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Abstract" The large amount of structural data available from the Gullfaks Field have been 
used to unravel the structural characteristics of the area. Two structurally distinct sub- 
areas have been revealed (a major domino system and an eastern horst complex) that 
show significant differences with respect to fault geometry, rotation and internal block defor- 
mation. The main faults have very low dips in the domino system (25 30 ° ) as compared to 
the horst complex (65°), whereas most minor faults are steep in all parts of the field. Forward 
modelling indicates that the horst complex balances with rigid block operations. However, 
the domino area underwent significant internal deformation, reflected by the low acute 
angle between bedding and faults, and by non-planar bedding geometries. The internal defor- 
mation is modelled as a shear synthetic to, but steeper than, the main domino faults. This 
deformation explains a large-scale (kilometre sized) drag zone that has a triangular geometry 
in cross-section. Much of this shear deformation occurred by strain-dependent grain reorga- 
nization in the poorly consolidated Jurassic sediments, which led to a decrease in porosity. A 
strain map is presented for the domino area, indicating where the porosity is likely to have 
been decreased due to internal shear. Hangingwalls are generally more deformed (sheared) 
than footwalls. This is seen on both the kilometre scale (large-scale drag) and the metre 
scale (local drag). 

There has been a rapidly growing interest in 
understanding extensional crustal deformation 
at various scales during the last few decades. 
Common approaches include physical modelling 
(Horsfield 1977; McClay & Ellis 1987; Vendeville 
et al. 1987; Withjack et al. 1995), theoretical/ 
numerical modelling (Jarvis & McKenzie 1980; 
Houseman & England 1986; Kusznir & Ziegler 
1992; Childs et al. 1990), seismic studies (Blun- 
dell et al. 1985; Beach 1986; Klemperer 1988) 
and field studies (Jackson et al. 1988; Davison 
et al. 1994). While theoretical and physical 
modelling are indeed important tools, they 
must be guided by and tested against data and 
observations of naturally deformed rocks. 
Detailed observations and careful collection of 
field data are therefore crucial. 

Although some well-exposed portions of rift 
systems do exist (e.g. the gulfs of Corinth and 
Suez), most rift systems are buried by syn-rift or 
post-rift sedimentary sequences and/or water. 
Exposed examples may have been brought to 
the surface by contractional crustal movements, 
causing reactivation and reworking of the origi- 
nal extensional structures. However, an over- 
whelming amount  of geological and geophysical 
data have accumulated in parts of rift systems 
where moderate to large oil-fields are located. 
We believe that systematic and integrated struc- 
tural analysis of the various types of geo-data 
available from oil-fields in the North Sea and 
elsewhere is a key not only to improving well 
planning and reservoir management in the 

region, but also to increasing our general under- 
standing of extensional deformation. 

The present work is a contribution from the 
Gullfaks Oil-field in the North  Sea, where more 
than 170 wells have been drilled and extensive 
well data of various types are collected. In 
addition, three-dimensional (3D) seismic data 
have recently been reprocessed and reinterpreted 
together with other field data in an integrated 
process. It represents an attempt to use and 
combine the many different types of data that 
are available from a producing oil-field to 
obtain the best understanding possible of the 
structural geology of the area. 

Regional setting 

The Gullfaks Field is located on the western 
flank of the Viking Graben (Fig. 1), where it 
occupies the eastern half of a 10-25 km wide, 
NNE-SSW-trending fault block named the 
Gullfaks fault block in this article. The Gullfaks 
fault block is one of a series of large (first-order) 
fault blocks that are easily identified on regional 
seismic lines across the North Sea. The general 
trend of these larger faults in the northern 
North  Sea is N - S  to N N E - S S W ,  reflecting the 
overall E - W  extension across the rift. 

The extensional history of the North  Sea dates 
back to the Devonian extensional phase shortly 
after the Caledonian collision (e.g. McClay et al. 
1986). Onshore kinematic studies support the 
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Fig. 1. Regional map of the northern North Sea (inset map) and of the Gullfaks-Statfjord area, and a profile 
across the Gullfaks Field. 
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idea of plate-scale divergent movements in the 
Devonian (Fossen 1992). The main subsequent 
rifting phases are commonly referred to as 
the Permo-Triassic and late Jurassic phases 
(e.g. Badley et al. 1988; Gabrielsen et al. 1990). 
Whereas the extension involved in the Permo- 
Triassic event is significant (Roberts et al. 1995), 
the late Jurassic deformation of the Jurassic 
sequence is more obvious on commercial seismic 
lines, and best known from well data. The pre- 
sent study is concerned with deformation of 
Late Triassic-Jurassic layers in the Gullfaks 
area, and thus with the late Jurassic extension 
phase. 

The Gullfaks Field 

The Gullfaks Field (Petterson et al. 1990) is 
situated east of the Statfjord Field and south of 
the Snorre Field (Fig. 1), and has been under pro- 
duction since 1986. Covering an area ofc. 75 km 2, 
the field is developed by three concrete platforms 
under a fully Norwegian license group consisting 
of Statoil (operator), Norsk Hydro a.s. and 
Saga Petroleum a.s. Total recoverable reserves 
amount  to about 310 x 106 Sm 3 of oil and 
some 30 x 109 Sm 3 of gas, located in the Jurassic 
Brent Group, Cook Formation and Statfjord 
Formation. 

changed its character from a well-drained semi- 
arid setting to a more humid alluvial plain. 

The 370-420m thick Dunlin Group is sub- 
divided into the Amundsen, Burton, Cook and 
Drake Formations. The Amundsen and Burton 
Formations consist 170-180 m of marine clay- 
stones and siltstones overlain by the regressive, 
marine, silty claystones of the lower part of the 
110-160 m thick Cook Formation, and in turn 
by muddy sandstones, sands and shales of the 
upper part of the Cook Formation. The 75-  
120 m thick Drake Formation comprises marine 
shales with varying amounts of silt. 

The Brent Group of mainly Bajocian-Early 
Bathonian age forms the upper and main part 
of the reservoirs. It is sub-divided into the 
Broom (8-12m), Rannoch (50-90m), Etive 
(15-40m), Ness (85-110m) and Tarbert (75- 
105m) Formations, all deposited in a deltaic 
environment. A broad lithological sub-division 
can be made between the shaly Ness Formation 
and the sandy intervals below and above. 

A major time gap (up to 100Ma) is repre- 
sented by the base Cretaceous (late Cimmerian) 
unconformity on the Gullfaks Field, separating 
Upper Cretaceous sediments from Jurassic or 
Triassic sediments, and post-dating the major 
part of the faulting history of the area. Up to 
100 m of Upper Jurassic shales (Heather Forma- 
tion) are locally preserved in the hangingwalls to 
the main faults in the Gullfaks Field, particularly 
in the western part. 

