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ABSTRACT

Numerical map view restoration of the larger
Gullfaks area on the western side of the Viking
Graben reveals a Late Jurassic apparent displace-
ment field that is slightly divergent, with displace-
ment vectors trending east-northeast-west-south-
west to east-southeast-west-northwest. The
predominant extension direction is east-west in the
Gullfaks field, changing to east-southeast-west-
southwest in the Gullfaks Sgr area. We relate the
divergent pattern to extensional collapse over low-
angle extensional detachments in the eastern part
of the area. The detachments also explain the
anomalously high extensions in this same area.
Total extension in the horizontal plane is estimated
to be 19% on average in the larger Gullfaks area,
whereas it is 42 and 33% in Gullfaks and Gullfaks
Sar, respectively. Block rotations (about vertical
axes) are minor (mostly <5°). Calculated fault-slip
directions indicate that major north-south-striking
faults are mostly dip-slip, whereas accommodation
faults or transfer faults, oriented at high angles to
the major faults, tend to be oblique slip.

In general, numerical or manual map view
restoration is useful before choosing and balancing
vertical sections. In most of the Gullfaks area, strain
is close enough to plane strain and block rotations
are small enough for section balancing to be reli-
able. East-west sections should be chosen across
the main Gullfaks field, and east-southeast-west-
northwest sections in the Gullfaks Sgr area.
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INTRODUCTION

The Gullfaks area is located on the western
margin of the Viking Graben of the North Sea rift
system (Figure 1). Because of its position in the
economically most important area of the North
Sea, this area’s structural geology has attracted
much interest over the last decade (Fossen, 1989;
Petterson et al., 1990; Koestler et al., 1992;
Fossen and Hesthammer, 1994; Ferseth et al.,
1995; Fossen and Rgrnes, 1996). The area also
contains the highest density of geologic data in
the North Sea rift system, including a large
amount of 3-D (three-dimensional) seismic sur-
veys, deep seismic profiles, and dipmeter data, in
addition to cores and other information from
about 150 exploration and production wells. The
large and still-growing amount of data makes the
area well suited for detailed structural analysis to
understand upper crustal extensional deforma-
tion in rift systems. In this paper, we use Statoil’s
detailed maps of the Gullfaks and Gullfaks Sgr
fault blocks to restore the area in map view.
Restoration is performed using the numerical
restoration method described in Rouby et al.
(1993) and Rouby (1995). This method describes
displacement patterns and quantification of dis-
placements, rotations, and extensions associated
with rifting. The method is also useful for validat-
ing structural interpretations, although this is not
the object of this paper.

GEOLOGIC SETTING

The Viking Graben (Figure 1, inset) is a large
north-south-trending graben that originated dur-
ing the Permian-Triassic phase of extension of
the North Sea (e.g., Roberts et al., 1990, 1995).
However, the largest Permian-Triassic extension
appears to have occurred east of the present
Viking Graben, which developed into a distinct
graben system only during the Late Jurassic
(Gabrielsen et al., 1990; Roberts et al., 1995).
Subsidence occurred throughout the Triassic,
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Figure 1—Location of the
Gullfaks-Statfjord area in
the northern North Sea.
First-order faults are
marked as wide, black
separations, and
second-order faults as
thinner lines. Boxes
indicate the three areas
subjected to restoration
(areas 1, 2, and 3). The
names of the main fields
and prospects in the area
are indicated (shading),
and the main faults are
named A-E.
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when 3000 m of Triassic sediments were deposit-
ed in the northern Viking Graben. A major uplift
(erosion) is recorded in the Lower-Middle Jurassic
series of the central North Sea, where a major rift
dome was located. In the northern Viking Graben,
doming-related regression led to the deposition of
the Brent Group sandstones. The rate of crustal
extension appears to have increased substantially
from the Middle into the Late Jurassic. The
Shetland Platform was uplifted, and differential
fault block subsidence was associated with the
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development and the rotation of large fault blocks.
The effects of this Late Jurassic phase are very pro-
nounced on seismic data and of greatest impor-
tance for the oil industry.

