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Abstract

The inferred nature of the regional intraplate stress field off the coast of Norway is based primarily on borehole
breakout information and earthquake focal mechanisms. The stress indicators reveal a slightly clockwise rotation of the
orientation of the principal horizontal stress SH to the northwest with respect to the dominant E-W orientation observed
in the northern North Sea. The stress regime is predominantly strike-slip and thrust fault, although two normal faulting
events have occurred on the shelf and shelf edge. Within the Mid-Norwegian margin segment (62° to 68°N), the Tr0ndelag
Platform exhibits large variations of observed Sn orientations. This may be due to an almost isotropic horizontal stress state
(SH = Sh) resulting from the superposition of local and regional stress sources.
This paper presents the predicted tectonic stresses along the Mid-Norwegian margin based on a 3-D finite-element
analysis. The two principal modelling objectives are to elaborate the effects of: (1) changes in the regional stress magnitude
SH; and (2) variations in rock properties (i.e., Young's modulus) on the horizontal stress anisotropy HSA of the V0ring
Basin and the Tr0ndelag Platform. The model incorporates simplified mainland topography, the Tr0ndelag Platform, the
Voring Basin, the V0ring Plateau, and the Lofoten Basin. Our modelling results indicate that horizontal stress anisotropy
(HSA) and the regional SH magnitude within the various structural units is dependent on their strike with respect to the
orientation of the present-day regional stress field. Specifically, we find: (1) a near-isotropic horizontal stress magnitude
configuration for the southern part of the V0ring Basin where the gradient of topography across the Mid-Norwegian margin
is oriented oblique to the regional trend of SH; (2) a maximum horizontal stress anisotropy HSA in the southern part of
the Tr0ndelag Platform, this local HSA maximum bordering the HSA minimum of the Voting Basin; (3) a narrow band
of high HSA at the eastern edge of the Tr0ndelag Platform imposed by compressive gravitational stresses related to the
elevated topography of mainland Norway; (4) a low HSA at the western margin of the Tr0ndelag Platform, related to
spreading stresses associated with the topographic lowering towards the V0ring Basin; and (5) in case of a far-field stress
of SH = 1.1Sh, the modelling results predict exchanged principal horizontal stresses SH and Sh at the western margin of the
Tr0ndelag Platform.
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I. Introduction
The first-order pattern of the regional intraplate
stress field along the Norwegian continental margin is relatively well defined by the available
World Stress Map (WSM) stress indicators (Zoback,
1992), data recently compiled within the GermanNorwegian cooperation project VISTA (G61ke and
Brudy, 1996) and the EC-project Integrated Basin
Studies IBS (Fejerskov et al., 1995; Borgerud and
Svare, 1995; Lindholm et al., 1995). Information
about the stress field off the coast of Mid-Norway
is primarily based on borehole breakout information
(Fejerskov et al., 1995; G61ke and Brudy, 1996) and
earthquake focal mechanism solutions (Lindholm et
al., 1995).
The inferred nature of the regional intraplate
stress field off the coast of Norway indicates a clockwise rotation from E - W in the northern North Sea
to NW-SE at the Norwegian margin, to N-S in
the Barents Sea area. The faulting regime at the
continental margin is predominately strike-slip and
reverse (Lindholm et al., 1995), with a single normal faulting event on the shelf edge suggesting a
variation in the tectonic regime (Lindholm et al.,
1995).
The distribution of stress indicators by type and
SH orientation from the World Stress Map database is
shown in Fig. 1. Of particular relevance for this study
is the boxed region (bounded by 62 ° to 68°N) in
Fig. 1, which delineates the Mid-Norwegian margin
area. On the Tr0ndelag Platform (Fig. 3), the orientations of borehole breakouts are observed to vary with
both depth and lateral position (Fig. 2; G61ke and
Brudy, 1996). Such local anomalous stress patterns
are observed to occur in close proximity to weak
faults (Zoback, 1991), anticlines (Teufel and Farell,
1990), and open fractures (Bell et al., 1992), and
may also be related to lateral variations in rock properties such as Young's modulus and Poisson's ratio
(e.g., Spann et al., 1994). Anomalous stress patterns
may also be related to the possibility of errors in
identification of maximum and minimum horizontal
stresses as already noted by Ranalli and Chandler
(1975). Such errors may become important when
the ratio of the horizontal stresses is close to unity
(which they termed 'horizontal stress anisotropy'
or HSA ratio). Moreover, a low horizontal stress

anisotropy is sensitive to local sources of stress and
hence provides a possible mechanism to explain the
observed scatter of SH at the Mid-Norwegian margin.
The primary objective of this study is to investigate the relation between observed variations in
the SH orientations and a weak horizontal stress
anisotropy HSA imposed by local spreading stresses
associated with the continental margin and elevated
topography of Norway. Predicted stresses from the
continental margin and mainland topography are
evaluated through a three-dimensional elastic finiteelement analysis which incorporates the first-order
structural components of mainland topography, the
Tr0ndelag Platform, the V0ring Basin, the V0ring
Plateau, and the Lofoten Basin (Figs. 3 and 4). We
qualitatively address the effects of variations in both
mechanical rock properties of the different structural
domains and the magnitude of the regional stress
field SH on the horizontal stress magnitude configuration HSA within the V0ring Basin and the Tr0ndelag Platform. The orientation of the regional stress
field SH was determined in a preceding finite-element
study (G61ke and Coblentz, 1996). Its magnitude is
modeled as SH = 1.3Sh and SH = l.lSh, where Sh
equals the load of the overburden Sv. Variations in
the Young modulus value in the model were used
to represent five rheological cases: (1) V0ring Basin
and Tr0ndelag Platform sediments reveal the same
competence (i.e., characterized by the same Young
modulus); (2) V0ring Basin infill is less competent
than the Tr0ndelag Platform sediments; (3) Tr0ndelag Platform sediments are less competent than the
VOting Basin infill; (4) a layered V0ring Basin infill
with more competent sediments at depth; and (5)
modifications of mantle strength.
We note that the modelling presented in the
present study is not intended to provide a comprehensive model which completely resolves local
variations in SH, but rather tries to evaluate potential mechanisms which may serve as a basis for
understanding the observed stress orientations.

