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Numerical modeling of Cenozoic stress patterns in the
mid-Norwegian margin and the northern North Sea

Christophe Pascal' and Roy H. Gabrielsen

Geological Institute, Umiversity of Bergen, Bergen, Norway

Abstract. Numerical modeling of Cenozoic stress patterns in
the northern North Sea and the mid-Norwegian margin is
presented, and the sense of potential slip along major fault
planes belonging to the two areas is restored. We assume that
the main regional source of stresses is the Atlantic ridge push
as demonstrated by previous studies. Furthermore, we also
assume a nearly consistent NW-SE strike for the far-field
stress from continental breakup between Greenland and
Norway (earliest Eocene) to present day. Firsl, we applied the
commercial two-dimensional distinct element method
(UDEC) to simulate Cenozoic stress and displacement
patterns in the study area. Variations in rheology and major
fault zones were introduced into the model. The Mgre-
Trgndelag Fault Complex and its inferred continuation into
the Shetland Platform forms the major mechanical
discontinuity in the model. Second, we used the SORTAN
method, developed at the University of Paris VI, to predict the
sense of potential slip along major fault planes. The input for
the SORTAN model was constrained by the geometry of the
selected fault planes and local principal stress directions
extracted from the UDEC modeling. Our results show that the
Mgre-Trgndelag Fault Complex and its inferred continuation
into the Shetland Platform act as a weak fault zone. This fault
zone divides the study area into two different stress provinces:
the continental margin and the northern North Sea. This result
agrees well with the observed differences in Cenozoic
structural evolution of the two areas. Compressive structures
are observed along the continental margin, whereas relative
tectonic quiescence characterizes the northern North Sea
during the Tertiary. The restored stress patterns in the
northern North Sea and the mid-Norwegian margin also agree
well with the observed present-day stress configuration. Our
analysis demonsirates a method to reconstruct the sense of
slip on major fault planes by combining two complementary
numerical tools (UDEC and SORTAN). As a result, it 1s
demonstrated that oblique-slip motions are mainly expected,
in particular, strike-slip and reverse dip-slip faulting are
simulated.

1. Introduction

Comparison of the Tertiary to present-day structural
evolution of the mid-Norwegian margin (i.e., Mgre and
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Vering Basins) with that of the northern North Sea reveals
that both areas have been dominated by subsidence [Ziegler,
1990; Jordt et al., 1995]. However, the mid-Norwegian
margin has been subject to mild shortening since continental
breakup took place in the Norwegian Sea in the earliest
Eocene. Thus Cenozoic compressive structures, such as
arches, synclines and anticlines, and inverted normal faults,
have been mapped in the mid-Norwegian margin [Blystad et
al., 1995; Doré and Lundin, 1996; Doré et al., 1997; Vignes
et al., 1998}, whereas no evidence of major Cenozoic
inversion exists in the Viking Graben and the Sogn Graben of
the northemn North Sea basin. The mid-Norwegian margin and
the northern North Sea are separated by the Mgre-Trgndelag
Fault Complex (Figure 1), a structure that is believed to
provide distinct stress fields in the areas to its north and the
areas to its south since Permian times [Gabrielsen et al.,
1999]. Similar Cenozoic inversion Structures are common on
the Faeroe Plateau [Boldreel and Andersen, 1998]. The timing
and the location of the contractional structures in these areas
favors ridge push as the main source of the compression
[Vignes et al., 1998], although the potential influence from
plate reorganization [Doré and Lundin, 1996; Doré et al.,
1997] and the alpine collision should not be overlooked.

In order to model strain and stress patterns inside the two
areas we used the two-dimensional UDEC software [Cundall,
1980]. Considering the size of the study area and hence the
amount of data involved, a 2-D “thin plate” model was
selected for the present modeling. Particular attention was
paid in modeling the larger Mgre-Trgndelag Fault Complex,
which was treated as the major zone of weakness in the study
area. This approach permits (1) checking the role of the zone
of weakness in separating the northern North Sea from the
mid-Norwegian margin and (2) restoring the stress patterns
affecting the two areas. Finally, numerical output from UDEC
(i.c., strike of principal axes of stress) was used as input in
analysis by the SORTAN method. This method allows
reconstruction of senses of potential slip along major fault
planes belonging to the study area.

2. Geological Setting

The study area is influenced by several structural boundary
zones, which are potentially of great importance for stress
transfer and stress perturbations, as it has been shown by the
numerical study from Golke et al. [1996]. Among them we
find the continent-ocean boundary, the transition from the
extended margin to the thick continental crust onshore
Norway, and some first-order fault complexes (Figure 1). All
these structures are clearly visible in potential field data
covering the study area (e.g., Figure 2).
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Figure 1. Simplified structural map of the mid-Norwegian margin and the northern North Sea.

