 5°, and are therefore considered
less reliable. Details on these analyses and the mineralizations on frac-
ture surfaces are found in the supplementary material (Supplementary
7).

A total of 24 local stress tensors with R’ classification were inferred,
whereof seven are extensional, seven are transtensional, five are trans-
pressional, four are strike-slip, and one is compressional (Fig. 9). Of the
six transpressional and compressional local stress tensors, all except one
(station 11) include fractures and faults parallel to the foliation, and five
local stress tensors are from stations with mica/stretched host rock
mineralizations indicating the formation of these local stress tensors
under relatively high temperatures. Subarea B is dominated by exten-
sion (Fig. 9b), subarea F is dominated by transpression (Fig. 9f), whereas
the other subareas are not dominated by a spesific stress tensor (Fig. 9a,
c-e). From the 22 local stress tensors where the extension direction (c3)
is (sub)horizontal (excluding station 17 and 18), 14 have o3 plotting in
the NW-SE sector and 7 have o3 plotting more or less E-W, whereas 3
have o3 plotting in the SW-NE sector.

5.2.2. Fault mineralization approach
The fault mineralization approach is suited to potentially unravel the
relative timing of different paleostress fields, by modelling the local
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Fig. 9. (a—f) Results from paleostress analysis based on dividing the study area into 24 stations (station approach). (g) Tectonic map with foliation traces. Points mark
the location of the station and colours indicate the relationship between foliation and fractures. Background arrows in stereoplots indicate the type of resolved stress
field based on R’ classification (hollow arrows indicate local stress tensors with 5 to 6 surfaces included; filled arrows represent local stress tensors with 7 or more
surfaces included, or local stress tensors with average misfit angle of 2-5° (supplementary 7)). (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

stress tensors based on fault and fracture mineralization (Fig. 10). In this
approach, it is assumed that higher temperature mineralizations such as
mica and semi-ductile strained fracture surfaces formed earlier than
lower-temperature mineralizations such as zeolite and calcite. This
relationship is confirmed by the observation of zeolite and calcite min-
eralizations having crystallized on top of higher temperature epidote,
chlorite and quartz mineralization. Slip lines are often not observed on
zeolite and calcite, but rather on epidote, chlorite or quartz. The general
absence of slip lines implies that zeolite and calcite mostly crystallized
on fractures formed during earlier faulting, and kinematic indicators
associated with these faults and fractures are derived from the earlier
mineralizations. Therefore, the resulting local stress tensors do not
indicate the stress field for the time of calcite formation, but rather
indicate what surfaces were reactivated during the time of mineraliza-
tion. Details on the resulting stress tensors can be found in the supple-
mentary material (Supplementary 7).

Similar to the station approach, we chose local stations with suffi-
cient measurements for each of the mineral groups to obtain a local
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stress tensor. Note that the measurements included within one station
are from a slightly larger area (<2 km, within the same rock types) than
for the station approach. Local stations containing high T mineraliza-
tions and semi-ductile features, such as SHR, fit into two main local
stress tensors: an extensional stress tensor with NW-SE to WNW-ESE
extension direction, and a compressional stress tensor with NW-SE
compression direction (Fig. 10a). The local stations containing epidote,
chlorite and quartz surfaces show three main trends: compressional
stress tensor with NW-SE compression direction, transpressional stress
tensor with NW-SE compression direction, and strike slip local stress
tensors with NW-SE to E-W o3 direction (Fig. 10b). The local stations
with zeolite measurements show strike-slip and extensional local stress
tensors with WNW-ESE o3 direction (Fig. 10c).

5.3. Combining paleostress and geochronology

To correlate our fault gouge ages with the modelled paleostress re-
gimes, we identified the local stress tensors to which the fault planes for
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each dated fault were assigned in the two different paleostress ap-
proaches (Figs. 9 and 10). Note that the sense of slip observed on a
fault’s plane might not be directly related to the event of faulting which
caused the authigenesis of the dated mineral phases. Only two of the
dated faults fit into a local stress tensor, namely VAH_250_2 (maximum
age of faulting 129 Ma) and VAH_116_1 (maximum age of faulting 115
Ma). In the station approach (Fig. 9), VAH_250_2 is represented in
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station 10, showing transtension with WNW-ESE o3 direction, whereas
VAH_116 is included in station 12, showing transtension with E-W o3
direction. For the fault mineralization approach (Fig. 10) both
VAH_250_2 and VAH_116_1 contain striated zeolite on the fault plane
surface. VAH_250_2 is included in a stress tensor showing strike-slip
with a WNW-ESE o3 direction (Fig. 10c), and VAH_116_1 in a local
stress tensor showing extension with WNW-ESE o3 direction (Fig. 10c).
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Comparing these two approaches, it appears that they nicely match and
complement each other. The local stress tensor implies that the local
stress regime had a WNW-ESE o3 direction in the Early Cretaceous
(129-115 Ma).