The rate of extension decreased in the Early
Cretaceous. Thermal subsidence appears to have
influenced the entire North Sea until the Paleo-
cene. A general rise in sea level resulted in progres-
sive overstepping of the platform and burial of
Jurassic fault blocks during the Cretaceous (e.g.,
Ziegler, 1990).
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Figure 2—(a) East-west depth profile through the northern part of the Gullfaks fault block. (b) Profile through the
Gullfaks Sgr fault block. No vertical exaggeration, but note difference in scale between (a) and (b). Faults are dashed
where the seismic resolution is poor. See Figure 1 for location.

Structural Setting

The Gullfaks oil field (Seland and Simpson, 1982;
Karlsson, 1986; Erichsen et al., 1987; Petterson et
al., 1990) occupies the eastern part of a first-order
fault block (the Gullfaks fault block) in the North Sea
(bounded by faults A and C in Figures 1 and 2a).
First-order normal faults (with kilometer-scale dis-
placements) separate the Gullfaks fault block from
the Statfjord fault block to the west and the graben
area to the east. The easternmost fault is strongly
non-planar, and wraps around the Gullfaks field. To
the south, this eastern first-order fault splits into two
branches, defining the Gullfaks Sgr fault block
(defined by faults C and D in Figures 1 and 2b).

Stratigraphy

Within the Gullfaks area, the sedimentary
sequence consists of Triassic continental sand-
stones and shales (Lunde Formation) overlain by
latest Triassic to earliest Jurassic alluvial sandstones

of the Statfjord Formation and marine claystones,
regressive sandstones, and marine shales of the
Dunlin Group (Figure 2). The Middle Jurassic sand-
stones of the Brent Group constitute a regressive-
transgressive sequence. The base Cretaceous
unconformity represents a time gap of up to 100
m.y., and Cretaceous shales form the cap rock to
the Gullfaks field. Late Jurassic sediments (black in
Figure 2) have locally been preserved within tilted
fault blocks. The Cook Formation, Statfjord
Formation, and Brent Group constitute the main
reservoirs in the area. In Gullfaks field, the total
recoverable reserves are estimated to 280 million
standard m3 of oil and 25 billion standard m3 of
associated gas. The similar numbers for Gullfaks
Sor are approximately 40 million standard m3 of oil
and 60 billion standard m3 of associated gas.

Gullfaks Fault Block

The western part of the Gullfaks fault block is
characterized by relatively few faults. Faulting is
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more pronounced toward the central and eastern
part of the Gullfaks fault block, known as the
Gullfaks field. The structural geology of the
Gullfaks field has been treated in detail by Fossen
and Hesthammer (1994). The field is divided into
a large western domain, where fault blocks exhib-
it a domino-style geometry, and an eastern elevat-
ed and deeply eroded horst complex (Figure 2a).
Between these areas is a zone that accommodated
the differences in deformation between these two
subareas. In the domino area the Jurassic beds
exhibit an average dip of about 15° toward the
west, whereas the faults are dipping 25-30°
toward the east. The bedding is somewhat steeper
([R20°) in the footwalls of the domino blocks than
in their hanging wall, where it locally becomes
horizontal. In the horst complex, layering is sub-
horizontal or gently westward dipping, and faults
are much steeper (60-70°). Recent reprocessing
of deep seismic lines across the Gullfaks block
(T. Odinsen, 1995, personal communication) indi-
cates the presence of a shallow eastward-dipping
detachment under the Gullfaks field (Figure 2a,
dashed line).

The horst area balances relatively easily by rigid
block rotations about horizontal axes, whereas in
the domino area rigid block rotations predict rela-
tively shallowly (45°) dipping faults at the onset of
deformation. Physical experiments, seismic data,
and field observations suggest most normal faults
initiate with dips of at least 60° (Anderson, 1951;
Jackson, 1987), and commonly as high as 70°
(Walsh and Watterson, 1988). We therefore suspect
that the domino faults formed with an initial dip of
at least 60°, which implies a certain amount of
internal deformation in the domino blocks. The
nonplanar geometry of the bedding is further evi-
dence for internal block deformation, and from
geometrical reasoning (Fossen and Hesthammer, in
press), the internal deformation may be modeled in
simple terms as a shear synthetic to, but steeper
than, the domino faults.

Gullfaks Sor Fault Block

The Gullfaks Sgr fault block forms the hanging
wall to a major, listric normal fault (fault C, Figure
2b). The hanging-wall deformation is accommodat-
ed by domino-style faulting. Faults dip 25-30° to
the east and sedimentary layers dip about 15° to
the west; i.e., a geometry very similar to the domi-
no system in the Gullfaks field. Hence, the discus-
sion on distributed deformation in the domino sys-
tem of the Gullfaks field also applies to the Gullfaks
Ser block.