The continent-ocean boundary is characterized by a
complex structure and a partly serrated geometry. The
complexity and 1ts profound nature are mirrored 1n contrasting
spreading configurations. Spreading north of the Jan Mayen
Fracture Zone is symmetric, whereas spreading south of the
Jan Mayen was influenced by a systematic westward drift of
the spreading axis [Eldholm et al, 1990]. Generally,
considerable structural and velocity field anisotropy exists
along the continent-ocean boundary [Midzi et al., 1999]. The
NNW trending Jan Mayen Fracture Zone [Sykes, 1965,
Talwani and Eldholm, 1972, 1977] has probably imposed
some control on the structuring of the mid-Norwegian margin.
The westernmost segment of this structure includes the
presently active transform, which separates the spreading
Mohns Ridge in the north from the Kolbeinsey Ridge in the
south. Lineaments parallel to the Jan Mayen Fracture Zone

are seen to crosscut the Mgre Trgndelag Fault Complex on-
shore [Gabrielsen and Ramberg, 1979; Aanstad et al., 1981].
The Mgre-Trgndelag Fault Complex is one of the most
prominent fault zones of Norway, onshore and offshore
[Oftedanl, 1972, 1975; Gabrielsen and Ramberg, 1979;
Gabrielsen et al., 1984, 1999; Price and Rattey, 1984; Doré
and Gage, 1987; Grgnlie and Roberts, 1989; Blystad et al.,
1995]. 1t strikes ENE-WSW, paralleling the coastline of south
central Norway, and separates the northern North Sea basin
system from the deep Cretaceous Mgre and Vgring Basins
(Figure 1). Deep reflection seismic data suggest that it is a
steeply dipping crustal-scale fault [Hurich, 1996]. It coincides
with a positive gravity anomaly that can be followed across
the northernmost North Sea to the East Shetland Platform
(Figure 2). The Mgre-Trgndelag Fault Complex was an
important feature during the Caledonian orogeny [Torsvik et
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Figure 2. Free-air gravimetry anomalies (240 km high-pass filter) in the Scottish and the mid-Norwegian
continental margins and in the northern North Sea. Note the well-pronounced positive anomaly (white arrows)
corresponding to the basement highs involved into the Mgre-Trgndelag Fault Complex and into its likely
continuation north of Scotland. Data from ERS 1 and Geosat are after Sandwell and Smith [1997].

al., 1989] and probably affected the outline of the late
Caledonian collapse as well [Séranne, 1992]. The fault
complex has been repeatedly reactivated from the late
Palaeozoic through the Mesozoic and Cenozoic [Grgnlie and
Roberts, 1989; Grgnlie et al., 1990; Gabrielsen et al., 19991,
and seismological observations suggest that the zone is still
active [Gabrielsen, 1989; Bungum et al., 1991].

The area to the north of the Mgre Trgndelag Fault
Complex comprises the Trgndelag Platform and the
Cretaceous Mgre and Vgring Basins. The platform is
separated from the basins by the Klakk Fault Complex,
striking N-S in the south, turning to NE-SW in the north. The
Fles Fault Complex is another prominent structure, which
runs parallel to the Klakk Fault Complex in the central part of
the Vgring Basin. The formal definitions and descriptions of
these structures are given by Blystad et al. [1995). These
important zones of weakness have been incorporated in the
model to estimate the total horizontal stress pattern and the
displacement field of the study area.

3. Numerical Tools
3.1. The 2-D Distinct Element Method (UDEC)

The main principles and the potential of the distinct
element method (DEM) is outlined in Appendix A, and a
complete mathematical description is provided by Cundall
[1980] and Last and Harper [1990]. UDEC [Cundall, 1971,
1980] is a 2-D version of the DEM. The purpose of the
numerical DEM is to calculate stress and strain inside
discontinuous media such as fractured rock masses. In the
DEM the medium is divided into several distinct blocks
(Figure 3). Using finite difference techniques, classical
continuum constitutive laws are applied for the interior of
each block, and relative displacements between blocks are
calculated. Blocks interact at their contacts, where
constitutive laws are defined. Hence external boundary
conditions are introduced for the complete set of blocks, and
internal boundary conditions are calculated at each block
boundary. Technically speaking, the DEM is based on an
explicit calculation procedure, which introduces better
numerical stability. Mechanical equations are time-integrated.

3.2. The SORTAN Method

SORTAN is an analytical procedure to calculate the sense
of slip induced by stresses along fault planes. The method and
software have been developed at University of Paris VI
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Figure 3. Basic elements of a DEM model. The medium to
be modeled is split into distincts blocks. Strain and stresses
are calculated at grid points inside each block (continuum

medium) by classical finite differences method. Blocks
interact through their contacts (discontinuities).

[Pascal, 1998; C. Pascal and J. Angelier, Sortan an analytical
method to determine fault slip as induced by stresses,
submitted to the Journal of Structural Geology, 2001]. For
simplicity, the method is presented in Appendix B using J.
Angelier’s formalism [Angelier, 1975, 1979].

The method is based on the following “Wallace-Bott”
assumptions [Wallace, 1951; Bott, 1959]: (1) slip on fault
surfaces occurs parallel to the applied shear stress, (2) faults
are planar, (3) blocks are rigid, (4) neither stress perturbations
nor block rotations along fault surfaces occur, and (5) the
applied stress state is stable for each tectonic event. Since the
sense of shear stress vectors depends only on the orientation
of the three principal stress axes and on the geometry of the

0.36 mm/y
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shape of the stress ellipsoid, stress tensor analysis can be
simplified by using a reduced stress tensor technique [Carey
and Brunier, 1974; Angelier, 1975, 1979].

The SORTAN method requires only four input numerical
parameters: two parameters to describe the applied stress state
(the azimuth 8 and the shape ratio ¢ (see Appendix B)) and
two parameters to describe the geometry of the studied fault
plane (the dip direction d and the dip angle p). However, the
type of stress regime (e.g., the spatial configuration of the
three principal stress axes) to be introduced in the model must
be known or assumed before the application.