2. The Mid-Norwegian margin
Extensive geophysical surveys have been carried
out on the volcanic passive margin offshore Norway between 62 ° and 70°N over the last 25 years.
Three main margin segments have been identified
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Fig. 1. Northern portion of the European Stress Map (after data from the World Stress Map project database now maintained at Karlsruhe
University). The distribution of stress indicators by type and SH orientation is shown. The stress field is found to be predominantly a
thrust and strike-slip faulting regime off the coast of Norway. Plotted symbols are explained in the legend. The boxed region between 62°
and 68°N indicates the area investigated in this study.
on the basis of morphology and geology (Planke et
al., 1991): (1) a northern segment, the 250-km-long
Lofoten-Vesteralen margin which extends from the
Senja Fracture Zone at about 70°N, to the Lofoten
Fracture Zone; (2) a central segment, the 400-kmlong V0ring margin which terminates at the Jan
Mayen Fracture Zone system; and (3) the MOre margin which continues south of the Jan Mayen Fracture
Zone and terminates near the Faerore Islands at

around 62°N (Fig. 5). A comprehensive description
on the tectonics and basin evolution is presented
in Brekke and Riis (1987), Skogseid and Eldholm
(1987), and Skogseid (1994).
The V0ring margin (Fig. 3) consists of a wide
shelf and slope, including the Tr0ndelag Platform,
the Halten Terrace, the complexly deformed and dissected VOting Basin (which contains up to 10 km
of post-Jurassic sediments), the V0ring Plateau Es-
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Fig. 2. Orientation of borehole breakout intervals versus depth encountered in wells located on the Tr~ndelag Platform (G6lke and Brudy,
1996). Note the large scatter in the borehole breakout azimuth of the order of several tens of degrees. As discussed in the text a weak
horizontal stress anisotropy may favour (or may cause) such a diffuse orientation of the breakouts. Numbers depicted in the upper right
corner identify wells.
Fig. 3. The most prominent structural units offshore Mid-Norway. The Vcring margin segment extends from the Lofoten Fracture Zone
to the Jan Mayen Fracture Zone. Important physiographic features of the Vcring margin are the TrCndelag Platform, the Halten Terrace,
and the Cretaceous V~ring Basin which is bordered to the west by the Veering Plateau Escarpment. Westwards of the Vcring Plateau
Escarpment, the V~ring Plateau, at approximately 1000 m depth extends into the Lofoten Basin (modified after a map from Total). White
lines indicate in a simplified way the trend of structural units incorporated in the model. Line a - a ' refers to the seismic cross-section
shown in Fig. 4.
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Fig. 4. Velocity transect of the Vcring margin (after Planke et al., 1991). Zone A indicates the area of normal oceanic crust (Lofoten
basin), zone B transitional crust (including the elevated V0ring Plateau), zone C includes Mesozoic and Cenozoic basins (V0ring Basin),
zone D represents the platform region (Tr~ndelag Platform, Halten Terrace) with adjacent onland topography (averaged). The 6.5, 7.1
and 8.1 km/s values generally correspond to an upper to middle crustal velocity, a middle to lower crustal velocity and a typical upper
mantle velocity, respectively. The light grey shading delineates seawater with an averaged bathymetry of 3 km in the Lofoten Basin, 1
km above the V0ring Plateau, and 1.5 km above the Voting Basin. The fine-stippled and bold-stippled shading refers to the sediments of
the Tr0ndelag Platform and the V0ring Basin, with an average thickness of 3 km and 6 km, respectively. Mainland Norway is modelled
to be elevated by 1.5 km as indicated by the dark grey cross-hatched shading which refers to crustal properties. Mantle material is
delineated by the dark grey shading. The interpretation of basin and crustal architecture in terms of blocks is considered to reflect in a
simplistic way the important features of the VOting margin, realistically enough to provide qualitative results. The location of the transect
is indicated in Fig. 3.

c a r p m e n t and the d e e p - w a t e r (about 1000 m) V 0 r i n g
Plateau (Fig. 3).
A V 0 r i n g m a r g i n v e l o c i t y transect after Planke
et al. (1991) (transect a - a ' in Fig. 3), is s h o w n as
Fig. 4 (a d e s c r i p t i o n o f the d e l i n e a t e d shaded units
is p r o v i d e d in the sections below). T h e 6.5, 7.1 and
8.1 k m / s c o n t o u r s r o u g h l y c o r r e s p o n d to an u p p e r
to m i d d l e crustal velocity, a m i d d l e to l o w e r crustal
v e l o c i t y and a typical u p p e r m a n t l e velocity, respectively. Z o n e s A - D are b a s e d on interpretations
by Planke et al. (1991): z o n e A, an area o f normal o c e a n i c crust (site o f the L o f o t e n Basin); z o n e
B, transitional crust ( i n c l u d i n g the e l e v a t e d V 0 r i n g
Plateau); z o n e C, M e s o z o i c and C e n o z o i c basins

(V0ring Basin); and z o n e D, the p l a t f o r m region
(Tr0ndelag Platform, H a l t e n Terrace) with a d j a c e n t
o n l a n d t o p o g r a p h y (averaged). In the latter, the crest
thickens f r o m about 25 k m to 3 5 - 4 0 k m under
central Norway. A d i s c u s s i o n o f h o w this crustal architecture has b e e n simplified (i.e., as crustal blocks)
for the stress m o d e l l i n g is e x p l a i n e d below.