METHOD OF RESTORATION
Principle

We use a numerical method for restoration in
map view of the study area. A full description of
the method can be found in Rouby et al. (1993)
and Rouby (1995). We here briefly describe the
principle and the main assumptions.

The method seeks to reconstruct the original
undeformed state of a given interpreted seismic
horizon currently truncated and dismembered by a
population of normal faults. In effect, we seek to
close the fault gaps that appear on a fault heave
map with a minimum of overlap and remaining
gaps. The input data are maps of stratigraphic hori-
zons displaying the fault network and thus the hori-
zontal component of dip-slip displacement ¢heave)
across each fault. The fault heave maps are
obtained by vertical projection of hanging wall and
footwall cutoff onto a horizontal plane.

Assumptions

We consider a horizon to be perfectly restored
when all fault gaps are closed. To close them, our
method relies on three assumptions. (1) The fault
pattern is completely divided into a finite number
of fault-bounded blocks. This pattern must be
defined before fault gaps are closed. (2) Blocks are
assumed to be rigid or deformed internally by verti-
cal shear (Figure 3) so that fitting involves only
translations and rigid block rotations about vertical
axes. (3) Restoration in map view does not restore
the component of displacement related to rigid tilt-
ing about horizontal axes, folding, or distributed
small-scale (“ductile”) deformation different from
vertical shear. As discussed, there are reasons to
believe that inclined shear models the internal
deformation better than vertical shear; however, in
either case the model is a simplification of the actu-
al deformation pattern within the fault blocks.
Although it introduces a qualitative error to the
restoration, internal block deformation, with few
exceptions, is subordinate to the seismically resolv-
able deformation (e.g., Westaway, 1994), and the
main characteristics of the deformation can still be
investigated by the restoration procedure outlined
in this paper.

Preliminary Data Processing
From the fault heave map (Figure 4a) we pro-

duce a modified map showing an assembly of fault-
bounded blocks. To do so, we extrapolate fault
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traces until they intersect (Figure 4b). Large and
elongated blocks also may be subdivided using arti-
ficial boundaries to allow for some internal defor-
mation to take place. Such artificial boundaries are
straight lines perpendicular to the faults. The result
is a map where blocks are entirely surrounded by
faults (Figure 4¢).

Numerical Restoration Procedure

We assume that a horizon is restored when fault
heave gaps are closed. One or more stationary
blocks are chosen (block 1 in Figure 4¢), and the
least mean squares procedure closes the gaps by
packing blocks against stationary blocks (Figure
4d). The basin margin or a large block at the edge
of the study area is normally chosen as the station-
ary block. The best fit is assumed to be obtained
when the distances between neighboring blocks
are minimized, which generates a set of equations
in terms of the unknown block transitions and
rotations.

Finite Deformation

From the deformed and restored states, we cal-
culate the finite horizontal displacement field for
each horizon, amounts of bulk extension in the
horizontal plane, and surface dilation (Figure 4e).
The displacement vectors connect grid points in
the deformed state (Figure 4¢) and restored state
(Figure 4d), and therefore are displacement vectors
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Figure 3—(a) Profile
through the faulted
\ Statfjord Formation,
\ Gullfaks field. The Statfjord
is reconstructed in the
\ eroded eastern part of
\ the horst complex.

\, _——— (b) The effect of map view
restoration. Application of
vertical shear to obtain a
continuous horizontal
\ layering (c) has no
\ influence on the map

demmm pattern.

for the total deformation. The vectors can therefore
be considered as the sum of the successive dis-
placement events in the area. The length of the dis-
placement vectors thus increases away from the
stationary block. Finite slip directions on each fault
can also be deduced from the relative movements
of block boundaries.

RESTORATION OF THE TOP BRENT HORIZON,
LARGER GULLFAKS AREA

To obtain a regional displacement pattern, we
restored a map of the top Brent horizon covering
area 1 in Figure 1. The map is a compilation of sev-
eral of Statoil’s 3-D seismic interpretations, consist-
ing of one for the northeastern part of the area (the
Gullfaks field), one for the southeastern part of the
area (the Gullfaks Sor structure), and one for the
whole western part of the area.