4. Simulation of Cenozoic Stress Patterns Using
UDEC

4.1. Formulation of the Problem

The area considered in the present model (Figures 2 and 4)
is located between 5°W and 10°E longitude and between 58°
and 68°N latitude. Linear elastic behavior is assumed for the
modeled area. Four domains with distinct rheologies were
defined: (1) oceanic crust with high Young’s modulus (E=100
GPa), (2) sedimentary basins belonging to the continental
margin and to the northern North Sea, both areas being less
competent (E=30 GPa), (3) a very deformable (E=3 GPa)
zone of weakness associated to the Mgre-Trgndelag Fault
Complex and to its continuation into the West Shetland
Platform, and (4) the very competent basement (E=70 GPa) of
south Norway. The Young’s modulus values selected for each
domain were extracted from the literature [e.g., Carmichael,
1989]. The empirical choice of the Young’s modulus for the
zone of weakness will be discussed below [see also Homberg
et al., 1997]. We chose for the entire study area an average
Poisson’s ratio value equal to 0.25.

Only the major discontinuities of the studied area were
introduced into the model. These include the Jan Mayen Fault

! E=100 GPa, v=0.25 Faults: u=0
E=70GPa, v=0.25
E =30 GPa, v=0.25

E=3GPa,v=0.25

e /
OCEANIC 4 73
CRUST /
v BASEMENT
// & SHIELD
&3
/ '
&

Figure 4. Geometry and mechanical parameters used for the UDEC modeling. See key in Figure 1. E =
Young’s modulus, v = Poisson’s ratio, | = faults friction.
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Figure 5. Stress patterns simulated by UDEC.

Complex, the Fles Fault Complex, the Klakk Fault Complex
(and its continuation to the NE), the Mgre-Trgndelag Fault
Complex and its continuation into the West Shetland
Platform, the @ygarden Fault Complex, and the Sogn Graben
and Viking Graben border faults (Figures 1 and 4). These
major fault zones are mainly associated with borders of the
sedimentary basins. They were selected because of their
Tertiary tectonic importance (e.g., Jan Mayen Fault Complex,
Fles Fault Complex, and Mgre-Trgndelag Fault Complex)
[see Blystad et al., 1995] and because of their present-day
seismic activity [Gabrielsen, 1989; Bungum et al., 1991;
Byrkjeland et al., 2000].

The 2-D model (Figure 4) represents a present-day layer of
the brittle upper crust situated at depth between 3 and 4 km.
At this depth, all structures that are described in the modeling
are encountered. However, the simple 2-D model is not able
to simulate the stress magnitudes expected at such depths (i.e.,
in the range of 100 MPa). Stress magnitudes simulated by the
UDEC model range between 0.01 and 0.1 MPa. Thus we are
not able to predict stress magnitudes, and the only relevant
information to extract from the model results is principal
stress axes directions, which is input required for SORTAN.

In order to model eventual displacements and because the
modeled stress magnitudes are much too low to trigger
displacement along faults with realistic coefficients of friction
[e.g., Byerlee, 1978], the friction on faults was reduced to
zero. Again, no rigorous simulation of the amount of shear
displacements is accounted for by the present model.

However, we can explore the sensitivity of each fault to be
reactivated in the framework of the modeled stress field
orientations.

The most important boundary condition introduced to the
model was that the present Atlantic ridge push is assumed (o
have lasted from earliest Eocene (continental breakup) Lo
present day [Stephansson, 1988; Spann et al., 1991; Fejerskov
et al., 1995]. This assumption is supported by the occurrence
in different places along the margin of Eocene to present-day
compressive structures identified in seismic reflection lines
and whose age is calibrated by wells [Blystad et al., 1995;
Grunnaleite and Gabrielsen, 1995; Doré and Lundin, 1996;
Boldreel and Andersen, 1998; Langaker, 1998; Vignes et al.,
1998]. In addition, crosscutting relationships between
microfaults and dated magmatic rocks demonstrate that
compression started in the Faeroe Islands in earliest Eocene
[Geoffroy et al., 1994). This implies that we aim to simulate
the present-day configuration, assuming that this is also vahd
for the time span considered. Therefore displacement
velocities (0.36 mm of shortening per year, Figure 4) were
applied to the western and northern boundaries of the model.
The velocity has been calculated according to the estimated
total shortening of the mid-Norwegian margin during the
considered time span. Vdgnes et al. [1998] estimated by line
balancing 0.5 and 1% of shortening for the Ormen Lange
Dome and the Helland-Hansen Arch, respectively. They
extrapolated 2-3% of shortening for the whole mid-
Norwegian margin. These values are probably underestimated
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Figure 6. Displacement field simulated by UDEC. The boxed areas By and Bg correspond to the locations
where numerical output has been extracted from (see Figure 7). The lengths of the arrows are proportional to

displacement magnitudes.

because (1) contribution from small-scale structures was not
considered and (2) ~10% of the total amount of shortening
was probably accommodated by plastic deformation of rocks.
In the present study we adopted the value in excess of 5% of
shortening for the whole mid-Norwegian margin. As
suggested by the constant rate of growth of the Ormen Lange
Dome from earliest Eocene to present day [Vdgnes et al.,
1998], a constant SE trend of the “ridge push” was assumed.
The southern and the eastern boundaries of the model were
kept fixed. In order to avoid edge effects (stress rotations)
these boundaries (Figure 4) were removed from the study
area.

4.2. Results of UDEC modeling

4.2.1. Simulated stress patterns. Figure 5 shows the
simulated stress pattern. Stress rotations up to 45° occur at
boundaries between domains with different rheologies as, for
example, at the boundaries between the oceanic crust and the
sedimentary basins or between the sedimentary basins and the
competent crust of the onshore Scandinavian Shield. Stress
rotations become more pronounced where the boundary
considered is orientated obliquely to the applied far-field
stress, such as the north-south boundary between south
Norwegian mainland and the North Sea.