Strat igraphy 

The deepest well in the Gullfaks area (34/10-13) 
was drilled to about 3350m depth, and pene- 
trated 1340m of Triassic sands and shales of 
the Lunde and Lomvi Formations (Hegre 
Group). The base of the Triassic has never been 
reached in this part of the northern North Sea, 
and little is therefore known about early and 
pre-Triassic strata. From gravity surveys, palin- 
spastic reconstructions and regional, deep- 
seismic lines, it is, however, inferred that only 
thin sequences of sediments are present between 
the Triassic clastics and Devonian or meta- 
morphic/crystalline basement in this area. 

The Triassic Hegre Group consists of inter- 
bedded intervals of sandstones, claystones and 
shales, all deposited in a continental environ- 
ment. The upper part of the Hegre Group (the 
Lunde Formation) consists of medium-grained, 
fluvial sandstones and contains reserves in the 
eastern Gullfaks area. Overlying the Hegre 
Group is the Rhaetian-Sinemurian Statfjord 
Formation which consists of 180-200 m of sand- 
stones deposited in an alluvial environment that 

Structural  outline 

The Gullfaks Field is characterized by two 
structurally contrasting compartments (Fig. 1, 
profile): a western domino system with typical 
domino-style fault block geometry, and a 
deeply eroded eastern horst complex of elevated 
sub-horizontal layers and steep faults. These 
two regions are significantly different as far as 
structural development is concerned, and will 
be treated separately below. Between the western 
and eastern regions is a transitional accommoda- 
tion zone (graben system) which is identified as a 
modified fold structure. 

The distribution of these structurally different 
areas is shown in Fig. 2, which displays an east- 
stepping occurrence of the accommodation 
zone as one goes from the north to the south. 
The stepping occurs across E - W  transfer faults 
with high displacement gradients (rapidly 
decreasing displacement to the west). These 
E - W  faults thus separate domains of contrast- 
ing dips. 
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difference in depth. The orientation of the bed- 
ding was extracted by sub-dividing depth maps 
into squares of 312.5mx312.5m in which the 
average strike and dip of the bedding was esti- 
mated. Similarly, fault maps were sub-divided 
along strike into segments of 250 m length, and 
the average strike and dip were measured/calcu- 
lated at or close to reservoir level (mostly at the 
Amundsen-Statf jord level). This length was 
found to be small enough to pick up all signifi- 
cant undulations in the fault plane geometry, 
and sufficiently large to even out some of the 
'noise' that occurs from inaccurate interpretation 
(the faults were systematically interpreted every 
100 m at the work station). 

The domino area 

Fig. 2. The areal distribution of the domino system, 
the horst complex and the accommodation zone on 
the top Statfjord fault map. 

Data and method 

The structural analysis and discussion presented 
in this work are based on the multitude of 
exploration and production data from the 
Gullfaks Field. Ten thousand kilometres of 
reprocessed 3D seismic data (ST8511) were inter- 
preted (1992-93). Reflections closely corre- 
sponding to base Cretaceous, top Rannoch 
Formation, top Amundsen Formation, top 
Statfjord Formation and an intra-Teist Forma- 
tion were interpreted in the entire area. Other 
formation boundaries were partly interpreted 
and partly constructed from these formation 
boundaries by use of time-converted isochore 
maps. Seismic attribute maps, dipmeter data 
and other information from the approximately 
170 wells through the Gullfaks reservoirs were 
used extensively during interpretation. Both the 
time-interpreted horizons and faults were depth- 
converted for structural analysis, using a linear 
velocity function combined with available well 
velocity (vertical seismic profile (VSP) and syn- 
thetic seismogram) information. The geometrical 
characteristics of the mapped formations (hori- 
zons) and faults are presented as maps, stereo- 
plots and graphs that form a foundation for 
further analysis and discussion of the structural 
geology of the Gullfaks Field. 

Two maps (top Rannoch and top Statfjord 
Formations, Figs 3 and 4) were selected for struc- 
tural analysis, because they coincide or closely 
coincide with the best reflectors on the seismic 
lines, and they represent a significant (450 m) 

The western domino region constitutes the main 
part of the Gullfaks Field. The deformation in 
this part of the field has resulted in a series of 
generally N S-trending fault blocks. The faults 
defining these blocks are named F1, F2 etc. (see 
Fig. 5). They have displacements in the range 
50-500m, and will be termed main faults in 
this work. As will be discussed in more detail 
below, the block-bounding faults in this area 
have unusually low dips (25-30 ° to the east) 
whereas the sedimentary strata dip gently (typi- 
cally about 15 ° ) to the west. The domino fault 
blocks are compartmentalized by a series of 
smaller faults with throws generally below 
50m. These faults, which are referred to as 
minor faults, have more variable trends, includ- 
ing a marked E - W  trend. 

Geometry o f  main faults 

Orientation data extracted from depth-converted 
fault contour maps of main faults were plotted 
in stereonets as poles to planes. The results 
(Fig. 6a-e) demonstrate well the non-planar geo- 
metry of the main faults, and the poles to the 
faults are remarkably well-distributed along 
great circles. The latter phenomenon, which 
was also noted by Koestler et al. (1992) for two 
faults in the western part of the domino area, 
reflects the cylindrical geometry of the non- 
planar faults at reservoir level. The poles to the 
best-fit great circles (¢3-axes of Ramsay (1967)) 
define the axis of curvature of the fault surfaces. 
Obviously, the easiest slip direction for the fault 
blocks is parallel to the /3-axes. Movements 
oblique to this direction would imply serious 
compatibility problems which could be resolved 
only to a certain extent by internal deformation 
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Fig. 3. Depth map of the Rannoch Formation in the Gullfaks Field. 

near the fault. The poles to the best-fit great 
circles must therefore be close to the mean slip 
direction to the main faults. Figure 6 constrains 
the mean slip direction to an easterly trend 
(090 ± 10) with a plunge of about 25-30 °. It 
can also be seen from Fig. 6a-e  that the lowest 
dips (dips of N-S-striking fault segments) vary 
from 30 ° in the west to 25 ° in the east. 

Geometry of minor faults 

Minor faults show a much wider range in orien- 
tation than the main faults (Fig. 6f), and include: 

(1) N-S-striking minor faults sub-parallel (syn- 
thetic) to the main faults; (2) E-W-striking 
minor faults; (3) diagonal; and (4) steep N-S-  
striking minor faults antithetic to the main faults. 