Fault Block Map and Restoration

The fault heave map is shown in Figure 5a, and
includes a first-order fault separating the main erod-
ed Gullfaks field from the Gullfaks Sgr structure to
the south. This first-order fault shows more than 1
km of heave. Second-order faults (typically with a
few hundred meters of heave) strike north-south in
the northern part of the area and north-
northeast-south-southwest in the southern part
(Figure 5a). Third-order faults (characterized by
10-100 m of heave) occur throughout the area, and
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Figure 4—Method of
restoration. From the initial
fault heave map (a) fault
traces are extrapolated to
construct a map where the
fault blocks are entirely
surrounded by faults (b).
Fault blocks are numbered,
and a stationary block
(block 1) is chosen (¢).
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By extending some of the fault tips and adding a
few minor faults to the fault heave map, we defined
129 blocks entirely surrounded by faults (Figure 5a).
Because the fault pattern is quite coalescent (inter-
connected), only large and elongated blocks were
subdivided by addition of artificial straight bound-
aries. The part of the area closest to the rift margin
was chosen as the stationary block (gray area, Figure
5a). All other external boundaries are free.

Application of the numerical procedure to the
original block map yields a restored map where
gaps and overlaps are minimized (Figure 5b). Some
local gaps and overlaps do remain, for example, in
the northwestern part of Gullfaks Sgr or west of
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Gullfaks Sgr. Gaps and overlaps can be attributed to
either internal block strain or erroneous interpreta-
tion of seismic data. The dashed line in Figure 5b
indicates the present-day shape of the area. The
area of the deformed (present) state is 119% of the
undeformed (restored) area. Hence, the dilation or
total extension in the horizontal plane is estimated
to be 19%. The extension in the east-west direction
ranges from about 10% (1.25-1.8 km) in the north-
ern part to 17% (2.5 km) in the central portion to
approximately 8% (0.9 km) farther south (as mea-
sured from the gray, stable block to the eastern
limit of the area shown in Figure 5). The higher
east-west extensions in the central portion of the
deformed area are related to the contribution from
the Gullfaks Sgr block.
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Figure 5—Fault block maps for (a) the current state and (b) the restored state for the top Brent Group (area 1, Figure
1). Extended (artificial) faults or portions of faults are marked as dashed lines. Shaded area indicates the chosen sta-
tionary block. Unshaded blocks are packed against the stationary block to the point where gaps and overlaps have
been minimized. Dashed line outside the restored area indicates the present outline of the study area. GF = Gullfaks

field, GFS = Gullfaks Sgr structure.

Fields of Finite Displacements and Rotations

The field of finite displacement (Figure 6a)
shows vectors ranging from northeast-southwest to
southeast-northwest. Several subdomains of differ-
ing displacement directions can be identified: a
northern domain of northeast-southwest displace-
ments, a northeastern domain of almost east-west
displacements, a southern domain of southeast-
northwest displacements, and a southeastern
domain of larger east-southeast-west-northwest dis-
placements. This latter domain covers the Gullfaks
Ser fault block. This part of the displacement field
is strongly influenced by slip on the first-order fault
separating the Gullfaks and Gullfaks Sgr fault
blocks. The vector field is slightly divergent also
within the Gullfaks Sgr fault block. In general, the
displacement field suggests a nonplane strain at the
scale of the larger Gullfaks area.

The block rotation map shows the amount of
rigid rotation of each block (rotation about a vertical

axis through the center of the block) between the
restored and the deformed state (Figure 6b). We
have distinguished between clockwise and coun-
terclockwise rotations. Rotations are relatively
small (most are between -5 and 3°). We found no
general pattern to the distribution of sense or
magnitude of rotation within the area, suggesting
that most of the computed rotations are related to
local displacement gradients along the strike of
the faults.