More drastic stress deflections are visible inside (where oy
becomes perpendicular to the fault line) and nearby the weak
zone associated with the Mgre-Trgndelag Fault Complex and
its continuation. As would be expected, large stress rotations
also occur near the tips of the fault zone (where 65 becomes
parallel or perpendicular to the fault line, Figure 5). We note
counterclockwise stress rotations north to the eastern tip of
the zone of weakness and clockwise stress rotations to its
south. This classical stress pattern for strike-slip faults [see
Anderson, 1951, Figure 35, p. 163] suggests dextral
reactivation of this branch of the fault zone. The possible
dextral rejuvenation (i.e., strong stress deflections at the
eastern tip of the fault) of the Mgre-Trgndelag Fault Complex
is the only significant reactivation that is suggested by the
present UDEC model. Note that reverse faulting is also
observed in places along the Mgre-Trgndelag Fault Complex
[Blystad et al., 1995] but cannot be accounted by our 2-D
model.

Maximum principal stresses become perpendicular to the
strike of the fault line inside the fault zone (Figure 5). Such a
phenomenon is well established for other major transcurrent
fault zones (e.g., the San Adreas Fault) [Zoback et al., 1987].
This effect arises in our model from the contrasting theologies
between the fault zone (E=3 GPa) and the surrounding areas
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Figure 7. Influence of the Young’s modulus of the fault zone
E,, on displacement magnitudes north and south of the Mgre-
Trgndelag Fault Complex. The displacements are extrapolated
to the considered time span (55Myr). (a) Averaged
displacements north and south of the zone of weakness versus
E,,. (b) Differences between displacements calculated north of
the zone of weakness and displacements calculated south of
the zone of weakness versus E,.

(30 and 70 GPa). Stress magnitudes are decreased inside the
fault zone, as expected owing to the lower “strength” of this
zone.

For the northern North Sea the simulated stress pattern
(Figure 5) is nearly isotropic in the horizontal plane, with the
magnitude of the maximum horizontal principal stress being
close to that of the minimum horizontal principal stress. Stll,
a significant counterclockwise rotation of the stress field 1s
observed as compared to the strike of the applied boundary
stresses.

4.2.2 Simulated displacement vectors. The displacement
vectors in the model are presented as arrows (Figure 6). No
major changes in displacement vectors occur inside the area
that is dominated by oceanic crust (Figures 4 and 6). Thus the
relatively strong oceanic crust (i.e., E=100 MPa) allows
conservation of the applied boundary strain throughout the
oceanic domain, and boundary strain is almost totally
transferred to the margin. If we consider the entire area
covered by the model, an important decrease of displacement
magnitudes from NW to SE is noted. This effect is expected
as a consequence of the selected boundary conditions (e.g.,
northern and western boundaries submitted to loading but
southern and eastern boundaries kept fixed, Figure 4).

However, it is obvious that calculated displacements
suddenly drop across the zone of weakness (Figure 6). This is

related to the contrasting rheologies between the fault zone
itself and the surrounding areas and happens because part of
the strain is focused inside the fault zone, where rocks are less
competent. Assuming that the mechanical parameters
introduced for areas outside the fault zone are correct, we can
therefore concede that the “shield effect” depends only on the
rheology of the fault zone. Unfortunately, the rheology of the
fault zone is the most unconstrained input parameter in our
model, and this parameter needs to be further investigated.

For quantification, displacements north and south of the
zone of weakness were compared for different values of the
Young's modulus of the fault zone (E,,). In order to avoid the
effects of the systematic decrease in displacement magnitudes
from NW to SE, as induced by the chosen boundary
conditions, displacement values were sampled in small areas
located close to the northern and the southern boundaries of
the fault zone (boxed areas By and B in Figure 0).

Averaged displacement values were calculated as a
function of E,, for the southern and the northern areas, using
the corresponding displacement values (displacement per
year), and the averaged displacements from both areas were

Table 1. Fault Geometries (Dip and Dip Direction) and Local
Principal Stresses Directions (o, Strikes) Introduced as Input
for the SORTAN Modeling"

Fault Dip Dip, Source Azimuth
Direction, deg o1, deg
deg
1 N285 41 Blystad et al. [1995] NI35
2 N275 71 Blystad et al. [1995] N120
3 N271 1 Blystad et al. [1995] N120
4 N251 41 Blystad et al. [1995] N102
5 N137 56 Blystad ez al. [1995] N160
6 N270 52 Faeserth [1996] N135
7 N289 58 Kjennerud [1997] NI10
8 N237 51 Christiansson et al. [2000] N110
9 N279 42 Christiansson et al. [2000] NI110
10 N274 76  Christiansson et al. [2000] N110
1 N262 53 ter Voorde [1996] N120
12 N292 54  Chrisnansson et al. [2000] N120
13 N123 57  Christiansson et al. [2000] N126
14 N098 61 Huser [1994] N1i26
15 NI117 46  Christiansson et al. [2000] NI120
16 N283 68  Christiansson et al. [2000]  N120
17 N129 30 Kjennerud [1997] N120
18 NO73 38 Faeserth [1996] N120
19 N109 20 Faeserth et al. [1995] N120
20 N160 46 Blystad et al. [1995] N160
21 N284 59 Blystad et al. [1995] N115
22 N123 45 Blystad et al. [1995] N119
23 Nl6l 33 Blystad et al. [1995] N130
24 N142 65 Blystad et al. [1995] N135