3. Sources of stress at the Mid-Norwegian margin
T h e o b s e r v e d in-situ stress orientations
coast o f N o r w a y m a y be representative
eral stress sources for w h i c h the relative
tance in different areas is difficult to assess

off the
o f sevimpor(G61ke,
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Fig. 5. Map view onto the VCring margin. Prominent fault and fracture zones are delineated (according to Kvamme and Hansen, 1989):
M.ZEZ. = MCre-TrCndelagFracture Zone (with a possible continuation onland); R.EC. = the Rana Fault Complex located on the
TrCndelag Platform; K.B.EC. = Kristiansund-Bodo Fault Complex; V.PE. =Vcring Plateau Escarpment;E.J.M.EZ = East Jan Mayen
Fault Zone; V.EZ. =Vcring Fracture Zone; L . E Z = Lofoten Fracture Zone. a-a' indicates location of a seismic refraction profile

(Fig. 3). The solid frame outlines the model. Thin lines along the coast of Norway, across the TrCndelagPlatform and along the Voring
Plateau Escarpment,delineate the strike of the associated structures considered in the model, respectively.
1996). Note that the uneven spatial distribution of
stress indicators (e.g., in the Mid-Norwegian region
compared with the Barents Sea area) may lead to
the interpretation that the stress field of the MidNorwegian region is more complex than the stress
field in the Barents Sea.
Both regional and local stress fields are associated
with lateral density variations which are recognized
as an important source of intraplate stress and associated deformation (e.g., Bott and Dean, 1972;

Artyushkov, 1973; Lister, 1975; Zhou and Sandiford,
1992; Coblentz et al., 1994):
(1) Intraplate stresses associated with ridge push
which results from the cooling of oceanic lithosphere
with age. Magnitudes have been estimated to be in
the order of about 2 - 3 × 1012 N m - l , corresponding
to 2 0 - 3 0 MPa averaged over a 100-kin-thick lithosphere (e.g., Bott, 1991; Wortel et al., 1991; G61ke
and Coblentz, 1996).
(2) Spreading stresses across continental margins
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are in the order of l0 MPa (Cloetingh et al., 1982;
Stein et al., 1989) producing tension in the continent
and compression in the ocean.
(3) Similarly, stresses related to the elevated topography of Norway; and, probably less significant,
(4) Stresses related to lateral density variations
across the basin margin. Another important source of
stress is related to flexure of the lithosphere.
Flexural stresses related to deglaciation are estimated to be in the order of 10 MPa (Stein et al., 1989)
and have been tied to neotectonic postglacial reverse
faulting in Lappland (Bungum, 1989). Deglaciation
flexure produces extension beneath the former ice
front (in the continent) and compression beyond it
(in the ocean) provided isostatic equilibrium was
achieved with the iceload on top of the lithosphere
(Stein et al., 1989).
The effect of sediment loading has been estimated
on the basis of an elastic rheology to be in the order
of 100 MPa (Stein et al., 1989). These stresses are
expected to mask all the other stresses. However,
as noted by Stein et al. (1989) there is no evidence
that passive margin earthquakes are associated with
the thickest sediments. This observation highlights
the shortcomings of purely elastic models, which
neglect stress relaxation by creep, as well as the
sedimentation history (Cloetingh et al., 1982).
Variations in the state of stress may also be related to: (1) changes in crustal thickness, i.e., crustal
thickening from thin oceanic crust to the thicker continental crust is expected to weaken the effect of ridge
push (Bott, 1991); (2) fault and fracture zones representing potential sites for structural reactivation and
thus possibly acting as zones of stress release (e.g.,
Gabrielsen, 1989; Zoback, 1991); (3) lateral variations of rock properties such as Young's modulus and
Poisson's ratio (Spann et al., 1994); (4) anomalous
pore pressure usually being associated with anomalous horizontal stresses (Yassir and Bell, 1994); and
(5) remnant stresses related to previous deformation
processes posibly having some local effects at depths
close to the surface (McGarr and Gay, 1978).
The observed in-situ stress orientations are primarily based on borehole breakouts (e.g., Fejerskov
et al., 1995; G61ke and Brudy, 1996) and less abundant on earthquake focal mechanism solutions (Lindholm et al., 1995). Note the following shortcomings
associated with the two types of stress indicators.

(1) Focal mechanism solutions are approximations
of the principal stress axes. The P-axis is defined to
be at a 45 ° angle with the nodal planes but can be almost anywhere within the dilatational quadrant (e.g.,
Ranalli and Chandler, 1975; Jaeger and Cook, 1979;
Bell and Gough, 1983; Zoback et al., 1985; Zoback,
1992; Engelder, 1993). (2) The basic requirement
of borehole breakout analysis is that one principal
stress direction parallels the borehole axis. However, the abundant type of borehole geometry data
is provided by hydrocarbon exploration/exploitation
wells which are drilled into highly complex structures. Associated lateral variations in geomechanical
conditions (i.e., geometry, physical rock properties)
have been shown to impose local reorientations of
the stress field SH (e.g., Teufel and Farell, 1990; Fejerskov et al., 1995) and may even rotate the vertical
principal stress Sv away from the vertical (G61ke,
1996). Mastin (1988) already showed for normal
and thrust fault regimes that the deviation between
borehole axis and the principal stress direction Sv
required to rotate the projected breakout orientations
by 10° from Sh approaching zero as the magnitude
of Sh approaches that of SH (i.e., in case of a weak
horizontal stress anisotropy). In case of a strike-slip
regime the deviation between borehole axis and the
principal stress must be at least 35 ° in order to result
in a horizontal projection of the breakout orientation
which differs by more than 10° from Sh (Mastin,
1988).
The observed local variations in the Sn azimuths
of the present-day stress field off the coast of MidNorway are not likely to be associated with a single
mechanism. Rather, we predict that a weak horizontal stress anisotropy resulting from the above-cited
sources of stress may give rise to locally diffuse
stress patterns.
4. Horizontal stress anisotropy inferred from
borehole breakouts and leak-off tests
We attempt to infer the horizontal stress
anisotropy (HSA) on the Trcndelag Platform from
borehole breakouts and leak-off tests. Borehole
breakouts indicate localized compressive failure of
the borehole wall in a direction parallel to the minimum compressive horizontal stress Sh (e.g., Bell and
Gough, 1983; Zoback et al., 1985). If the differ-
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ence in magnitude between the principal horizontal
stresses is small it could account for the interchangeability of SH and Sh. Thus, areas with an observed
large variability in the S , direction may be indicative
of near-isotropic horizontal stress magnitude configuration, i.e., S. = Sh.
We try to estimate the degree of isotropy of the
principal horizontal stresses by applying the estimated magnitudes of the minimum horizontal stress
Sh gained from leak-off tests (Borgerud and Svare,
1995) to the theoretical Kirsch equations (see Eq. 1)
(Kirsch, 1898; Jaeger and Cook, 1979). The latter
describe the stress field around a hole in an infinite,
homogeneous and isotropic region which is subjected to horizontal principal stresses SH and Sh. The
tangential stress ~0 (0) at the borehole wall in case
of idealised balanced drilling (i.e., fluid pressure in
formation equals pressure in well) then varies from:
~r0(0=0 °)=3Sh-SH-2P>_C
(0 =