The first category have dips that are slightly 
steeper than the main faults if they occur in the 
hangingwall (hangingwall collapse, Fig. 7), and 
somewhat lower dips if they are related to foot- 
wall collapse. Hangingwall and footwall collapse 
have been mapped in several places, but may be 
difficult to identify from seismic data alone. 
Exploration of the Gullfaks Vest structure (Figs 
3 and 4) is an example of the latter, where, 
after three pilots and two long horizontal wells, 
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the map pattern changed from a simple footwall 
geometry to a much more complex collapsed 
footwall rim. In this particular example, the 
collapse structures were largely restricted to the 
Brent Group (compare fault patterns of Figs 3 
and 4), and were therefore not reflected in the 
well-defined but deeper Amundsen and Statfjord 
reflectors. 

E-W-striking minor faults are typically steep 
(45-90 ° ) and restricted to single domino blocks. 
They must therefore be related to internal block 
deformation, and are best interpreted as accom- 
modation structures formed during a history of 
differential slip along the main faults. They are 
also characterized by small throws (many 
<20m and almost all <50 m). From the stereo- 

graphic projections (Fig. 6f) it appears that the 
N-dipping faults of this type are very steep, 
whereas a series of S-dipping E W faults have 
somewhat lower (although still quite steep) dips. 

Diagonal minor faults, i.e. NW-SE-  or N E -  
SW-striking faults, are mapped in most of the 
Gullfaks area. These faults have variable 
throws and, like the other minor faults, most 
are restricted to single fault blocks. They have 
intermediate dips, and categories (1), (2) and 
(3) together define a great circle similar to the 
main faults (Fig. 6f). 

Most antithetic faults are steep to sub-vertical 
and somewhat variable, but mostly N-S-  
striking. These faults have small (<20m) 
throws, and are less common than the other 
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the Gullfaks Field. 

types of minor faults. This expression of internal 
block deformation is interpreted as adjustment 
structures related to, for example, irregular 
block-boundary conditions. 

Dipmeter data have proved useful for identifi- 
cation of sub-seismic minor faults. In order to 
identify small-scale faults by use of dipmeter 
data, a change in dip and/or dip direction of 
strata must exist. Such changes can occur as dis- 
crete discontinuities, or the changes may be gra- 
dual if drag exists (i.e. a deflection of layering 
adjacent to the fault surface). 

Since the degree of bedding deflection around 
faults is related to fault dip, it is often possible 
to roughly estimate a minimum dip and dip 
direction of minor faults. Analysis of dipmeter 
data from the Gullfaks Field based on statistical 
curvature analysis techniques (Bengtson 1981) 
shows two major concentrations of dip directions 
of faults with drag: one to the east or southeast, 
and one to the west, i.e. synthetic and antithetic 
to the main domino faults (Fig. 8). The synthetic 
set appears to be more common. This corre- 
sponds to the higher number of synthetic than 
antithetic minor faults mapped on the seismic 
data (Figs 3, 4 and 6f). The E-W-striking 
minor faults identified from seismic interpreta- 
tion are, however, not readily observed on 
dipmeter data, suggesting that they did not 
develop associated drag. 

Fault zone characteristics 

Analysis of core material has demonstrated the 
presence of a relatively narrow 'damage zone' 
along both major and minor faults, i.e. a zone 
with an anomalously high density of minor frac- 
tures. The width of such zones is typically less 
than 10 m for the minor faults, and apparently 
not much wider for the main faults. 

On a somewhat larger scale, there is seismic 
and well evidence for minor faults that splay 
out from the main fault into the side walls to 
form hangingwall or footwall collapse structures 
(Fig. 7). In effect, these structures display an 
upward dissipation of deformation from the 
Statfjord Formation towards the base Cret- 
aceous unconformity, i.e. the loose sands of the 
Brent Group responded differently to deforma- 
tion than the deeper and more compacted 
strata. The deformation dissipation may there- 
fore be the result of more active strain-hardening 
processes up-section during deformation. 

Drag, i.e. deflection of bedding adjacent to the 
fault surface, is an expression of continuous or 
'ductile' deformation near the fault, where the 
non-planar bedding in principle can be traced 
continuously through the drag zone. In the 
sense used here, the deformation associated 
with drag is microscopic, i.e. associated discrete 
(discontinuous) deformation is not visible in 
cores. This deformation is identifiable from 
dipmeter data, and analyses indicate that drag 
zones up to several tens of metres wide are 
developed for more than half of the faults that 
intersect wells with dipmeter data. 

The common method of identifying faults 
from well-log correlation is by recognizing inter- 
vals of missing section. Since more than half of 
all faults on the Gullfaks Field have associated 
drag, it is clear that the 'total offset' (i.e. offset 
of a stratigraphic marker across the area affected 
by drag) will commonly be larger than the 
amount of missing section. In order to quantify 
the difference between 'total offset' and missing 
section, a profile was constructed through a 
drag zone identified from dipmeter data in the 
Amundsen Formation in well 34/10-C-3 (Fig. 
9a). Dipmeter data suggest that the fault dips 
45 ° or more to the west. Nine metres of missing 
section was identified from other well logs. Dip 
isogons were constructed parallel to the fault, 
thus assuming that the drag zone .developed 
along a fault-parallel shear zone. The resulting 
profile shows that even though the missing 
section in the well is only 9m, 'total offset' 
amounts to about 100m in this extreme case. It 
is thus obvious that construction of geological 
profiles based on stratigraphic correlations 
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Fig. 6. Equal-area stereographic projections of poles to five main faults (FI-F5, see Fig. 5) (a)-(e) and minor 
faults in the domino area (f). The best-fit circle and its pole (calculated by Bingham analysis) are shown. The 
poles are expected to indicate the general slip direction associated with the main faults. The minor faults (f) are 
distinguished into four different groups: (1) minor faults synthetic to the main faults; (2) steep E-W-trending 
faults; (3) NE-SW and NW-SE-striking faults; and (4) sub-vertical N-S-trending faults. 

alone can lead to serious under-estimates of 
displacement along faults. In addition, since 
drag may affect the geometry of the reservoirs, 
an improved understanding of drag may lead to 
more correct volume estimates and identification 
of unknown hydrocarbon prospects. 

Drag zones around faults have been deter- 
mined from dipmeter analysis to be less than 
100 m wide. The drag zone is consistently wider 
in the hangingwall than in the footwall to faults 
(Fig. 9b), indicating stronger deformation of 
the hangingwall side of the fault. 

Geometry of bedding 

The bedding orientation data in the domino area 
were treated individually for each domino fault 
block (Fig. 5). Because of the low dips of the bed- 
ding, these data are best displayed as dip azimuth/ 
dip plots rather than plots of poles to bedding. 