*Fault geometries come from various sources; local principal

stresses directions are simulated by UDEC (Figure 5).
“Local” refers to locations at or nearby the studied fault
planes.
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extrapolated to the time span from continental breakup to
present day (i.e., 55 Myr). Finally, the averaged
displacements, normalized to 55 Myr for both areas (versus
E,,), and the difference between the averaged displacements
in the northern area and in the southern area (versus E,, and
normalised to 55 Myr) were plotted (Figures 7a and 7b).
Those plots show that the averaged displacements south to the
zone of weakness increase with E;, (Figure 7a). This implies
that for a more rigid fault zone, more strain is transmitted
across it. On the other hand, we note that the averaged
displacements calculated north of the zone of weakness
decrease with E,, (Figure 7a), meaning that the more rigid the
fault zone is, the less strain is concentrated in the continental
margin north of the zone of weakness. Also, if E,. is equal to
30 GPa, which is the Young's modulus value of the
surrounding sedimentary basins (Figure 4), the displacements
calculated on both sides of the fault zone are almost equal. In
giving similar rheological parameters to the fault zone and the
surrounding areas, no "shield effect” is detected in connection
with the fault zone. The small difference, which is still
observed for E;=30 GPa (Figure 7a), arises from the onshore
area of our model, where mechanical contrast still exists
between the fault zone (E;=30 GPa) and the surrounding
rocks (E=70 GPa). Finally, the difference in averaged
magnitudes of displacements decreases exponentially as a
function of E,, (Figure 7b). The differences increase very fast
for E;, < 9 GPa and become significant (e.g., < 1 km) for E,, >
12 GPa. Clockwise rotation of displacement vectors between
the area north of the fault zone and the area to the south
(Figure 6) is a function of the shield effect of the fault zone
and the applied boundary conditions.

Pairs of divergent arrows can be observed at several points
along the fault line itself (Figure 6). The divergent vectors are
associated with two grid points split apart by the discontinuity
(see Appendix A) and where corresponding displacements are
calculated accordingly. The pairs of divergent displacement
vectors calculated along the fault trace suggest that relative
motions occur at blocks contacts, which are separated by the
discontinuity. Significant relative motions (i.e., dextral strike
slip) are suggested for the ENE-WSW Mgre-Trgndelag Fault
Complex in its present state of stress, which is consistent with
the applied boundary conditions given in Figure 4. The most
important dextral strike-slip displacements affect the central
part of the zone of weakness in the area north of the Sogn
Graben (Figure 6).

4.3. Simulation of Slip Lineations Along Major Fault
Planes Using SORTAN

As the final modeling step, we simulated the sense of slip
along preexisting major fault planes belonging to the mid-
Norwegian margin and the northern North Sea. As described
above, the input parameters are the local stress state (i.e.,
orientation and shape ratio) and the geometry of the fault
plane (see Appendix B). The two geometrical parameters
related to each fault plane (e.g., dip and dip direction, Table
1) were taken from previously published seismic lines and
structural maps [Huser, 1994; Faerseth et al., 1995; ter
Voorde, 1996; Faerseth, 1996; Christiansson et al., 2000]. In
cases where depth-converted versions were not available,
depth conversion was done by us using available velocity data

(e.g., ocean bottom seismometer lines). Stress orientations
calculated by UDEC were taken as input for the SORTAN
model. In particular, we collected the stress orientations
calculated by UDEC in the neighborhood of each fault to
determine average Oy and oy strike values. The coherency
between calculated stress orientations at each grid point was
carefully checked for each collected set. As described above,
our 2-D UDEC model is only able to simulate stresses in the
horizontal plane. During horizontal shortening, oy = o,
whereas 6, can be either G; (strike-slip regime) or o, (reverse
regime). Two different SORTAN simulations were
performed.

Assuming that the regional stress regime is strike-slip in
type, where oy = o, striking NW-SE and o, = o, (Figure 8,
solid curves on stereonets) the following results were
obtained. (1) Most of the simulated motions along fault planes
are likely to be oblique shp. (2) Although the tectonic stress is
compressive, oblique normal faulting can occur (e.g., fault 8).
Thus effect depends both on the orientation of the fault plane
as related to the applied stress and on the value of the ratio ®.
High values of ® (e.g., P close or equal to 1, which means o,
close or equal to &;) favor normal faulting along planes whose
strike is close to G, strike. (3) The shape ratio ® is a very
important parameter in defining the sense of slip on faults
when those are oblique to the applied stress axes [see also
Wallace, 1951, Figure 3]. Permutations of shifts from nearly
dip-slip to strike-slip faulting can be expected as a function of
the shape ratio (see, for example, faults 7, 9, 12, 13, 15 and 17
in Figure 8).

Application of reverse stress regime, where oy = 0,
striking NW-SE and ¢, = 0, (Figure 8, shaded curves on
stereonets), gives the following results. (1) Reverse dip-slip
motions are favorably simulated (see, for example, faults 7, 9,
12, 13, 15, 17, 19, 20, 21, 22, and 24 in Figure 8). (2) In the
present case the predicted sense of motion along one given
fault is generally less sensitive to the ratio & than in the
strike-slip case (compare, for example, predicted motions
along faults 7, 9, 12, 13, 15, 17, 19, 21, 22, 23, and 24 for
strike-slip and for reverse regimes). (3) The simulated
motions along the complete set of faults are more consistent
in the reverse regime case than in the strike-slip regime one.
In particular and despite the obliquity between some fault
planes and the main principal stress axis applied (see fault 8
in Figure 8 and Table 1), no normal faulting was simulated for
the reverse regime case.