6. Reconstruction of the post-Caledonian brittle evolution

Our data set represents the first systematic investigation of brittle
fault mineralizations between Sognefjorden and the Mgre Margin
(Fig. 1), allowing us to establish relative timing based on formation
conditions of the different mineralizations. In the following, we first
discuss the relative timing of the lineament and fracture networks, fol-
lowed by the brittle evolution of the study area from pre-Devonian times
to the Cretaceous. Here, we integrate the results from our lineament
mapping, fault mineralization mapping, K-Ar dating and paleostress
analysis with information from the literature.

6.1. Nature and relative age of fracture networks

From lineament studies and field data of fractures and faults, we
detected two major trends in the fracture network striking N-S and
NE-SW, and two minor trends striking NW-SE and E-W (Fig. 3b and c).
The NE-SW-striking fractures and faults represent a dominating linea-
ment- and fracture set in the study area (Fig. 3b and c) and their strike is
in many places parallel or subparallel to the ductile foliation related to
the NDSZ, NSZ and MTFC (Figs. 2 and 3). In metamorphic terranes, it is
commonly known that brittle structures often develop by geometrically
following planar ductile discontinuities in the bedrock (e.g. Butler et al.
2008; Massironi et al. 2011; Williams et al. 2019). We do, however, also
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observe extensive NE-SW-striking fractures and faults in the Bremanger
granodioritic complex (Fig. 3, subarea C). Since the Bremanger grano-
diorite lacks any ductile deformation features, these faults must have
either formed as a continuation of the (inherited) structures outside the
granodiorite or they formed according to the given stress field affecting
the isotropic granodiorite body. Similarly to the NE-SW fractures and
faults discussed above, the E-W trending fractures and faults follow
ductile precursors in several subareas (Figs. 2 and 3).

The N-S trending fractures and faults in contrast seem to represent a
newly formed conjugate set, without any ductile precursor (Figs. 2 and
3). These N-S fractures and faults are dominant in most subareas
(Fig. 3b), and N-S striking lineaments are often related to large-scale
valleys, particularly in the inner Nordfjord area (Fig. 2, subarea E).
These N-S striking lineaments have earlier been shown to be the most
dominant lineament feature, both mainland and offshore Norway (e.g.
Gabrielsen et al. 2002). The origin of this important fracture and fault
trend has been debated. It has been speculated that these features follow
long-lived Proterozoic zones of weakness (Gabrielsen et al., 2018).
However, most of the N-S features cut the earlier ductile Caledonian
foliation, and do not seem to follow any older shear belts. Several of the
main N-S striking fault zones (e.g., Votedalen) formed within late Sve-
conorwegian intrusions (980-930 Ma; Wang et al., 2021) with only
weak ductile Caledonian overprint, supporting a post-Caledonian origin
for these N-S trending brittle features.

Our K-Ar fault gouge geochronology from the N-S trending faults
indicates faulting activity during the Jurassic to Cretaceous ca. 158,
123-115 and 86 Ma (Fig. 8a). Other K-Ar gouge ages from Western
Norway indicate that some of these N-S striking faults were also active
earlier, in Devonian, Carboniferous and Permian-Triassic times, but
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mostly during the Jurassic (Fig. 8c, Ksienzyk et al., 2016; Scheiber and
Viola, 2018; Fossen et al., 2021). These studies often relate the N-S
structural trend to rift structures formed during E-W extension (e.g.
Fossen et al., 2017; Gabrielsen et al., 2018). Offshore, similar observa-
tions have been made, where N-S striking extensional structures formed
during the rifting in the northern North Sea (e.g. Bartholomew et al.
1993; Doré et al. 1997; Reeve et al. 2015).