Figures 10 and 11 show that the orientation of 
the bedding is fairly constant within each fault 
block as well as between the blocks. The average 
dips of the top of the Rannoch and Statfjord 
Formations are 13 ° and 16.6 ° , respectively 
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Fig. 8. Rose diagram showing dip directions of faults 
with associated drag. The diagram shows that N and 
S-dipping (i.e. E W-striking) faults have not 
developed drag structures detectable from dipmeter 
data. 

(Fig. 12). This difference in average dip of about 
3.6 ° indicates a decrease in dip from the Statfjord 
Formation and upwards through the Brent 
Group, a difference that locally can be seen 
directly on the seismic (Fig. 13). 

There is a general decrease in dip from the east 
(footwall position) to the west (hangingwall posi- 
tion) within the domino fault blocks, although 
variations exist within, as well as between, the 
blocks. A schematic illustration of the general 
geometry is given in Fig. 14 (inset). In order to 
better describe and quantify these changes, the 
dip of the bedding was plotted with respect to 
the distance from the nearest main fault to the 
west. This was done for each fault block defined 
in Fig. 5 for the top Rannoch and top Statfjord 
Formations, and the results are given in Table 1. 

Figure 14 shows the result of the analysis for 
fault block B (Fig. 5). A linear regression analysis 
indicates an average change in dip of 4.6 and 
3.6 ° km -1 for the top Rannoch and top Statfjord 
Formations, respectively. Table 1 shows that the 
dip gradient generally falls between 1 and 
5°km -l  in the domino system. This gradient, 
which is different for the top Statfjord and 
Rannoch Formations, varies from block to 
block. The difference in dip gradient between 
the two horizons is largest in block D (difference 

o 1 o 1 of c. 2 km ) and E (difference of c. 3.5 km-  ), 
and particularly in block G where the gradients 
have opposite signs. 

A map coded with respect to dip categories of 
most of the domino area displays the general 
geometry described above (Fig. 15). This general 
picture is confirmed by analysis of dipmeter data. 
Well 34/10-8 is a vertical exploration well located 
within the domino system in the southern part of 
the Gullfaks Field. A seismic section through the 
area (Fig. 16) shows that the uppermost part of 
the well in the reservoir zone is located in the 
middle of a large fault block. Towards the base, 
the well penetrates three minor east-dipping 
faults and approaches, without penetrating, a 
fourth east-dipping fault with somewhat larger 
offset (several tens of metres). 

Stereonet plots of the different formations 
penetrated by the well (Fig. 17) show that beds 
in the Tarbert to Rannoch Formations dip to 
the west, and dip is clearly decreasing with 
depth. Beds in the Drake Formation are sub- 
horizontal or dip very gently to the west, whereas 
in the Cook Formation, beds dip to the east. 

Dipmeter data from well 34/10-8 show that 
it penetrates the axial surface and the crestal 
surface (the crestal surface joins the position of 
lines connecting points of minimum dip of 
successive layers). Since the well is vertical, 
such an intersection is only possible if the axial 
and crestal surfaces are inclined. The simplest 
interpretation is an east-dipping axial surface. 
This is consistent with folding of strata due to 
large-scale drag related to the east-dipping 
main fault recognized from seismic data. This 
major drag zone may be described as a triangular 
zone (Fig. 18). The zone is bounded by the main 
fault to the west and a less well-defined eastern 
boundary (there may be a gradual transition 
from the area affected by drag to the area rela- 
tively unaffected by drag). Seismic data indicate 
that the eastern boundary and the dip isogons 
in the zone have steeper dips than the main 
fault, and therefore intersect the main fault at 
depth (usually at the stratigraphic level of the 
Statfjord Formation or deeper). The triangular 
drag zone developed in the hangingwall to 
main faults is a large-scale expression of more 
deformation of the hangingwall than of the foot- 
wall. A similar relationship was found for minor 
faults (Fig. 9b). 

Relationship between strike of faults and 
bedding 

The strike of the bedding is seen from Fig. 19 to 
be mostly N-S  with a slight NE SW component. 
Average strike direction from Bingham analysis 
(Bingham 1964; Cheeney 1983) for the top 
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Fig. 9. (a) Construction of bedding geometry around a minor fault encountered in well 34/10-C-3, based on 
detailed dipmeter analysis. There is 9 m of missing section in the well, whereas the total offset across the 
deformation zone (including local drag deformation) is about 100 m. (b) Average interval affected by drag for 
46 minor faults in the various Jurassic formations in the Gullfaks Field. The drag zone is wider in the 
hangingwall than in the footwall. 

R a n n o c h  and Statfjord Forma t ions  are 009 and 
006, respectively. Ideally, the strike of  the bed- 
ding and the faults would  be expected to be par- 
allel in a simple domino  system. However ,  the 
faults show an average strike that  is slightly 
west of  nor th ,  with a m a x i m u m  a round  350 
(Fig. 20). This difference in strike of  15-20 ° can 

also be seen on the con tour  maps,  part icular ly 
in blocks D - F  where  the con tour  lines can be 
t raced southwards  f rom the eastern side of  the 
fault block to the western side (Fig. 4). A n  expla- 
na t ion  for this discrepancy is that  the ro ta t ion  of  
the layers in the Gullfaks area was not  solely con- 
trolled by the domino  faults within the Gullfaks 
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Fig. 10. Dip azimuth/dip of bedding plots for the top Rannoch Formation. Block numbers correspond to 
domino blocks labelled in Fig. 5. 
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Fig. 12. Dip azimuth/dip plots of bedding from the domino area for (a) the top Rannoch Formation, and 
(b) the top Statfjord Formation. 
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Fig. 13. Seismic line showing difference in dip between the Brent Group and the Statfjord Formation. 
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location). The data  indicate a general geometry similar to the one shown in the inset sketch, i.e. steepening 
bedding to the east across the fault  block. 

Table 1. Statistical dip versus distance data for domino blocks defined in Fig. 5 

Rannoch  Fm. Statfjord Fm. 

Block Grad  (°/km) R n Block Grad  (°/kin) R 

B 4,58 0.567 90 B 3.58 0.550 90 
C (2.13) 0.182 20 C (5.5) 0.412 20 
D 4.67 0.371 173 D 2.64 0.243 173 
E 6.61 0.515 126 E 3.13 0.300 126 
F 3.21 0.307 74 F 2.6 0.315 74 
G 8.05 0.351 28 G - 7 . 0 4  0.522 28 

With  the exception of  block C, all the listed fault blocks contain da ta  that  conform to 
significant linear correlations for a chosen risk of  error of  5%. R, coefficient of  linear 
correlation; n, number  of  observations. 
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Fig. 15. Colour-coded dip map for the main part of the domino area. The general steepening bedding to the 
east across domino fault blocks is seen across the area. An additional code indicates shear strain according to 
the relationship between bedding and shear strain indicated in Eqn 8. 