Directions of Slip on Faults

Directions of slip on faults, as deduced from
restoration, are shown in Figure 7. A considerable
variation in slip directions is seen throughout
the area. Many faults are dip-slip or close to dip-
slip, but there are also a number of exceptions.
For example, the southwestern part of the area
contains some north-south-striking faults with
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Figure 6—(a) Field of finite displacements for the top Brent horizon (area 1 in Figure 1). Each vector spans the dis-
tance between corresponding points in the restored and deformed states. (b) Field of finite block rotations for the
same area. Each block is shaded according to its sense and magnitude of rotation between the restored and
deformed states. Key shows magnitude (in degrees), with positive numbers indicating counterclockwise rotation.

displacements to the southeast, suggesting a dex-
tral strike-slip component on these faults.
Similarly, the northwesternmost fault has a sinis-
tral strike-slip component. Furthermore, the main
first-order fault bounding the Gullfaks Sgr to the
west shows slip to the east-southeast, implying a
sinistral strike-slip component along the east-
west-striking part of the fault. Within the hanging
wall of this fault, major faults are predominantly
dip-slip, showing that the divergent displacement
pattern within the Gullfaks Sgr fault block is relat-
ed to the change in fault strikes, from north-south
in the northern part, to northeast-southwest in
the southern part.

Note how slip may change direction along
strike of some of the throughgoing faults. This
change of direction is mainly a consequence of
branching faults or connecting accommodation
faults allowing nonuniform block movements in
the hanging wall to the main fault.

RESTORATION OF THE TOP STATFJORD
HORIZON, GULLFAKS FIELD

We restored more detailed maps of the top
Statfjord horizon within both the Gullfaks and
Gullfaks Sgr fields to examine the internal deforma-
tion more closely in these areas. The top Statfjord
horizon was chosen for restoration of the Gullfaks
field due to the extensive erosion of the overlying
Brent Group in the eastern part of the field. The
fault patterns on the top Brent and top Statfjord lev-
els, however, are similar.

Fault Block Map and Restoration

Main faults on the top Statfjord map (Figure 8a)
in the Gullfaks field are north-south trending, with
horizontal offset typically in the range of 250 to
500 m. These faults are second-order faults in a
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Figure 7—Direction of slip on faults as deduced from
restoration of the top Brent horizon (area 1 in Figure 1).
See text for discussion.

regional context. The related fault blocks are subdi-
vided by third-order faults with horizontal offset of
about 0-100 m and with variable orientation. By
extrapolating fault tips and adding a few artificial
discontinuity boundaries, a total of 165 blocks
were defined (Figure 8a). The western boundary of
the field was chosen to be stationary during defor-
mation (gray area, Figure 8). All other external
boundaries are free.

The restored block map (Figure 8b) shows a sat-
isfactory fit, although some local gaps and overlaps
remain. Comparison of the deformed (present) and
restored maps shows that the area increase is 42%
of the original (restored) area. The change is largest
in the east-west direction (Figure 8b), but some
extension also occurred in the north-south direc-
tion (i.e., slightly nonplane strain). Hence, the aver-
age extension along east-west profile lines is some-
what less than 42%, and has been found to range
from about 35% (1.5 km) in the northern part
through 25% (2.2 km) in the central portion to
approximately 40% (1.5 km) in the south.
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Fields of Finite Displacements and Rotations

Displacement vectors are slightly divergent over
the Gullfaks field, ranging from east-west in the
northern and northeastern parts of the area, to
east-northeast-west-southwest in the southern and
western part (Figure 9a), suggesting a nonplane
overall strain, although not very different from
plane strain. However, within the horst domain
(i.e., the eastern part of the Gullfaks field), dis-
placement vectors trend east-west and are parallel,
suggesting plane strain within the horst domain.
Furthermore, within the southern area, vectors are
east-southeast-west-northwest oriented, but
because they are subparallel, the strain can be
regarded as plane in this area also.

The displacement field shows a small domain
of southward displacements in the southwest.
Their presence can be partly attributed to the
occurrence of east-west-striking minor faults in
the southwestern part of the Gullfaks field.
However, their existence more likely results from
the northward displacement of these blocks dur-
ing the restoration to close the north-northwest-
south-southeast main fault. These blocks are
located at the edge of the map, and this south-
ward displacement could thus be a boundary
effect that does not reflect the actual geologic
displacement. In fact, such a southward displace-
ment has not been computed on the displace-
ment field of the top Brent horizon where the
blocks do not lie at the edge of the block map
(Figure 6a).

Block rotations (Figure 9b) are small (mostly
between -5 and 3°). Most rotations are clockwise
except in the southwestern part of the area.