= 3s.

-

sh -

2e

>_ c

(1)

with 6) measured with respect to the orientation
of SH and P representing the pore pressure in the

rock matrix. If 3SH - Sh -- 2 P exceeds the compressive rock strength C (Table 1) borehole breakouts
develop. Borgerud and Svare (1995) estimated the
average minimum horizontal stress magnitude Sh,
to be approximately 90% of the vertical stress Sv
for different areas offshore Mid-Norway (Table 2).
For Sv (derived from the integration of density logs)
only minor lateral magnitude variations were observed. The approximate shut-in pressure (equivalent
to Sh) from wells located in the Njord oilfield (Halten
Terrace) and the Norne oilfield (western TrCndelag
Platform; for location see Fig. 3) has been interpolated for different depths from diagrams given by
Borgerud and Svare (1995) (Table 2). On the basis of leak-off measurements they inferred that Sh
exhibits only small variations in Tertiary and Cretaceous rocks (Sh is about 0.85 to 0.9 of the overburden
Sv), while in highly overpressured Jurassic formation
(holding more than 30 MPa of overpressure) higher
Sh values of up to 0.98 of Sv were found. Significant
variations in Sh are observed within geographically
small areas northwest on the Halten Terrace and result from total differences in Jurassic fluid pressure
regimes (Borgerud and Svare, 1995).

Table 1
Differential stress at fracture for various rocks at room temperature in uniaxial and triaxial compression tests (after Paterson, 1978)
Rock type

Uniaxial strength
C
(MPa)

Confining pressure
P
(MPa)

Triaxial strength
C
(MPa)

Igneous and high-grade
Metamorphic
Low-porosity sediments (and low- to medium-grade metamorphic)
High-porosity sediments (and low-grade metamorphic rocks)

100-200

100
500
100

500-800
>1000
200-300

50-100
10-50

Table 2
Extrapolated shut-in pressure (Sh) and pore pressure for various wells located offshore Mid-Norway (after Borgerud and Svare, 1995)
Location

Depth
(m)

Estimated Sh
(MPa)

Pore pressure
(MPa)

Sh/Sv

Southern Halten Terrace (Njord oilfield)

2700
3000

49
60

38
40

0.85 to 0.9

Western TrOndelags-Platform (Norne oilfield)

2550
3300

43
60

24
28

0.85 to 0.9

Western TrCndelag Platform, Western Halten Terrace

3700
4450

76
95

68
76

up to 0.98
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Fig. 6. Estimation of horizontal far-field anisotropy HSA (SH/Sh )
required to cause borehole-wall failure. The calculation is based
on the absolute magnitudes of Sh (inferred from leak-off tests),
uniaxial fracture rock strengths (Table 2), the analytical formulation of stresses around a circular hole (Kirsch, 1898), and the
assumption of balanced drilling (i.e., fluid pressure in the well
equals pressure in the formation).

Here, we attempt to provide a possible range of
the far-field anisotropy that would allow the formation of borehole breakouts. We acknowledge that this
approach is subject to many uncertainties, such as
compressive rock strength, the assumption that the
borehole axis parallels the vertical principal stress S,
within a homogeneous rock mass, and the rather unlikely condition of balanced drilling. SH is estimated
with respect to different compressive rock strength C
values (Table l) and Sh magnitudes (Table 2) based
on Eq. (1). The calculated far-field anisotropy SH/Sh
required to cause borehole-wall failure is shown as
Fig. 6. This figure delineates the large variation of
SH/Sh as inferred from wells located on the southern
Halten Terrace and the western TrOndelag Platform.
The required horizontal stress anisotropy increases
as the compressive strength of the rock increases.
Based on uniaxial fracture rock strength data of
50 MPa and 100 MPa, a far-field stress anisotropy
SH/Sh of about 1.1 and 1.4 is inferred. This range
of SH/Sh would correspond to a normal faulting and
strike-slip faulting regime, respectively.
5. The finite-element m o d e l

Predictions about the horizontal stress anisotropy
along the Mid-Norwegian margin are made based on

a 3-D finite-element model using the ANSYS finiteelement program (Kohnke, 1987; Mtiller and Rehfeld, 1993). The model is characterized by a purely
elastic theology. Alternative theologies, such as viscoelastic, are useful and are required for studying
how tectonic stresses relax over time (Kusznir and
Bott, 1977). Here, we only consider stress sources
due to long-term lateral density variations (i.e., we
do not consider evolutionary processes) which can
be considered to be in steady state. In addition, we
confine our investigations to the uppermost 10 km
of the crust in order to resolve the state of stress on
a basin-wide scale. We do not consider the whole
range of possible stress sources which may act on
the Mid-Norwegian margin (see discussion above).
The 3-D finite-element model is constrained by
the velocity transect shown in Fig. 4. Various simplifications have been made. The light grey shading
delineates seawater with an average bathymetry of
3 km in the Lofoten Basin, 1 km above the Vtaring
Plateau, and 1.5 km above the Vcring Basin. The
loading effect of the seawater is considered by applying a corresponding vertical pressure at the surface.
The fine-stippled and bold-stippled shading refers
to the sediments of the Tr0ndelag Platform and the
V0ring Basin, with an average thickness of 3 km
and 6 kin, respectively. Mainland Norway is modelled to be elevated 1.5 km as indicated by the dark
grey cross-hatched shading which refers to crustal
properties. Mantle material is delineated by the dark
grey shading. While the representation of basin and
crustal architecture in terms of blocks is an obvious
simplification, it is a practical way to calculate firstorder qualitative results. Other interpretations are of
course possible which is noted.