Field, but also by the more NNE SSW-trending, 
first-order faults separating the Gullfaks fault 
block from the Statfjord Field (Fig. 1). The 
strike of the bedding falls somewhere between 
the strike of the first- and second-order faults, 
and may thus have been affected by rotation 
related to both sets of faults. 

The eastern horst complex 

Geometry of faults 

The main faults in the horst complex are con- 

siderably steeper than those in the domino area. 
Dips of about 60-70 ° are common, and both 
E- and W-dipping faults occur (Fig. 20a). A 
very constant N-S  strike is characteristic for 
the main faults, and these faults are more 
planar than the main faults in the domino 
system to the west. 

The Jurassic sediments that generate good 
reflectors in the main part of the Gullfaks Field 
are eroded in the horst complex. This makes 
mapping of minor faults more uncertain in the 
horst complex. Most mapped minor faults are 
relatively steep (45-70 ° ) and run sub-parallel to 
the main faults. 
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W fi 

Fig. 16. Seismic line through well 34/10-8. Note pronounced flattening of beds in the western parts of the fault 
blocks (large-scale drag). 

Geometry of bedding 

The bedding in the horst complex is sub-horizon- 
tal with a weakly preferred westerly dip direc- 
tion. A perturbation of the bedding is seen in 
the northern part of this area (around well 34/ 
10-C-2) where a doubly plunging fold with 
shallowly plunging, NW-SE-trending axial trace 
and steep axial surface has been mapped. 

Dipmeter data from the horst complex sup- 
port  the seismic interpretation, suggesting sub- 
horizontal dips or shallow dips to the west or 
to the south. 

The transitional accommodation zone 

The zone between the domino system and the 
horst complex accommodates the difference in 
structural style between the two areas, particu- 
larly the difference in dip of bedding and faults 
on either side of the zone. The accommodation 
zone is a graben structure, and the bedding 
defines a fold with a W-dipping western limb 
and a sub-horizontal to gently E-dipping eastern 
limb. 

Fault geometry 

The main faults associated with the accommoda- 
tion zone are the easternmost domino fault, i.e. 
a relatively low-angle (25-30 °) fault, and the 
steeper (65 °) W-dipping fault bounding the horst 
complex to the east. Minor faults show a prefer- 
ence of N - S  and E - W  strikes with variable dip 
(Fig. 20b). Physical modelling suggests that this 
is an area of many small faults of which we have 
been able to identify only a small fraction (Fig. 21). 

Geometry of bedding 

The bedding in this zone defines a somewhat 
modified (faulted) fold with a western limb that 
dips about 15 ° to the west, and an eastern, 
gently E- to ENE-dipping limb. The axial trace 
of the fold trends approximately NNW-SSE,  
and the fold axis plunges very gently to the 
NNW. From the measured poles to bedding at 
Cook level in the fold area, the fold axis was 
estimated to be oriented at 345/06 (Fig. 22a). 
The opening angle of the fold is c. 160 °, and 
the axial plane appears to be steep. 
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westerly direction and penetrates the eastern 
limb, the axial surface, and the western limb of 
a seismically defined gentle fold (Fig. 23). The 
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the reservoir zone (eastern limb) (Fig. 24). Sub- 
horizontal dips dominate in the hinge zone, 
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dips as one enters the western limb. The inter- 
section between the axial surface of the fold 
and the well is interpreted to be within the Stat- 
fjord Formation. Plotting the maximum concen- 
tration of poles to bedding from the two limbs 
gives a sub-horizontal fold axis with a southerly 
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The effect of compaction 

Compaction leads to a reduction in both dip and 
length of non-horizontal and non-vertical faults 
and beds. The angular changes involved can be 
expressed by the simple trigonometric relation- 
ship: 

0 = tan -I [(1 + A) tan 00] (l) 

where 0 and 0o are the present and initial dips of 
the fault in question. The present fault dip is nor- 
mally known and, assuming a compaction factor 
A, one wants to calculate the initial dip of the 
fault. Equation 1 can then be rewritten as: 

00 = tan-l  [tan 0/(1 + A)] (2) 

On the Gullfaks Field, the main faulting 
initiated during, or immediately after, the deposi- 
tion of the Tarbert Formation, i.e. the top of the 
Brent Group was at the surface at the time of 
faulting. The fault surfaces were deformed by 
the subsequent compaction history of the sedi- 
ments, which mainly occurred while the structure 
was buried in Late Cretaceous time and overlain 
by some 2km of mostly Tertiary sediments. 
Near-sea bottom measurements of sand porosity 
generally fall within 38-43% (Perrier & Quiblier 
1974), although the porosity is quickly reduced 
during burial. Hence, we can assume the original 
porosity of the sandy intervals of the Brent 

Fig. 17. Stereographic projections of dipmeter data 
(dip azimuth/dip of bedding measurements) from well 
34/10-8. A change from westerly dipping beds in the 
upper part of the well to easterly dips in the lower 
part confirms the seismic expression seen in Fig. 16. 
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Fig. 18. A generalized section through a domino block, showing the triangle-shaped large-scale drag zone. The 
displacement at deeper reservoir levels (ds) is larger than at higher levels (dB) due to the dissipation of 
deformation upwards into the hangingwall. The principal location of well 34/10-8 is indicated. 

Group  to have been a round  40% (q50 = 0.4). 
Shale, on the other  hand,  has a considerably 
higher initial porosi ty  ( 85 -50% within the 
upper  10m of  a clay sequence), but  decreases 
rapidly with depth.  

The present  porosi ty of  the oil-filled sand- 
stones of  the Brent Group  varies f rom q5 = 0 .2-  
0.34 with a m a x i m u m  close to 0.3. Their  porosi ty  
can therefore be assumed to have changed f rom 
about  40% near  sea-bot tom to the present  
30%. Fo r  0 = 0.3, using the relat ionship 

A = [(1 - ~0)/(1 - ~b)] - 1 (3) 

which yields A = - 0 . 1 4  (i.e. 14% vertical short- 
ening). 

Fig. 19. Orientation (strike) of main faults and 
bedding (Rannoch and Statfjord Formations) in the 
domino system, Gullfaks. A difference of about 10- 
20 ° between the fault orientations and the bedding is 
evident from the rose diagrams. See text for 
discussion. 

N 

( b ) ~  
Fig. 20. (a) Poles to major faults in the horst 
complex, (b) minor faults in the accommodation zone 
and horst complex. 
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Fig. 21. (a) Seismic line (912) across the accommodation zone, showing a gently collapsed fold structure. (b) 
Part of plaster model (detailed part of experiment shown in Fossen & Gabrielsen (1996)), showing a 
remarkably similar geometry to (a), but with a large amount of additional small-scale faults and fractures. 