5. Discussion

Stress patterns predicted by UDEC for the mid-Norwegian
margin and the northern North Sea (Figure 5) fit with those
determined from borehole breakouts, focal mechanisms, and
in situ measurements [e.g., Spann et al., 1991; Fejerskov et
al., 1995]. The UDEC model duplicates the observed counter-
clockwise rotation of the stress field from the mid-Norwegian
margin, where 6, is generally striking NW-SE to o, striking
WNW-ESE as observed in the northern North Sea. In
addition, the simulated nearly isotropic stress field in the
northern North Sea can explain the complexity and the
discrepancies in orientation of the actual stress field
[Lindholm et al., 1995]. In the modeled case we expect the
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Shear stress vectors KEY
as a function of @

(strike-slip regime)

Potential senses
f slip

Shear stress
vectors —.-

as a function of ®

—
L/ \l (reverse regime) M
12 / Q L.ower Erojection
~>"11

N Fault plane (Schmidt)

Figure 8. Results of the calibrated modeling UDEC plus SORTAN. Local principal stresses directions are
simulated by UDEC (Figure 5 and Table 1). Fault geometries are from various sources (see Table 1). Potential
slip directions are given in function of the shape ratio ® for strike-slip regime (solid curves) and for reverse
regime (shaded curves). Intersections between solid and shaded curves correspond to the transitional case
between strike-slip and reverse regime (i.e., correspond to ©=0).
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stress field to be very sensitive to local effects (caused by
structure, changes in pore pressure, etc). Therefore stress
rotations and stress axes permutations would be common.

Our 2-D model cannot account for vertical motions, and it
has not been possible to incorporate the effects of the
Cenozoic uplift of Scandinavia [e.g., Doré, 1992; Rohrmann
et al., 1995, 1996; Rohrmann and van der Beek, 1996;
Gudmundsson, 1999]. Neither is it possible to take into
account topographic effects, which might be locally important
close to the elevated Scandinavian shield.

Still, our model is in good agreement with the present-day
stress field [Fejerskov et al., 1995], which reveals that NNW-
SSE reorientation of the major principal stress axis occurs
inside the zone of weakness associated with the Mgre-
Trgndelag Fault Complex. Despite the limited amount of
offshore data along the fault zone itself one can observe a
good consistency in stress axes orientation.

The present models suggest that contrasting stress patterns
between north and south of the Mgre-Trgndelag Fault
Complex exist. Similar effects are observed for other crustal-
scale dislocations like the San Adreas Fault [Zoback et al.,
1987; Zoback, 1991] and West Spitsbergen [Maher and
Craddock, 1988]. We emphasize the influence on stress
trajectories of less competent rocks located inside the fault
zone (e.g., the weak zone). Although our choice of
introducing an elastic rheology to simulate the behavior of the
weak zone seems too simplistic (plasticity laws rather than
Hooke’s law would be more accurate to restore natural
deformation in such a context), two points merit discussion.

First, the Young’s modulus of the weak zone associated
with the zone of weakness was set to 3 GPa in the present
simulation (Figure 4). Walsh [1965] demonstrated analytically
that rocks affected by elliptic cracks are characterized by
lower Young's modulus values compared to the
corresponding intact rocks. Laboratory experiments applying
shock-damaged rocks [Hogliang and Ahrens, 1994] showed
that these rocks display Young's modulus values of 1-2 orders
of magnitude less than those measured applying intact rocks,
in agreement with the analytical result of Walsh [1965].
Although it is questionable to which degree the properties of
natural fractures, which are potentially affected by healing
and sealing, can be compared to sumple elliptic cracks, it is
interesting to note that we need to drop the Young's modulus
value of the fault zone in our model ~1 order of magnitude to
obtain significant effects (Figure 7). Thus our quantitative
analysis agrees with the experimental results from Hogliang
and Ahrens {1994]. On the other hand, what is considered to
be a weak zone in our model is, in fact, a complex zone of
deformation, where small-scale fault blocks and basement
fault blocks are included in the zone. Because high fracture
frequencies are restricted to volumes close to the major faults,
additional mechamsms (e.g., shallowing of the brittle-ductile
transition inside the fault zone [Stewart et al., 2000]) to those
proposed by Walsh [1965] must contribute to the fault zone
weakening.

Second, the present 2-D model is only valid for the brittle
domain of the upper crustal levels. If our assumption on the
shield effect of the zone of weakness is correct, it should be
expected that the fault zone affects the whole lithosphere and
that mechanical weakening of the fault zone also occurs in the
lower crust and possibly in the upper mantle. On the basis of
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deep seismic lines, Hurich and Kristoffersen [1988] and
Hurich [1996] suggested a lithospheric nature for the Mgre-
Trendelag Fault Complex. The long-lasting activity of the
fault complex strongly suggests that it is a major zone of
weakness with probably deep roots. Moreover, additional
geophysical data (gravimetry (see Figure 2) and magnetic data
[Doré et al., 1997]) also suggest deep roots.

Another matter of discussion 1s the origin and the
consistency in time of the stresses applied to the studied
domain. For our modeling we inferred that the Atlantic ridge
push is the unique source of stresses since earliest Eocene to
present day.