Fig. 7. (a) Perspective view (from the south) on the modelling
area. a - a ' , b-b', and c-c' indicate location of cross-sections
displayed in (b). Thin lines indicate the strike of the coastline
(mainland-TrCndelag Platform), the eastern and western margin
of the V~aring Basin, and the V0ring Plateau. (b) Cross-sections
through the finite-element model. Note that only a-a" is based on
seismic velocity data after Planke et al., 1991 (Fig. 4). b-b' and
c-c' are projections of the seismic velocity transect a-a' along
the strike of the coastline, the Tr0ndelag Platform, the Vcring
Basin and the Voring Escarpment. Note that crustal thickness is
constant whereas lateral extent of structural domains (zone A D) varies along-strike. Roman letters denote various lithological
units as described in Table 3. Vertical exaggeration is 5.
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Fig. 8. Perspective view on the (coarse) finite-element Vering margin model. Lithological units are as described in Fig. 7. A list of
the material properties used is provided in Table 3. The finite-element grid consists of 22919-8-noded 3-D elements and 26712 nodes.
(b) The plotted lines belong to volumes on which the model is built. The volumes are meshed with 3-D finite elements with assigned
material properties. The modelling area is delineated in plane view in Fig. 5.
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The strike of the main physiographic structures,
i.e., coastline, the shelf edge (basically the western
edge of the TrCndelag Platform), the Vcring Basin,
and the Vcring Plateau Escarpment, is inferred from
the structural relief map (Fig. 3). By taking into account the strike of these structural units the interpreted cross-section (Fig. 4) is appropriately adjusted
(Figs. 7 and 8). Thus, the lateral extent of zones A to
D (Fig. 4) varies, while the crustal architecture (i.e.,
thickness) is kept constant. The modelled crustal configuration is shown for three different cross-sections
across the Mid-Norwegian margin: b-b' and c-c' represent the projection of the seismic velocity transect a-a' of Planke et al. (1991) (Fig. 7). The model
frame as delineated in Fig. 5 is chosen in such a way
that the far-field stress SH associated with ridge push
determined in a preceding modelling effort (Grlke
and Coblentz, 1996) is oriented perpendicular to the
northwestern model edge. The coarse-meshed finiteelement model which extends to 50 km depth consists
of 22919 3-D elements (with 8 nodes) and 26712
nodes and is shown as Fig. 8. The internal structure of
the model (which is built on volumes, areas, lines, and
keypoints) is partly revealed by a plot of its constituting lines (Fig. 8). The lines describe volumes which
are subsequently meshed by finite elements with an
assigned material property.
The complexity of the model (e.g., changes in topography, model dimension) lead to the utilization of
the submodelling technique (Kohnke, 1987; MUller
and Rehfeld, 1993). In the submodelling technique
an area of stress concentration within a large and
complex model (i.e., coarse model, Fig. 8) is cut
out and remeshed (herein referred to as the fine
model, Fig. 9). In the subsequent analysis, boundary constraints such as the calculated displacements
(degrees of freedom, DOF) of the coarse model are
applied along the edges of the fine model (Fig. 9).
In summary, the following steps are required: (1)
create and analyze the coarse model (i.e., calculate
the results), (2) create the submodel (fine model), (3)
perform cut boundary interpolation, (4) analyze the
submodel, and (5) verify the submodel.
In the case of the Vcring margin, the submodelled
domain includes the uppermost 10 km, with horizontal extensions as in the coarse model. 27404-8-noded
3-D elements and 36477 nodes provide a horizontal
resolution of about 2-3 km (Fig. 9).

45

Generally, boundary constraints represent a key
element to understand the modelling results. Within
this modelling effort we tested various boundary
conditions, such as a far-field stress SH applied to
a laterally confined model (i.e., lateral expansion
of the model is restricted), or model boundaries
on which far-field stresses SH and Sh are applied
(Fig. 8b). In the first attempt SH imposes a horizontal stress component Sh in the order of vSH, where
v is Poisson's ratio. Consequently, a relatively high
horizontal stress anisotropy HSA results. In another
attempt (and the one favoured in this study) horizontal stresses SH and Sh (where Sh is assumed to
be in the order of the load of the overburden Sv)
are applied directly to the model boundaries. To suppress distortion of the model the boundary nodes are
coupled, which results in an averaged uniform displacement of the model edges. As a consequence of
the uniform shortening the stress level within the less
competent (characterized by a small Young modulus) structural units in the model will be smaller as
in the competent layers.

6. Modelling results
Below we discuss the modelling results i.e., effect
of changes in the regional stress magnitude SH,
and variations in rock properties on the horizontal
stress anisotropy HSA of the V¢fing Basin and the
TrCndelag Platform.