The Brent Group consists of c. 77% sand, of 
which the upper and lower 100m contain 90% 
sand and the middle part (Ness Formation) 
about 50% sand. For pure sandstones, faults 
with present dips of 25-30 ° (Fig. 6) in the upper- 
most part of the Brent Group would have had 
pre-compactional dips of 28.5-33.9 ° according 
to the numbers above (Eqn 2). Hence, it can be 
concluded that the lowering of fault dips due to 
compaction may be in the order of 4 ̀7 for the 
uppermost part of the Brent Group, decreasing 
downwards through the reservoir. 

Shales of the Ness Formation were buried to 
depths of 100-200m during faulting. Consider- 
able dewatering (compaction) had therefore 
already taken place prior to faulting. The sub- 
sequent reduction in porosity is assumed to be 
quite similar to the adjacent sandstones. The 
effect of this type of compaction history on 
initially planar faults is to form slightly convex- 
upward or 'anti-listric' fault geometries in the 
upper part of the reservoir because of the decreas- 
ing effect of post-faulting compaction with depth. 

Alternatively, if the fault had a gently listric initial 
geometry, it has been straightened out during the 
post-faulting compaction history. 

In addition to the effect on fault geometry, 
compaction would also influence the orientation 
of the bedding. For layers now dipping at 12-14 ° 
(Rannoch Formation, Fig. 10), a change in 
porosity from 4~0 = 0.4 to q50 = 0.3 gives a pre- 
compactional dip of 14-16 °. Hence compaction 
may have lowered the dip of the bedding by an 
amount of c. 2.4 ° in the uppermost part of the 
Brent Group, rapidly decreasing downwards. 
Hence, the post-tectonic dip is unlikely to have 
changed significantly during the post-rift burial 
history of the pre-Tarbert Formation section, 
and the difference in average dip between the 
Rannoch and Statfjord Formations indicated in 
Fig. 12 is largely caused bv tectonic deforr ation. 

Vertical changes m post-iaumng compacuon 
could in principle give rise to large-scale drag 
or hangingwall synclines of the type shown in 
Fig. 18, but modelling shows that this effect is 
negligible on Gullfaks. 
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Fig. 22. (a) Poles to bedding in the accommodation 
zone/fold area from seismic interpretation, and (b) 
maximum concentrations of bedding from dipmeter 
data in well 34/10-C1. In both cases, an almost N-S- 
trending sub-horizontal fold axis is indicated. 

Fault geometry, forward modelling and 
internal block deformation 

Initial fault dips 

One of the puzzling features of the Gullfaks Field 
is the anomalously low dips of the fault planes in 
the domino area, compared to the low dips of the 
sedimentary layers and to the moderate amount  
of regional Jurassic extension. In general, the 
well-known Navier-Coulomb criterion for 
brittle failure can be expressed as: 

7- = C -}- 0.n# (4) 

where r and 0.n are the shear and normal stresses, 
respectively, acting on the potential fracture 
plane, and # is the coefficient of internal friction 
(# = tan r/, where r/ is the angle of sliding fric- 
tion). C is the cohesion or inherent shear strength 
of the rock. From this criterion, the angle 
between the shear plane (fault) and the axis of 
maximum principal stress (0.1) can be predicted 
to be: 

~ = -+-(45° - r//2) (5) 

(e.g. Price & Cosgrove 1990). During extensional 
deformation 0-1 is vertical, and the initial dip 

W 

Fig. 23. Seismic line through well 34/10-C-1. According to the seismic interpretation, the well penetrates the 
fold in the accommodation zone. 
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Fig. 24. Dipmeter data (dip azimuth/dip) from well 
34/10-C-1 from what is interpreted as the east limb, 
the hinge zone and the west limb according to the 
seismic interpretation (see Fig. 23). The dipmeter data 
support the seismic interpretation. 

(00 = 90 - ~) of a normal fault will be higher than 
45 ° by an amount depending on r/. Based on 
studies of fault-plane solution data, Jackson 
(1987) argued that 00 is typically about 60 °, as sug- 
gested by Anderson (1951). Walsh & Watterson 
(1988), on the other hand, presented fault dip mea- 
surements from British Coalfields, and found that 
the mean dip of normal faults is about 70 ° rather 
than the commonly accepted value of 60 ° . They 
also refer to several studies where the mean dip 
angle is, or is inferred to have initiated at values 
between 60 and 75 ° . Their data were collected 
from consolidated rocks (depth of faulting is 2-  
3km), except for four syn-sedimentary faults 

which exhibited lower dips. However, faults in 
poorly consolidated sands and conglomerates 
also exhibit fault dips in the order of 60-70 ° in 
many extensional settings, e.g. in the Lake 
Havasu/Whipple Mountains area of Arizona/ 
California (unpublished data) and in sandbox 
experiments, and the existing data therefore do 
not suggest a significantly shallower angle of fault- 
ing in poorly consolidated sediments. 

Initial faul t  dips on Gullfaks 

The main faults in the Gullfaks Field formed in 
mostly consolidated rocks, and only the upper- 
most part of the fault planes affected what was 
poorly consolidated sediments at the time of 
faulting. The dip of the Gullfaks faults was 
estimated at Statl~ord level (at 800-1000m 
depth during faulting), and fault dips remain 
constant at least into the Teist Formation some 
1-2 km further down (Fig. 1, profile). According 
to the discussion above, one would expect initial 
fault dips in the order of 60-70 ° . 

The present dip of the main faults in the horst 
complex on the Gullfaks Field is found to be 
about 60 65 ° . The effect of post-faulting com- 
paction must have been small in the Triassic- 
Lower Jurassic layers, and even in the Brent 
Group it cannot have changed the fault dip by 
much more than 4 ° (see discussion above). 
Also, a very gentle westward tilting of the horst 
complex counteracts the effect of compaction. 
The initial dip of the faults in this area must 
therefore have been about 60-70 ° . Given the 
fact that there is no difference in the lithological 
or mechanical properties of the sediments in the 
horst and domino area, it is likely that this was 
also the initial dip of the faults in the domino 
area, i.e. that the main faults in both the 
domino area and the horst area started out 
with approximately the same dip. Otherwise, 
the maximum principal stress (oh) must have 
deviated considerably from vertical over a very 
short distance, an unlikely situation on this 
scale in an extensional rift setting. Furthermore, 
the change from steep faults in the horst area to 
low-angle faults in the domino area is closely 
associated with a change from flat to inclined 
bedding. This closely associated change in fault 
and bed geometry occurs rapidly across the 
accommodation zone, and suggests that the 
change in fault dip is not an initial feature, but 
rather is related to rotation and internal block 
deformation. 