Interestingly, the majority of N-S striking faults and fractures in our
data set does not show dip-slip movement as inferred from onshore and
offshore interpretations but is rather dominated by strike-slip kinematics
(Fig. 2). If these N-S striking fractures and faults originally formed
during E-W extension as inferred during earlier studies, the faults must
have been reactivated at a later stage creating the strike-slip kinematics.
We interpret this as rather unlikely for the following reasons: very few
fractures and faults having this orientation show dip-slip kinematics, the
strike-slip kinematics are found throughout the region, and the faults
and fractures have mostly subvertical dips, which is atypical for dip-slip
faults. The N-S fractures and faults are therefore interpreted to have
mostly been formed well before the Jurassic rifting episode, possibly as
early as the Late Devonian-early Carboniferous (Fig. 11d). In the
following, we will attempt to reconstruct the post-Caledonian brittle
evolution based on previous work, the fault mineralization approach
and the dated K-Ar fault gouges.

6.2. Silurian to Early-Devonian (Caledonian) compression

The probably oldest mineralizations are represented by stretched
micas and/or semi-ductile strained host rock minerals, often together
with epidote/chlorite/quartz, indicating relatively high temperature
during formation. From the station approach, five out of six stations with
compressional or transpressional local stress tensors contain such sur-
faces (Fig. 9), indicating that at least some of these structures might have
formed during Caledonian compression/transpression (Fig. 11d).
Similar compressional local stress tensors are found in the fault miner-
alization approach (Fig. 10a and b). Compressional stress fields have
been recorded from the ca. 460 Ma Rolvsnes granodiorite on Bgmlo
further south (Scheiber et al., 2016). There, stretched mica revealed
40Ar_39Ar-dates of ca. 450 Ma formed under a NNW-SSE transpressional
stress field, whereas faults related to dykes intruding at 435 Ma formed
under WNW-ESE shortening. Caledonian compression was probably
ongoing in our region until a switch to syn- and post-collisional exten-
sion occurred at around 400 Ma (Fossen, 2010).

6.3. Middle to Late Devonian NW-SE extension in an overall
transtensional system

Apart from the compressional local stress tensors, high-T minerali-
zations also fit into ENE-WSW to NW-SE extensional/transtensional
local stress tensors (Figs. 9 and 10a). These features could be early post-
Caledonian structures formed in the Middle to Late Devonian, around
400-370 Ma, when rocks passed through the muscovite closure tem-
perature in the region, as interpreted by Walsh et al. (2013). NW-SE
extension and brittle faulting in Early to Middle Devonian has been
described from the Bergen area (Fossen and Dunlap, 1998; Larsen et al.,
2003) and further south (Scheiber and Viola, 2018). The NW-SE
extensional stress field is in accordance with early post-Caledonian
penetrative ductile extension which was generally oriented towards
the NW (mode I back-sliding, Fossen, 1992, 2010). The penetrative
ductile extension was followed by a more localized (mode II) extension
focused on large-scale shear zones, equally with top-NW shear sense in
the south (Hardangerfjord shear zone, Jotun Detachment, Fossen, 1992;
2010). However, in our study area, the ductile extension direction is
oriented towards the W along the NSD and top-to-the-WSW along the
sinistral MTFZ (Fossen, 1992, 2010; Seranne, 1992; Osmundsen and
Andersen, 2001), interpreted to be the result of a large-scale transten-
sional system in the Middle to Late Devonian (Krabbendam and Dewey,

17

Journal of Structural Geology 160 (2022) 104621

1998). In such a transtensional system, our derived NW-SE extensional
stress field could be explained as representing the orthogonal stretching
direction in a strain-partitioned system, with the strike-slip component
taken up along strands of the MTFZ (Krabbendam and Dewey, 1998).

6.4. Late Devonian to early Carboniferous strike-slip

Fractures and faults coated with epidote, chlorite, and quartz are the
most common in the region (Fig. 4). These minerals form under a wide
range of temperatures of ca. 400-100 °C (e.g. Bird and Spieler 2004;
Inoue et al. 2009). Given the relatively slow cooling of the entire region
(Dunlap and Fossen, 1998; Ksienzyk et al., 2014; Scheiber et al., 2016),
the area stayed at temperatures of ca. 400-100 °C from the Devonian
until at least the beginning of the Mesozoic, and fractures and faults
containing these mineralizations could therefore have formed and/or
could have been reactivated during a long time span. In Western Nor-
way, faults containing similar mineralizations have been interpreted to
have formed and been reactivated from the Late Devonian-early
Carboniferous to the Permian, with possible Mesozoic reactivation (e.
g. Braathen, 1999; Larsen et al., 2003; Walsh et al., 2013).