6.1. Variations of the regional stress St+ magnitude
6.1.1. VOring Basin
All modelling results of variations of the regional
stress SH magnitude suggest a low HSA in the southern part of the Vcring Basin (Fig. 10, Table 4).
Within the depth range of 7.5 to 3 km (depth interval given by finite-element thickness), the pattern
of the low HSA zone is roughly similar to the
tested far-field stress magnitudes of SH = 1.3Sh, and
SH = 1.1Sh. However, the predicted magnitudes of
the HSA are different, i.e., minimum values of HSA
(in the order of 0.9-1) are suggested for a far-field
stress of SH = 1ASh (Fig. 10A, B). In case of
SH ---- 1.1Sh both HSA magnitudes and spatial distribution are roughly similar within the depth ranges of
7.5 to 3 km and 3 to 1.5 km (the latter interval is also
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given by the finite-element thickness). Differences
between the two depth ranges are predicted in terms
of narrow zones of raised HSA which are confined

A
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to those parts of the basin where its margins strike
perpendicular to SH (Fig. 10A, B).
In case of a far-field stress of SH = 1.3 Sh the differences between the two depth intervals are more pronounced. In the southern part of the basin a broad zone
characterized by an HSA of 1.2-1.35 is predicted to
occur within the depth interval 7.5 to 3 km, which
decreases to a narrow band within a depth range of 3
to 1.5 km (Fig. 10C). This band links the topographic
steps on the eastern and western sides of the basin
which strike oblique to the far-field stress SH.

6.1.2. TrOndelag Platform
m

B

~ i J t , ,. ,..,- = .,J r~,Tl

C

aepin:

lOOkm

;.t-1 . b K m

In case of a far-field stress SH : 1.1Sh the modelling results suggest that the major part of the Tr0ndelag Platform within the depth interval from 3 to 1.5
km is characterized by an almost isotropic horizontal
stress magnitude configuration HSA (Fig. 11A; Table 5). Thus, the HSA may even be less than unity
at its western margin, which indicates that SH and
Sh are exchanged. Conversely, increased HSA values
are predicted along the eastern margin (which is juxtaposed to mainland elevation). It is noteworthy that
the local HSA high in the south borders the HSA low
of the Vcring Basin (Fig. 10). The principal effect
of an increased far-field stress (i.e., SH = 1.3Sh) is
an increase in the overall level of HSA (Fig. 11B).
These model predictions suggest that a near-isotropic
horizontal stress situation will be confined to the
western TrOndelag margin (Fig. 11).

Fig. 10. Predicted horizontal stress anisotropy HSA in the V0ring
Basin in case of a far-field stress SH -- 1.1Sh. Perspective view
from the south. (A) The depth interval 7.5 to 3 km (defined by
the finite-element thickness) is shown (see Table 4). The low
HSA links the topographic highs on the eastern and western
margins of the basin which strike oblique to the far-field stress
SH. (B) Predicted HSA for the depth range 3 to 1.5 km. Note
that both HSA pattern and magnitude are roughly the same for
both intervals, with the exception of narrow zones of raised
HSA confined to those parts of the basin margins which strike
perpendicular to SH. (C) HSA predicted for the depth range
of 3 to 1.5 km in the Vcring Basin in case of a far-field
stress SH = 1.3Sh. Note the overall increased horizontal stress
anisotropy. Again, the HSA with values in the range of 1.2 to
1.35 reduces to a narrow band. This zone links the topographic
highs on the eastern and western edges of the basin which strike
oblique to the far-field stress SH. In models (A)-(C) the VCring
Basin infill is assumed not to be as competent (i.e., modelled
through smaller Young modulus) as the TrOndelag Platform.
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Table 3
Elastic rock properties utilized in the V0ring margin model
Domain

Bathymetry
(km)

Thickness
(km/

Density, p
(kg/m 3 /

Young's modulus, E
(GPa)

Label in Fig. 7b

Mainland elevation
Trcndelag Platform
V0ring Basin
top layer
bottom layer
V0ring Plateau
Lofoten Basin
Crust
Mantle

0
0

1.5
3
6
1.5
4.5

2800
2500

40
20/30

I

2500
2500
2800
2800
2800
3100

20/30
20/30
40
40
40
40/60

1.5
1
3

II
Ill

VI
VII
IV
V

Poisson's ratio is assumed to be 0.3 throughout the entire model. Roman letters denote structural unit in Fig. 7b.

6.2. Variations of rock properties of TrOndelag
Platform and VOring Basin sediments"
We attempt to elaborate the impact of variations
in physical rock properties on the horizontal stress
magnitude configuration of the V0ring Basin and the
Tr0ndelag Platform. In order to keep the number of
modelling parameters small we deliberately limited
our investigations on variations of the Young modulus:
(1) Young's modulus of the VOting Basin (Evb)
and Tr0ndelag Platform ( E r r ) are the s a m e (Evb =
Err = 20 GPa).
(2) V0ring Basin infill is more competent than
Tr0ndelag Platform sediments (Evb = 30 GPa, Err =
20 GPa).
(3) V0ring Basin sediments are less competent
than Tr0ndelag Platform sediments (Evb = 20 GPa,
Err = 30 GPa).
(4) V0ring Basin sediments are layered with more
competent units at depth.

(5) Young's modulus of mantle is increased from
40 GPa to 60 GPa to simulate an upper mantle stress
guide.
Poisson ratios, densities (Table 3), and the farfield stress of Su = 1.3Sh are kept constant throughout.

6.2.1. Voring Basin
In case of Vcring Basin sediments which are
as competent as the TrCndelag Platform sediments
(Evb = Etr = 20 GPa), an HSA in the order of
1.2-1.35 is predicted for the depth interval from 7.5
to 3 km in the southern part of the V0ring Basin
(Table 4). Towards the north the HSA is in the order
of 1.35-1.5. Within the depth range of 3 to 1.5 km
the modelling results indicate a concentration of the
1.2-1.35 HSA towards a narrow band, linking the
topographic steps on the eastern and western sides
of the basin which strike oblique to the far-field
stress SH. According to our models, narrow zones

Table 4
Predicted magnitude of horizontal stress anisotropy (HSA) within the V0ring Basin Free modelling parameters,
SH magnitude

Young's modulus

Southern part HSA

Northern part HSA

Eastern and western
margin HSA

Depth (km)