Direction of Slip on Faults

Most of the main faults are close to dip-slip
according to the model (Figure 10); however,
small dextral and sinistral strike-slip components
do occur. Many of the small east-west-striking
faults show significant sinistral strike-slip compo-
nents, indicating that most small faults accommo-
dated differential slip along the main faults during
deformation.

RESTORATION OF THE TOP STATFJORD
HORIZON, GULLFAKS S@®R FAULT BLOCK

Similar to the Gullfaks field, the Brent Group is
eroded in the eastern parts of the Gullfaks Sgr fault
block, and hence the Statfjord horizon has been
chosen for map view restoration.
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Figure 8—Fault block map for (a) the current state and (b) the restored state for the top Statfjord Formation in the
Gullfaks field (area 2 in Figure 1). See Figure 6 for further explanation.

Fault Block Map and Restoration

The fault map of the Statfjord horizon in the
Gullfaks Sgr area is located east of the first-order
fault bounding the field to the north and west
(Figure 1); i.e., the map covers the hanging-wall
block of this listric fault (Figure 2b). Second-order
faults (of about 500 m horizontal offset) strike
north-south in the northern part of the area and
northeast-southwest in the south. Smaller faults (of
about 50-100 m of horizontal offset) strike north-
south and east-west, as well as northeast-southwest
in the southern part of the area.

The fault block map of Figure 11a defines 52
blocks. We chose the western boundary of the
area as a stable reference and let all other external
boundaries be free to move. The restored block
map (Figure 11b) shows a satisfactory fit. A few
remaining gaps and overlaps can be attributed to
internal block strain or erroneous seismic inter-
pretation.

The difference in area (area dilation) between
the restored and deformed states, which is an
expression of strain in the horizontal plane, is
about 33% of the original (restored) area. The east-
west extension (line extension) is about 30% (1-1.3
km) in the northern and central part of the Gullfaks
Ser structure, increasing to 40-50% (1.2-1.75 km)
farther south.

Fields of Finite Displacements and Finite
Rotations

Displacement vectors are divergent over the
Gullfaks Sgr area, ranging from east-west in the
northern part of the area to southeast-northwest in
the southern part (Figure 12a). This scenario is
consistent with the displacement field calculated
from the regional top Brent map (Figure 6a).

As for the Gullfaks field, block rotations (Figure
12b) are small (mostly between -5 and 4°). A north-
ern domain has undergone predominantly counter-
clockwise rotation, and a southern domain mostly
clockwise rotation, consistent with the divergent
aspect of displacement vectors throughout the area.

Direction of Slip on Faults

Fault slip directions calculated from the restora-
tion procedure (Figure 13) show a considerable
spread in azimuth partly because the faults them-
selves show considerable variation in strike, and
because most faults are close to dip-slip in the area;
however, some faults are oblique slip. In particular,
some of the minor east-west-striking faults show
significant sinistral strike-slip components, and
some faults in the central and southern part of the
area show dextral strike-slip components.
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Figure 9—(a) Field of finite displacements and (b) block rotations for the top Statfjord Formation in the Gullfaks

field (area 2 in Figure 1). See Figure 6 for key.

DISCUSSION
Displacement Fields

The displacement fields obtained at both
regional and local scales in the larger Gullfaks area
show mostly east-west directions. This verifies pre-
vious assumptions about the extension direction
in the area (e.g., Speksnijder, 1987; Roberts et al.,
1990); however, we did find some marked region-
al and local deviations from the general east-west
trend, as can be seen from the general displace-
ment field computed from the top Brent map
(Figure 6a). The most pronounced deviation is the
Gullfaks Sgr fault block, which forms a separate
domain dominated by east-southeast-west-north-
west displacements. The Gullfaks Sgr fault block
separated from the Gullfaks fault block by a
branch from the first-order fault east of the
Gullfaks field (fault C in Figure 1).

The Gullfaks field (Figure 9) also shows a slightly
divergent pattern. At a regional scale, this area
forms a deeply eroded structural high. In general,
there is a tendency for the calculated displacement
pattern to diverge slightly toward perpendicular
with the first-order fault east of the Gullfaks fault
block (fault C in Figure 1). Although the exact rea-
son for this pattern is not known, a thin-skinned
gravitational collapse of the high eastern portion of

the Gullfaks fault block may be a reasonable expla-
nation. The detachments under the Gullfaks and
Gullfaks Sgr areas (Figure 2) would then either be a
result of extensional collapse or provide a struc-
tural feature above which the upper part of the
area could collapse gravitationally.