The question is addressed by Vdgnes et al. (1998]. These
authors observed that the Ormen Lange Dome in the mid-
Norwegian margin has been growing continuously with a very
striking constant rate since earliest Eocene [see Vignes et al.,
1998, Figure 4, p. 37]; similar results are reported for the
Helland-Hansen Arch [Langaker, 1998]. These data suggest
surprisingly that no major changes occurred in the direction of
compression, nor in the magnitudes of far-field stresses.
Furthermore, minor changes (e.g., < 15°) in the direction of
compression at our model boundaries imply minor changes in
the simulated stress pattern inside the modeled domain. In
contrast, differential loading has been proposed as the main
mechanism for the growth of the domes [Stuevold et al.,
1992]. However, the widespread occurrence of Cenozoic
compressive structures (i.e., NW Scotland [Gegffroy et al.,
1994], Faeroe Plateau [Boldreel and Andersen, 1998], and
east Greenland (D. Strogen, personal communication, 2000))
favors our hypotheses.

Influence of alpine events on the studied area are deemed
minor for two reasons. First, it is difficult to explain in the
present context compressive structures induced by alpine
stresses (hence transmitted from the south) along the margin,
whereas the northern North Sea remains relatively quiet.
Second, present-day measurements show stress directions
consistent with the Alpine compression (NW-SE) in the
southern North Sea [Miiller et al., 1992], whereas stress
directions measured in the northern North Sea are inconsistent
with the general strike of alpine forces. However, alpine
stresses in the northern North Sea are also deflected and not
strictly unefficient. Also, other lithospheric-scale lineaments
(e.g., the Hardangerfjord-Ling Graben-Highland Boundary
Fault [Jones and Geoff Tramer, 1995]) can induce similar
effects as the Mgre-Trgndelag Fault Complex.

Our last modeling experiment was to reconstruct the senses
of potential slip along major fault planes (Figure 8). The
reconstruction was made using local stress states simulated by
UDEC as input for SORTAN. We present this effort as
direction for future developments rather than an improved
model. The major problem in the modeling 15 to “jump” from
a 2-D model (i.e., UDEC) to a 3-D model (i.e., SORTAN),
that is to say, to determine the 3-D configuration of the
principal stress axes. The two possible compressive stress
regimes (i.e., strike slip and reverse) are considered in the
SORTAN modeling.

Existing evidence from earthquake focal mechanisms from
the sedimentary basins offshore mid-Norway demonstrate that
normal movements on faults are subordinate to strike-slip and
reverse movement. This is consistent with the assumed
present NW-SE directed compressional stress field.
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>
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Figure Al. Distinct element method: example of out of
balance forces applied to the centre of gravity of one block.
Fy., force arising from boundaries conditions; ¥, contact
force; m.g, gravitational force; F, vectorial sum of forces; m,
block mass; ii, acceleration of the center of gravity of the
block.

Furthermore, we find that these results are in better harmony
with the strike-slip regime model, where ©6,=04=Cnwsg,
0,=0,, and 03=0,=0Cng.sw. Indeed, paleostress analysis [e.g.,
Bergerat, 1987] suggests that strike-slip faulting is common
in contractional regimes, where the source of the compression
18 situated far away from the studied area. This is in concert
with the assumption that ridge push is the main source for the
Cenozoic stress in the study area. In addition, our assumption
is justified from a mechanical point of view in considering the
rock loading, which would easily produce permutations
between o, and ©; and therefore favor strike-slip regimes in
compressive contexts.

6. Conclusions

Two modeling tools have been used in the present study.
First, we reconstructed present-day stress and displacement
patterns using the 2-D distinct element method (UDEC). The
results are assumed to be valid first-order patterns from
earliest Eocene (i.e., from continental breakup) to present day.

We show how the Mgre-Trpndelag Fault Complex and its
continuation into the Shetland Platform may act as a shield,
protecting the northern North Sea from Atlantic ridge push
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forces. In this model, maximum displacement vectors are
mainly focused along the margin, where Cenozoic
compressional  structures are commonly recognized.
Mechanical weakening of the fault zone is suggested at the
lithospheric scale. Thus introducing the Mgre-Trgndelag Fault
Complex and its continuation as a weak zone in our model
allows us to restore observed present-day stress patterns
inside the northern North Sea and inside the mid-Norwegian
margin,

Second, we used SORTAN in combination with UDEC to
restore senses of potential motions along major fault planes.
We showed, following Wallace [1951], the importance of the
degree of anisotropy of the applied stress state (e.g., the value
of the shape ratio ®) in leading the sense of motion along
faults. Again, because it is a function of various parameters
(tectonic in-plane forces, depth, and local discrepancies), the
ratio @ is very difficult to determine. Nevertheless, more local
studies can provide constraints on the stress state near the
major fault planes of the northern North Sea and the mid-
Norwegian margin. Also, more accurate predictions on the
senses of slip can be done.

Appendix A: Principles of the Distinct Element
Method

Al. Calculation of Block Displacements

Block displacements are calculated from out of balance
moment and forces applied to the center of gravity of each
block (Figure Al). Resultant forces (labeled F in (Al))
include boundary forces applied to the edges of the block and,
eventually, gravity when introduced by the user.

Newton’s second law 1s applied for each block:

ou(t) _F@ , A1)
ot m
where u is velocity, m is mass, and # is time.
Following finite differences techniques, (Al) can be
transformed into

F()

W +A/2)y=u(t—Ar/2)+—L Ar, (A2)
m

t-At/2 t

new contact forces <o new positions

t+AY2 t+At

F(t)

cq. (2)

t €«—a t+At

Jateavz) —E [ yeeay

T stored for next iteration
A2 «— t+A1/2

Figure A2. Basic calculation scheme for the distinct element method. See Appendix A for details.
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block | contact

) e
/ block 2 f ﬂ
\ block 1 AuDUs
\ block2 t

Figure A3. Determination of relative motions of blocks 1
and 2 at their contact. Increments in normal displacements
Au, and shear displacements Au; are calculated between time
¢, and time 2, at each block boundary grid points.