Figure

S t t = 1.1Sh
SH = 1.1Sh
SH = 1.3Sh
SH = 1.3Sh
SH = 1.3Sh

Evb <
Evt~ <
Evb <
Evb >
Evb <

0.93 1.05
0.93 1.05
1.12 1.35
1.2 -I.35
1.2 1.35

1.05 1.2
1.05 1.2
1.35 1.5
1.35-1.5
1.2 -1.35

1.2 1.35
1.2-1.5
1.5 1.8
1.5-1.65
1.5-1.8

7.5-3
3 1.5
3 1.5
3 -I.5
3 1.5

10A
10B
10C
12
13

Err
Err

Etr
Err
Err (Emantle increased)

Magnitude of the far-field stress SH and competence of basin fill (Young's modulus), are listed in the two columns on the left: SH and Sh
refer to maximum and least horizontal stresses, where Sh is expressed in terms of the load of the overburden. E,,b and Etr refer to Young's
modulus of the V0ring Basin and Tr0ndelag Platform, respectively. The depth interval is given by the finite-element thickness.
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A
A

3.79
9.9

1.2
r- ~- 1.35
=== 1.5
~
1.65

1.05
1.2
1.5 km
100km

VQRING BASIN
depth: 3-1.5 km

Fig. 12. Predicted horizontal stress anisotropy HSA in the V0ring
Basin in case of a far-field stress SH = 1.3Sh. The VCring Basin
infill is modelled to be more competent than the Tr0ndelag
Platform. Only the depth interval 3 to 1.5 km is shown. Note that
differences in HSA with respect to other basin fill configurations
(e.g., Fig. 10) are confined to the areas of the eastern and western
basin margins, i.e., the eastern and western parts of the basin do
not show increased HSA magnitudes.

"f

+

depth: 3-1.5 km

100km
Fig. 11. Predicted horizontal stress anisotropy HSA of the TrCndelag Platform for the depth interval from 3 to 1.5 km. Perspective view from the south. (A) HSA for a far-field stress
SH = 1.1Sh. The modelling results suggest that the major part
of the Tr0ndelag Platform is characterized by an almost isotropic
horizontal stress magnitude configuration HSA (see Table 5). At
the western margin gravitationally induced spreading stresses associated with the topographic lowering towards the Vcring Basin
reduce the far-field stress magnitude SH. At the eastern margin
compressive spreading stresses associated with the elevation of
mainland Norway enhance SH, and thus result in an increased
HSA. The VOting Basin infill is assumed not to be as competent
(i.e., modelled through smaller Young modulus) as the Tr0ndelag
Platform. Note that the local HSA high borders the HSA low
within the VOting Basin (Fig. 10). (B) HSA for a far-field stress
SH = 1.3Sh. The principal effect of an increased far-field stress is
to raise the overall level of HSA. The modelling results suggest
that a near-isotropic horizontal stress situation will be confined
to the western Tr0ndelag margin.

o f r a i s e d H S A f o r m w h e r e t h e b a s i n m a r g i n s strike
p e r p e n d i c u l a r to SH.
W i t h r e s p e c t to t h e b a s i n fill s c e n a r i o s Evb = 2 0
G P a a n d Err = 3 0 G P a (Fig. 10C) a n d Evb =
Etr = 2 0 G P a a s m a l l e r H S A is p r e d i c t e d i f t h e
V 0 r i n g B a s i n s e d i m e n t s are m o r e c o m p e t e n t t h a n
the T r C n d e l a g P l a t f o r m s e d i m e n t s (Evb = 30 G P a ;
Etr = 2 0 G P a ; Fig. 12; T a b l e 4). H o w e v e r , it s h o u l d
b e n o t i c e d t h a t t h e d i f f e r e n c e s in H S A are c o n f i n e d
to t h e e a s t e r n a n d w e s t e r n b a s i n m a r g i n s , w h i c h so
far h a v e b e e n i d e n t i f i e d as sites o f m a x i m u m H S A .
In o r d e r to e v a l u a t e t h e i m p a c t o f a l a y e r e d V O t i n g
B a s i n infill o n t h e h o r i z o n t a l s t r e s s c o n f i g u r a t i o n ,
w e i n c o r p o r a t e d a v e r t i c a l g r a d i e n t in c o m p e t e n c e .
H e n c e , w e a s s i g n e d a Y o u n g m o d u l u s o f 30 G P a
to t h e d e e p - s e a t e d s e d i m e n t s ( d e p t h i n t e r v a l 7.5 to
3 k m ) , w h e r e a s a Y o u n g m o d u l u s o f 2 0 G P a is ass i g n e d to the u p p e r u n i t (3 to 1.5 k m ) . T h e m o d e l l i n g
r e s u l t s d o n o t i n d i c a t e s i g n i f i c a n t v a r i a t i o n s in b o t h
HSA pattern and magnitude compared with the unif o r m b a s i n fill s c e n a r i o Evb = 2 0 G P a a n d Etr = 30
GPa.
W e a l s o t e s t e d the e f f e c t o f a n i n c r e a s e d u p p e r
m a n t l e s t i f f n e s s ( s t r e n g t h ) o n t h e h o r i z o n t a l stress
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6.2.2. TrOndelag Platform
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Fig. 13. Predicted horizontal stress amsotropy HSA in the V0ring
Basin in case of a far-field stress SH = 1.3Sh and an increased
upper mantle strength. The V0ring Basin infill is modelled to
be less competent than the TrOndelag Platform. Only the depth
interval 3 to 1.5 km is shown. The HSA contour interval 1.2
1.35 now comprises almost the entire basin, whereas higher
HSA values are confined to the basin edges. The predicted HSA
magnitudes encompass the largest interval of all models.