The most prominent local stress tensors obtained from the fault
mineralization approach represent strike-slip regimes (R’ = 1.43-1.75)
with a E-W to NW-SE o3 direction and a N-S to NE-SW o7 direction
(Fig. 10b). Based on paleocurrent and structural analysis of the Devo-
nian Kvamshesten basin, Osmundsen et al. (1998) proposed a model
where NW-SE extension and perpendicular NE-SW shortening was
overprinted by younger W-E extension and perpendicular N-S short-
ening from the Middle Devonian to the early Carboniferous, indicating
two independent stress fields through time, with the o3 direction
rotating anticlockwise from NW to W through time. Alternatively,
Osmundsen and Andersen (2001) proposed a model where the change in
orientation of the extension and shortening directions mainly depends
on the distance from the MTFZ, similar to the strain-partitioned trans-
tensional model proposed by Krabbendam and Dewey (1998). From the
fault mineralization approach (Fig. 10b), we see that the o3 orientation
turns into an E-W trend when approaching the MTFC, whereas the
stations towards Sognefjorden in the south show a tendency to a NW-SE
trending o3. The same trends are partially reflected in the station
approach (Fig. 9), which indicates a changing stressfield depending on
the distance from the MTFC in Late Devonian and early Carboniferous,
as proposed by Osmundsen and Andersen (2001) (Fig. 11d).

6.5. Permian E-W extension (rift phase 1)

A few E-W pure extensional local stress tensors are present in the
station approach. These local stress tensors are dominated by fractures
striking N-S and NE-SW showing normal dip-slip to oblique-slip kine-
matics. Similar approximately E-W to ENE-WSW extensional stress
fields are well known from SW Norway and along the Mgre margin, and
have earlier been interpreted to first initiate in the Permian and Early
Triassic during rift phase 1 (e.g. Torsvik et al., 1997; Fossen and Dunlap,
1998; Walsh et al., 2013; Fossen et al., 2017; Theissen-Krah et al., 2017;
Scheiber and Viola, 2018). The W-plunging Dalsfjord fault (Eide et al.,
1994) shows Permian ages from palaecomagnetic and *“’Ar-°Ar dating,
and K-Ar fault gouge ages from Western Norway show a peak of activity
in the early to mid Permian (Ksienzyk et al., 2016; Viola et al., 2016;
Scheiber et al., 2019; Fossen et al., 2021) (Figs. 8c and 12a). Interest-
ingly, this elsewhere important phase does not seem to be very promi-
nent in our data set. Only few measurements fit into such purely
extensional E-W stress fields in the station approach, none in the fault
mineralization approach (Figs. 9 and 10), and none of our K-Ar gouge
dates are present from this time span (Fig. 8).

6.6. Late Jurassic to Late Cretaceous WNW-ESE transtension

All our four monomineralic K-Ar fault gouge ages, the tentative
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faulting age of 123 Ma and the two maximum ages of faulting fall into
the Late Jurassic to Late Cretaceous (Figs. 8 and 11). Five of the six ages
post-date the well-known Middle Jurassic to Early Cretaceous rift phase
2 (Fig. 11a; Gabrielsen et al., 1999; Viola et al., 2016; Fossen et al.,
2017). Rift phase 2 probably represents crustal stretching, but the
orientation of the stress field during this phase is debated, from NW-SE
or E-W extension (e.g. Bartholomew et al., 1993; Faerseth, 1996; Feerseth
et al., 1997; Reeve et al., 2015), or rotation from E-W extension to
NW-SE extension to NE-SW extension (e.g. Doré et al., 1997; Davies
et al., 2001). Our oldest sample VAH_267_2 (158 Ma), associated with
zeolite mineralization, does not fit into any of the local stress tensors
from the fault mineralization approach (Fig. 10). However, the clear
strike-slip kinematics of the fault (subhorizontal slip lines) indicates that
this fault is not a typical dip-slip rift-related structure.