Storing velocities at each half time step point (Figure A2)
allows calculation of displacements:

u(t + AN =u() +uz + Ar/ 2)At . (A3)

The new position of the block induces new conditions at

block boundaries and thus new contact forces. The calculation

scheme summarized above by (A1)-(A3) is repeated until

equilibrium is reached for each block (Figure A2). Angular

velocities and displacements are involved in the same fashion
in the calculation scheme [see Last and Harper, 1990].

A2. Constitutive Laws of Contacts and Block Interactions

Out of balance forces and moments applied to the centers
of gravity of the blocks arise partially from forces applied to
their contacts. The constitutive laws applied to the contacts
are

Ao, =k, Au,,
Ao, =k, Au,,

(A4)
(A5)

where k, and k, are the normal and shear stiffness of the
contact, Ac, and Ao, and Au, and Au, are the normal and
shear stress increments and the normal and shear
displacement increments, respectively (Figure A3).

Finally, stresses calculated at grid points located along
contacts (Figure A3) are submitted to the selected yield
criterion:

kil < po, + cp, (A6)
where J is the coefficient of friction and c; is the cohesion. In
addition, no tension is permitted along contacts, and hence an
additional constraint is added:

c,>0. (A7)
A3. Internal Deformation of Blocks

According to the selected constitutive law, 1nternal
deformation of blocks can be taken into account in the
calculations. Hence mechanical equations are solved meshing

the blocks into triangular zones of finite differences (see
Figure 3). Newton’s second law is then applied at each grid
point. Thereafter, the finite differences technique is used
again to calculate velocity and strain at each grid point.

The selected constitutive law for the blocks is used to
determine stresses at each grid point. For the present study we
applied pure elastic conditions as defined by Hooke’s Law.
Therefore stress and strain are linked at each grid point by

E Ev
= e +
1+v ™" (1+v)(1-2v)

Gu 8Lk 5:1 ? (AS)

where E is the Young’s modulus and v the Poisson’s ratio.

Appendix B: Principles of the SORTAN Method

For the sake of simplicity the SORTAN method is
described in function of the ratio @ introduced by Angelier
[1975]. A more detailed mathematical description is given by
Pascal [1998] and Pascal and Angelier (hereinafter cited as
C. Pascal and J. Angelier, submitted manuscript, 2001).

Consider the applied stress tensor to the fault plane (Figure
Bla), where 6,20,20; and where compression 1s
considered positive. According to Angelier [1979], the
corresponding stress tensor written 1n the system of its
principal axes T, can be reduced into

1 0 0
Tr=10 & 0], BD
0 0 O
with
D = (0,-03)/(51-03), (B2)
de [0;1]. (B3

This technique decreases the number of unknowns related
to the 3-D stress tensor from six to four. The four remaining
unknowns are three angles which account for the orientation
of the three principal stress axes and one dimensionless value,
namely, the shape ratio that describes the geometry of the
shape of the stress ellipsoid (Figure B1b). Physically, the ratio
@ represents the degree of anisotropy of the applied stress
state in the 3-D space (e.g., for &= 0 the stress ellipsoid is
prolate-shaped and the stress is isotropic in the 0,-0; plane
and for d= 1 the stress ellipsoid is oblate-shaped and the
stress is isotropic in the ©,-0; plane; see Figure Blb).
Depending on the value of @, the slip direction along one

given fault will be principally controlled by the fault plane
orientation or by the orientation of the stress axes.

Stress tensor reduction implies that all information on the
stress magnitudes is lost. However, it has been demonstrated
[Carey and Brunier, 1974; Angelier, 1975] that the
information on the orientation of the principal stresses and
especially on the orientation of the shear stress vector (i.e., of
the slip vector) is kept.

Following Anderson [1905, 1951] we add one vertical
principal stress axis to the list of assumptions. The latter
assumption is another simplification of the analytical
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=0 0<P<1

G,=C, 0,3<0,<0,

a)
G3
Reduced stress tensor: Fault plane:
6, ® d, p,
Shear stre/s;s vector: T,
slip vector
b)

® =(0,-03)(0, - ©5)

G5=0;

Figure B1. Basic principles of the simplified method SORTAN. (a) Example of determination of the sense of
slip along one fault plane induced by a compressive strike-slip stress regime. Two parameters define the
reduced stress tensor which is applied: the azimuth of o, (in the present case), 6, and the shape ratio @. Two
other parameters give the geometrical attitude of the fault plane: the dip direction d, and the dip p,. The
Cartesian system (E, N, U) corresponds to three unit vectors striking eastward, northward, and upward,
respectively. (b) Physical meaning of the shape ratio ¢. For ®=0 the shape of the stress ellipsoid is prolate; for
®=1 the shape of the stress ellipsoid is oblate; for 0< @ <1 the geometry of the stress ellipsoid is in between,

and the stress state is pure triaxial.

problem. If we know the type of paleostress regime which
affected the study area (e.g., pure normal with o, vertical,
strike slip with o, vertical, or reverse with o; vertical), the
orientations of the three principal axes are determined from
the azimuth © (of one of the two horizontal principal axes,

Figure Bla). Therefore, when the stress regime 1s known,
only two parameters are needed to characterize the applied
reduced stress tensor: the ratio @ and the azimuth 6.

The stress tensor is written according to the selected
Cartesian system and applied to one given fault plane defined
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by 1ts dip direction d and its dip p (Figure Bla). Finally, the
shear stress vector is calculated and written as a function of

&, 0, d and p.
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