Many faults appear to be dip-slip, particularly
north-south-trending faults. However, faults of dif-
ferent orientations may show a significant strike-
slip component, for example along the east-west
segment of the first-order fault bounding the
Gullfaks Sgr field to the west (fault C, Figure 1).
Such strike-slip components are consistent with an
overall east-west displacement direction, suggest-
ing that the changes in slip direction are related to
variations in fault orientation and not to any region-
al strike-slip deformation or significant block rota-
tions (the rotations computed are small and unsys-
tematic, and thus likely to be related to horizontal
displacement gradients along faults). Knowledge of
strike-slip components on faults is of interest, for
example, in fault-seal analysis. Normally, only the
vertical (dip-slip) displacement component is
detectable from seismic data, whereas the actual
displacement may be considerably larger. Because
larger displacements tend to produce more fault
rock material (gouge), increased displacement
should result in an increased estimate of the sealing
capacity of the fault.
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Figure 10—Direction of slip on faults as deduced from
restoration of the top Statfjord Formation in the Gull-
faks field (area 2 in Figure 1).

Area=133% of
undeformed
state
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Extension and Deformation

The Gullfaks field and the Gullfaks Sgr structure
may be considered as two large-scale expressions
of extensional collapse of the high portions of large
(first-order) rotated fault blocks. For Gullfaks, a
shallow-dipping detachment developed under the
reservoir, linked to the second-order block-internal
faults. For Gullfaks Sgr, however, a large, listric fault
is directly linked with the main, first-order fault east
of the Gullfaks block (fault C). The listric fault
developed into a large, kilometer-scale fault, and
controlled the deformation within the Gullfaks Sgr
block.

We obtain much smaller estimates of extension
for the regional map (19% of surface dilation)
than for the Gullfaks field and the Gullfaks Sor
structure individually (42 and 33%, respectively).
This difference is in agreement with the detach-
ment (collapse) model for the Gullfaks and
Gullfaks Sgr areas. The detachment model implies
that the area west of fault B (Figure 1) is detached
from the rest of the Gullfaks fault block, and thus
could experience considerably more extension
than the area to the west. Late Jurassic east-west
extensions on the order of 35-40%, as seen in the
Gullfaks and Gullfaks Sgr areas, are unusually

7
_ 7 Gullfaks Sar,
restored state

Figure 11—Fault block map for (a) the current and (b) the restored state for the Statfjord Formation map in the
Gullfaks Sgr area (area 3 in Figure 1). See Figure 6 for further explanation.
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Figure 12—Field of finite (a) displacements and (b) rotations for the top Statfjord Formation in the Gullfaks Sgr

fault block (area 3 in Figure 1). See Figure 6 for key.

high for this part of the North Sea, where the
average seismically resolvable extension related
to this phase is estimated by various workers to
be about 5-20% (Marsden et al., 1990; Roberts et
al., 1993). However, the extension estimates rise
to 30-40% within the Viking Graben east of
Gullfaks.

The difference in the amount of extension com-
puted for the Gullfaks field and the Gullfaks Sor
structure may not be geologically significant. This
difference is at least partly a result of the better res-
olution of the top Statfjord interpretation from the
Gullfaks field than from the Gullfaks Sgr structure;
i.e., the difference may be explained by more small-
scale extensional faults being included in the
Gullfaks map. Because additional subseismic faults
also contribute to extension in both areas, the
extension estimates presented here are likely to be
minimum estimates (Scholz and Cowie, 1990;
Marrett and Allmendinger, 1992; Walsh and
Watterson, 1992; Westaway, 1994). In addition, the
Gullfaks and Gullfaks Sgr fault blocks are likely to
be affected by inclined internal shear deformation
rather than the vertical shear assumed in the
restoration model. The effect of inclined shear
deformation is to stretch the fault blocks. Because
this has not been accounted for in the present
restoration model, the true extension is larger than
the estimates presented here. The length of the
true displacement vectors thus will be somewhat

longer than those presented in Figures 6a, 9a, and
12a, but the displacement pattern will hardly be
changed. If the internal antithetic or synthetic
shear deformation acts in the direction of maxi-
mum dip of the shear plane, the effect would be to
stretch the displacement pattern slightly in the
shear direction. Hence, any divergent pattern
would be slightly less (but still) divergent after such
a correction.