The domino faults of the Gullfaks Field 
appear to be rooted in a low-angle detachment 
fault (Fossen et al. in press), and thus occur in 
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the upper plate of a detachment system. Upper 
plate faults typically initiate as high-angle faults 
that correspond well with mechanical models of 
fault initiation. Hence, there is no reason to 
expect that the main faults in the domino area 
on Gullfaks should not have originated as high- 
angle normal faults. Based on the discussion 
above, we will in the rest of this paper assume 
that all the main faults initiated with 60-70 ° 
dips. It is emphasized that the alternative model, 
where the faults in the domino area originated at 
considerably lower angles, would change some of 
the results presented below. 

The rigid domino model  

The (rigid) domino or bookshelf model (e.g. 
Jackson 1987; Mandl 1987; Axen 1988; Davison 
1989) is the simplest model that explains the 
development of sub-rectangular fault blocks 
separated by straight faults in a cross-section. 
The main assumption is that the fault blocks, 
and therefore also the associated faults, rotate 
rigidly during deformation. No internal defor- 
mation takes place within the domino blocks in 
this model. This implies that the cut-off angle 
between the faults and the layers remains con- 
stant throughout deformation, and both bedding 
and faults will rotate at the same rate and by the 
same amount. If  c~ is the dip of the bedding and 0 
is the dip of the fault plane, then the initial dip of 
the fault (00) is simply: 

00 = 0 + oL (6) 

For the Gullfaks domino area oz ~ 15 ° (aver- 
age pre-compactional dip, Rannoch Formation), 
and 0 ~  30 ° for the main faults. The rigid 
domino model thus gives 00 = 45 °, which from 
the discussion above is unrealistically low. Simi- 
larly, if the main faults in the domino area 
initiated with dips of about 65 ° , their present 
dips (25-30 °) indicate a rotation of the faults in 
the order of 35 ° (anti-clockwise when looking 
north). This contrasts to the rotation of the 
bedding in the domino area, which is about 
15 ° . From this, and from the fact that bedding 
is not planar, it can be concluded that the rigid 
domino model does not work satisfactorily for 
the main, western part of the Gullfaks Field 
(see also Koestler et al. 1992). 

The soft  domino model  

The soft domino model is similar to the rigid 
domino model except that it allows for addi- 
tional internal deformation of fault blocks. 

Simple models describe internal deformation as 
distributed (homogeneous or heterogeneous) 
vertical shear (Westaway & Kusznir 1993), 
inclined shear synthetic or antithetic to the 
domino faults (e.g. White et al. 1986) or layer- 
parallel slip (a special case of inclined shear) 
(e.g. Higgs et al. 1991). 

A general E - W  section through the Gullfaks 
Field was constructed for forward modelling 
purposes (Fig. 25). Starting with the domino 
area, we assume from the discussion above that 
the initial angle of faulting was everywhere 60 ° . 
Applying 30% extension (more in the domino 
area and less in the horst complex) (Fig. 25b) 
and vertical movements leads to Fig. 25c. The 
geometry in the horst complex is already similar 
to the Gullfaks horst complex geometry, and 
neither block rotation nor internal deformation 
is required here. 

The domino area, however, needs rotation 
after stage (c) in Fig. 25. This results in either 
steeply (30 ° ) W-dipping bedding (as shown in 
Fig. 25d), or steeply (55 °) E-dipping faults if 
bedding is balanced. Some additional deforma- 
tion must therefore be applied to achieve the 
observed geometry, for example a combination 
of rigid rotation and inclined shear parallel 
(synthetic) to the main faults (Fig. 25e). This 
model is, however, only one of many possible 
deformations that could lead to the desired 
geometric relationships. Fault-parallel shear 
(Fig. 26b), antithetic shear alone (Fig. 26c), or 
a combination of rigid rotation and layer-parallel 
(antithetic) shear as in Fig. 26d can lead to 
exactly the same angular relationship. Vertical 
shear, on the other hand, cannot produce the 
desired geometry (Fig. 26e). 

To assess this problem, it is necessary to take 
into account the non-planar geometry of bedding 
within the domino blocks. Dips of bedding up to 
25 ° are mapped in the footwall to faults, which 
by rigid body rotation would give initial fault 
dips of 55 ° . Little internal deformation is there- 
fore required here if the faults initiated with 
angles of 60-70 °. In the hangingwall parts of 
the blocks, bedding typically approaches hori- 
zontal and the cut-off angle thus approaches 
30 ° . This demonstrates that there is an increasing 
amount of internal deformation from the east to 
the west within the domino blocks, i.e. the 
domino faults separate areas of different strain 
intensities and thus represent strain discontinu- 
ities in the domino system. 

The synthetic shear model can be modified to 
account for the non-planar bedding geometry. 
To model the observed low-dip triangle zone in 
the hangingwall to the domino faults, the shear 
plane must be steeper than the finite dip of the 
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Fig. 25. Forward modelling of the Gullfaks Field by use of a generalized E - W  section. (a) Initial fault dips are 
chosen to be 60 °. (b) Application of 30% extension. (e) vertical movements to fill the evolving gaps. Note that 
the horst complex is adequately modelled at this point. (d) Rotation of the domino system so that a 30 ° dip of 
the domino faults is achieved. The bedding is now dipping steeply to the left (west), and some internal block 
deformation must be applied. (e) Application of fault-parallel shear gives the wanted dip of the bedding. 
Similarly, steep W-dipping shear in the accommodation zone helps fill the open gap between the horst complex 
and the domino system. 
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(a) 

Rigid rotation o o 

(b) Fault-parallel shear 
3,=0.42 

(c) Antithetic shear ~ ~ I 

Rigid rotation 

~ , " ' ~  y=0.42 

_ - ~ ~  
(d) Layer-parallel shear " 

(e)~Veftical ~______1~=0.27 ~-I 

Fig. 26. (a) Going from stage (c) in the domino area 
in Fig. 25, one can end up with faults dipping 30 ° and 
bedding dipping 15 ° not only by fault-parallel 
(synthetic) shear (b), but also by antithetic shear (e) 
or by rigid rotation + bedding-parallel shear (d). 
Vertical shear (e) can never produce the observed 
angular relationship between faults and bedding. 

faults (Fig. 27b). Because this simple shear model 
elegantly explains both the geometry of the bed- 
ding and the angular relationship between the 
faults and the bedding in a simple way, it is 
accepted as a realistic model for the internal 
block deformation in the domino area. It also 
bears geometrical similarities with the model pre- 
sented by Roberts & Yielding (1993, p. 240). 