The five younger ages overlap with what seems to be two regional
faulting events when combined with K-Ar fault gouge ages documented
onshore by others at around 130-110 Ma (Ksienzyk et al., 2016; Viola
et al., 2016; Scheiber and Viola, 2018; Tartaglia et al., 2020; Fossen
et al., 2021) and 90-70 Ma (Scheiber et al., 2019; Tartaglia et al., 2020;
Fossen et al., 2021) (Fig. 11a). These Cretaceous faulting events have
been interpreted as a response to hyperextension along the
Mid-Norwegian margin, resulting in cooling and exhumation of the
onshore area (Fossen et al., 2017; Ksienzyk et al., 2016; Viola et al.,
20165 Scheiber and Viola, 2018; Tartaglia et al., 2020) and coincide with
two periods of suggested tectonic activity in the Norwegian Sea (Ferseth
and Trond, 2002; Theissen-Krah et al., 2017). Two of the dated gouges,
VAH_250_2 and VAH_116_1, show kinematics with a E-W to WNW-ESE
trending 63 and extensional to strike-slip stress tensors. The kinematics
and resulting stress tensor could be partly inherited from the previous
strike-slip stress tensor derived from epidote-chlorite-quartz minerali-
zations, but since some of the dated faults also contain striated zeolite
and calcite, we interpret the derived local stress tensor to represent the
prevailing stress condition during the Cretaceous (Fig. 11d).

The VAH_267_2 (158 Ma) and VAH_116_1 (115 Ma) faults contain
synkinematic zeolites, indicating that the widespread low-T zeolite
mineralizations could be primarily of Late Jurassic to Cretaceous age.
Similarly, the VAH_53_3 fault (123 and 86 Ma) contains striated calcite,
supporting the field observation that calcite mineralizations generally
are younger than the zeolite mineralizations, possibly being of mainly
Cretaceous age, in accordance with the interpretation of Watts (2001).

7. Summary and conclusions

Our interpretation of brittle fault mineralizations, K-Ar fault gouge
data and paleostress analyses reveal the following brittle evolution for
the area between Sognefjorden and the Mgre Margin (Fig. 12e):

(1) High-T fault surface minerals indicate NW-SE compression in the
Late Silurian to Early Devonian, followed by NW-SE extension
under semi-ductile conditions.

Epidote-, chlorite- and quartz-bearing fractures and faults are

interpreted to have initiated mainly in the Middle Devonian to

early Carboniferous, representing two distinct paleostress fields:

(1) NW-SE compression and, (2) strike-slip stress regimes with a

changing o3 direction from NW-SE in the southern part of the

region to E-W in the northern part of the region. The changing
stress tensor is interpreted to be due to increasing strain parti-
tioning closer to the MTFC.

(3) Only a limited number of epidote-, chlorite- and quartz-bearing
fractures and faults fit into purely E-W extensional local stress
regimes, and these could probably be related to rift phase 1 in the
Permian to Early Triassic in the North Sea, though this phase
seems not to be very prominent in our study area.

(4) All four K-Ar fault gouge ages and the two maximum ages of
faulting fall into the Late Jurassic to Cretaceous, with only one
age overlapping with the well-known Late Jurassic offshore rift

(2)
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phase 2. The other five ages constrain two younger extensive
faulting events under a WNW-ESE transtensional stress regime
with related fluid flow and precipitation of zeolite and calcite in
Middle (123-115 Ma) and Late (86-77 Ma) Cretaceous times.
These two faulting events can be related to periods of increased
tectonic activity in the Norwegian Sea.

Our results show that the brittle architecture of the northern section
of the passive margin of Western Norway is controlled by two dominant
brittle precursor directions (NE-SW and E-W striking shear zones) as
well as two newly formed, mainly strike-slip fault sets with conjugate
orientations to the brittle precursors (N-S and NW-SE striking). The
interpreted Late Devonian to early Carboniferous age of the N-S
trending lineaments is different from previous models where the
important N-S lineament population in Western Norway was inter-
preted to have mainly originated during Permo-Triassic or Jurassic E-W
rifting. The domination of strike-slip fault sets is different from the
mainly dip-slip controlled brittle architecture of the southern section of
the passive margin south of Sognefjorden, indicating a more prominent
transtensional/strike-slip regime from the Late Devonian onwards at the
transition to the Mgre margin. Our multi-method approach shows that
detailed fault mineralization mapping is crucial for unravelling both
kinematics and relative timing of brittle faulting, giving, combined with
paleostress analysis, a more complete picture of the brittle evolution of
the area than K-Ar fault gouge geochronology alone.
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