All tested basin fill scenarios predict an increased
HSA for the eastern margin and southern portion of
the TrOndelag Platform. To the contrary, the western
margin is suggested to be the site of reduced HSA
magnitudes, partly indicating a near-isotropic horizontal stress magnitude configuration (e.g., Fig. 11;
Table 5). However, all results basically reveal a
(very) similar HSA pattern with small HSA values
(at the western margin) found for more competent
platform sediments. Common to all models with an
applied far-field stress SH = 1.3Sh is the extended
area of HSA in the order of 1.2-1.35 in the centre
of the platform. As already predicted for the Vf~ring
Basin an increased upper mantle strength comprises
the largest range of HSA magnitudes. However, the
overall HSA pattern remains characterized by the
same features.
7. Discussion and conclusions

configuration within the V0ring Basin and the Tr0ndelag Platform. The modelling results predict significant changes in the HSA magnitude and pattern
for the depth intervals 7.5 to 3 km and 3 to 1.5
km compared with preceding models (Table 4). The
entire lower part of the basin is now characterized
by an HSA in the range of 1.2-1.35. This is in contrast to the predicted lateral gradient of HSA (i.e.,
HSA increases towards the north) obtained by models with a lower upper mantle strength. According
to the modelling results higher HSA magnitudes are
suggested for the eastern and western basin margins. Within the depth range of 3-1.5 km a similar
situation is predicted characterized by an HSA of
1.2-1.35 which comprises almost the entire basin
(Fig. 13). The eastern and western basin edges reveal
slightly broadened zones of increased HSA values
(Fig. 13). Moreover, the predicted HSA magnitudes
encompass the largest interval of all models.

Knowledge on the state of stress has important
implications for many aspects of petroleum exploration and exploitation, including the design of well
field arrays to increase production rates in lowpermeability, or tight gas- and oil-bearing formations
and evaluation of the optimum orientation of horizontal drilling to minimize borehole breakouts (Bell
and Babcock, 1986).
In order to study the stress system offshore MidNorway a 3-D finite-element model constrained by
seismic velocity data has been utilized. The model
comprises in a simplified way the major physiographic structures: elevated mainland, the Trcndelag
Platform, the Voting Basin, the V~aring Plateau and
the Lofoten Basin. The numerous fracture zones off
the coast of Norway, representing potential sites for
structural reactivation (Gabrielsen, 1989) and may
thus act as zones of stress release, are not implemented in the model. The simplified crustal structure

Table 5
Predicted magnitude of horizontal stress anisotropy (HSA) within the TrOndelag Platform
SH magnitude

Young's lnodulus

Southern and eastern margin HSA

Northern part HSA

Western Margin HSA

Depth (km)

Figure

SH = l.lSh
SH -- 1.3Sh

Evb < Eu
Evb < Eu-

1.05-1.2
1.35 1.5

0.9 1.05
1.2 1.35

0.8 0,9
1.08-1,2

3-1.5
3-1.5

l lA
I IB

Abbreviations as in Table 4.
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based on the velocity transect of Planke et al. (1991)
has been projected towards the northern and southern
edges of the model area. The physical rock properties, such as densities and Poisson ratios are kept
deliberately constant. In contrast, the Young modulus of the V0ring Basin infill, Tr0ndelag Platform
sediments and upper mantle and the magnitude of
the far-field stress represent the free modelling parameters.
With these modelling simplifications, we make
the following predictions.
(1) Lateral rock density variations across the continental margin of Mid-Norway are large enough to
perturb the regional stress field.
(2) The horizontal stress anisotropy HSA is site
(horizontal location) dependent, as indicated by an
increased HSA towards the northern part of the
V0ring Basin accompanied by narrow zones of high
HSA at the eastern and western basin margins. The
eastern margin of the southern V0ring Basin strikes
oblique to the far-field stress SH associated with
ridge push. Hence, gravitationally induced compressive spreading stresses (associated with the elevated
Tr0ndelag Platform) are oriented oblique to S.. This
tends to amplify Sh, which consequently results in
a low HSA magnitude. At the western basin edge
the topography related to the V0ring Escarpment
imposes the same effects. Towards the north the
basin margins strike approximately perpendicular to
the far-field stress. Thus, spreading stresses related
to lateral density variations parallel SH and cause
higher HSA values. The western edge of the Tr0ndelag Platform is suggested to be characterized by
low HSA, whereas its southern part and eastern edge
are likely subjected to higher HSA magnitudes. The
low HSA at the western margin is also explained in
terms of gravitationally induced spreading stresses
associated with the topographic lowering towards
the VOting Basin. The induced (tensile) spreading
stresses roughly parallel the far-field stress magnitude SH, resulting in a reduced SH magnitude.
At the eastern edge mainland topography-induced
compressive stresses on the platform are found to
increase the SH magnitude. In the southern part of
the platform, induced spreading stresses associated
with the topographic lowering at the western margin
are oriented oblique to SH causing a reduced Sh magnitude. Furthermore, SH is enhanced by the induced
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compressive stresses associated with the topographic
elevation of Norway.
(3) The local HSA high in the southern TrCndelag
Platform is found to border the HSA low within the
Vcring Basin.
(4) Less competent sediments are found to increase the horizontal stress anisotropy.
(5) An increased upper mantle strength (modelled
through an increased Young modulus) causes low
HSA magnitudes on a basin-wide scale, whereas
high HSA magnitudes are confined to the basin
edges.
(6) Our modelling results indicate that the magnitude of the far-field stress SH controls the level of
horizontal stress anisotropy. For instance, a far-field
stress of SH = 1.1Sh (where Sh is assumed to be in
the order of the load of overburden Sv) is found to
impose a near-isotropic horizontal stress configuration within the major part of the TrCndelag Platform.
With respect to the effect of the far-field stress magnitude, variations in basin fill properties impose only
minor differences in the predicted HSA.
Estimated values of the horizontal stress
anisotropy required for the formation of borehole
breakouts are in agreement with the values predicted
by the model. Although observations seem to support
the predicted patterns we wish to comment that we
do not have the constraints for the suggested SH/Sh
values at the different depth levels.
While we have tested only a few combinations
of rock properties, far-field stress conditions and
possible model configurations, the modelling results
support the hypothesis that the observed scatter of SH
azimuths may result partly from a weak horizontal
stress anisotropy.
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