Implications for Section Balancing

Section balancing normally involves the
assumption of plane-strain deformation with the
extension direction being parallel to the chosen
section (e.g., Gibbs, 1983; Rowan and Kligfield,
1989). Furthermore, the slip directions on the
faults that intersect the section should ideally be
parallel to the section line. Balancing is commonly
performed without detailed knowledge about the
nature of the deformation in the area under consid-
eration. Obviously, if the extension direction
makes an angle to the section line, or if the strain
is three-dimensional, significant errors may occur
during restoration. Map view restorations provide
a means of identifying and avoiding or reducing
such errors. The section should be oriented paral-
lel to the displacement direction, as imaged on dis-
placement maps similar to that shown in Figure 6a.
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Figure 13—Direction of slip on faults as deduced

from restoration of the top Statfjord Formation in the
Gullfaks Sgr area (area 3 in Figure 1).

This direction is not necessarily perpendicular to
the main faults of an area because natural faults are
generally oblique slip. If the displacement pattern
is curved, the section should be segmented corre-
spondingly. For example, a section across the
southern part of Figure 1 should be oriented east-
southeast-west-northwest across the Gullfaks Sgr
structure, and change to east-west to the west of
this field. Areas of strongly divergent displacement
fields or complex fault-slip patterns are not well
suited for cross section balancing.

Manual restoration of a fault heave map can be
performed in a relatively short amount of time.
Although a fault heave map is not as accurate as the
numerical procedure presented here, it provides a
displacement map that would be very valuable for
section balancing evaluation.

CONCLUSIONS

(1) The regional displacement pattern in the
larger Gullfaks area, and particularly within the
Gullfaks Sgr fault block, is slightly divergent. The
divergent nature of the displacement pattern may
possibly reflect the influence of extensional col-
lapse over shallow detachments of the eastern,
high portions of the area.

(2) The average displacement direction is east-
west.

(3) Within subdomains like the horst domain in
the Gullfaks field (i.e., the northeastern part of the

field), displacement vectors are almost parallel and
the deformation is approximately plane strain.

(4) An abrupt break in displacement direction
occurs across the first-order fault west of Gullfaks
Sgr (fault C, Figure 1). The break can be explained
by a listric shape of the fault, where the Gullfaks
Ser block deformed by hanging-wall collapse.

(5) Total extension in the horizontal plane is esti-
mated to be 19% on average in the entire region
studied (excluding the easternmost, eroded part of
Gullfaks and Gullfaks Ser), but as much as 42% in
the Gullfaks field and 33% in Gullfaks Sgr. The high
extensions in the Gullfaks field and Gullfaks Sgr
area are explained by extensional collapse of the
eastern elevated part of a 20-25-km-wide fault
block above a low-angle detachment fault.

(6) Only very minor (<5°) block rotations are cal-
culated, giving no evidence for strike-slip motions
within the area. Most of the computed rotations are
related to local displacement gradients along the
strike of the faults.

(7) Slip directions on faults indicate that major,
second-order north-south-striking faults are dip-
slip, whereas most shorter, east-west-striking faults
are oblique slip. The east-west bend of the large
(first-order) fault between the Gullfaks field and
Gullfaks Sgr (fault C, Figure 1) has strongly oblique
slip (sinistral) along this segment.

(8) Map view restoration of the type demonstrat-
ed here is recommended prior to cross section bal-
ancing because map view restoration provides a
description of strain (deviation from plane strain)
and helps in choosing the best orientation of the
Cross section.

(9) The deformation in the Gullfaks area is suffi-
ciently close to plane strain that section balancing
is justified.

(10) Sections for balancing in the larger Gullfaks
area should be chosen according to the displace-
ment directions computed by the present restora-
tion; i.e., east-west in the main Gullfaks field and east-
southeast-west-northwest in the Gullfaks Sgr field.

(11) Although only the vertical (dip-slip) dis-
placement component is normally detectable from
seismic data, true slip directions are calculated in
the method presented in this paper. For some of
the faults, the strike-slip component is larger than
the dip-slip component. Assuming a relationship
between sealing capacity and displacement along
faults, the actual amount of slip associated with
each fault can be calculated and used as an input
parameter in fault-seal analyses.
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