In contrast, the antithetic shear model predicts 
a positive relationship between dip of bedding and 
shear strain (Fig. 27c, d). Hence, for the geometry 
indicated in Fig. 27a, there must be a triangle in 
the western and upper part of the block that is 
unsheared or less sheared than the eastern part. 
However, this implies compatibility problems if 
one wants to create the observed abrupt change 
in dip across the domino faults (open void in 
Fig. 27d). Compatibility can be maintained by a 
banded shear model, but faults then become 
highly non-planar, and bedding geometries at 
deeper parts of the reservoir do not conform 
with the actual observations (Fig. 27c). A simple 
antithetic shear model can therefore be rejected. 

The horst complex and the accommodation 
zone 

We assume that the horst and the domino area 
on the Gullfaks Field formed and deformed 
more or less simultaneously, and that the main 
faults were established at an early stage of the 
extensional history. The relatively flat bedding 
in the horst complex indicates that this area did 
not experience any finite rotation during the 
following extension, i.e. no internal deformation 
is geometrically necessary (Fig. 25c). An open 
gap evolves as the domino area undergoes anti- 
clockwise rotation in Fig. 25d, and the area 
between the horst complex and the domino 
system must somehow collapse to accommodate 
this development. This collapse could be 
modelled by sub-vertical (steeply west-dipping) 
shear, as indicated in Fig. 25e. However, there 
is also some evidence (seismic and well data) 
for a conjugate set of faults that is more pro- 
nounced in the upper part of the accommodation 
zone (Fig. 21a). Plaster experiments (Fig. 21 b) 
indicate that this fault pattern is feasible, but 
that there is a significant amount of small-scale 
deformation that is not incorporated in the 
present interpretation. 

Expressions of the internal block deformation 

The deformation within the fault blocks on the 
Gullfaks Field can be sub-divided into minor 
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~ ' ~ O  

Fig. 27. Forward modelling, taking into account the non-planar geometry of the bedding revealed in this study. 
(a) Horizontal bedding offset by faults dipping 60 °. (b) A synthetic shear model, where the shear plane is 
steeper (60 °) than the domino faults (30°), produces the desired geometric properties. (c) A banded antithetic 
shear model provides strain compatibility, but the geometry of faults and bedding in the deeper parts of the 
sequence does not confirm the geometric data from the Gullfaks domino area. (d) Antithetic shear, leaving a 
triangle in the hangingwall unsheared to obtain the low-dip triangle zone. Note the resulting open void. 

faults (seismically resolvable), sub-seismic (dis- 
crete) fractures, and continuous ('ductile') defor- 
mation (Fig. 28). A statistical fault population 
study (Fossen & Rornes 1996) shows that the 
total seismically resolvable fault population is 
not fractal, and that a segmented throw popula- 
tion curve exists in log-log space within the 
range of seismic resolution. However, minor 
faults define sub-populations that follow expo- 
nential scaling laws, although it is uncertain if 
these laws can be extended into the sub-seismic 
domain. 

The geometries and spatial distribution of sub- 
seismic faults are hard to predict. Comparing the 
orientation of the main faults with the seismically 
resolvable minor faults (Figs 3 and 4) reveals 

a significant difference in orientation, and sub- 
seismic faults may or may not reflect the 
orientations of either large or small seismically 
resolvable faults. 

As an example of the difficulties involved in 
predicting sub-seismic fault orientation, we 
refer to a recent study of fault block B (see 
Fig. 5). The sub-seismic ( l - 5 0 m  displacement) 
fault pattern was modelled numerically (Fig. 
29a), based on quantitative data from an onshore 
field area (Koestler et al. 1994) and assuming that 
sub-seismic faults are more or less parallel to the 
seismic faults. The modelling was based on an 
old (1987) seismic interpretation of the block. 
The seismic data resolution has since been 
improved by reprocessing, and seismic attribute 
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MICROSCOPIC 
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SUB-SEISMIC 
C_,K DEFORMATION 

W " " ~ P ~  t E 

SEISMIC SCALE 
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FAULT/DAMAGE ZONE 
STRUCTURES 

Fig. 28. The various expressions of small-scale deformation in the domino area. See text for discussion. 

(a) , ~ ,  1 km, ( 
Fig. 29. (a) Result of numerical simulation of fault/ 
fracture pattern in fault block B (Fig. 5) (redrawn 
from Koestler et  al. 1994). (b) Recently remapped 
fault pattern of the same block after reprocessing of 
data and application of attribute analysis. Grey lines 
indicate lineaments on attribute maps that may or 
may not represent additional minor faults. See text 
for discussion. 

analyses have been applied to identify small 
faults. This allows us to test the quality of the 
numerical simulation, at least for a displacement 
range of 50-15m. 

Comparing the numerical model (Fig. 29a) 
with the improved seismic interpretation (Fig. 
29b) reveals significant differences, particularly 
regarding the length of the internal faults, but 
also in terms of orientation. Many of the newly 
mapped faults are much longer than simulated, 
and an E - W  trend is more clearly present in 
the seismic interpretation than in the model. In 
conclusion, the distribution of  seismically extrac- 
table small faults in the domino area cannot 
explain the strain variation predicted by the 
model and the non-planar bedding geometries 
described above. 

Sub-seismic faults would be recorded in the 
more than 6 km of cores collected from the field. 
Ongoing core studies have revealed suprisingly 
few sub-seismic faults and fractures more than 
10m away from seismically mappable faults. It 
is therefore concluded that much of the internal 
deformation occurs on the microscale. 

Microscale deformation within the domino 
blocks must have involved rotation and trans- 
lation (sliding) of individual grains. The overall 
simple shear displacement field predicted by the 
proposed shear model (Fig. 27b) is accompanied 
by anisotropic volume loss resulting from defor- 
mation-induced grain packing. Grain reorgani- 
zation, with little grain-size reducing processes, 
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is a likely process in unconsolidated, shallowly 
buried and/or overpressured sediments. 

The model predicts a direct relationship 
between dip of bedding and shear strain 
(Fig. 27b), which can be used to make a strain 
map of the domino area. Assuming that the 
rigid rotation preceded the internal shear 
deformation, the shear strain is found by the 
relationship: 

7 = cot((5 + a) - cot(6 + o~') (7) 

where ~ is the dip of the shear plane, o/ is  the dip 
of the bedding after the rigid block rotation but 
prior to the shear deformation, and a is the 
finite (post-deformation) dip of the bedding. 
For the special case with the shear plane dipping 
60 °, a fault cut-off angle of the same magnitude 
and a rigid block rotation of 30 °, the shear 
strain is simply 

~/= tan(30 ° - oL) (8) 

The general model with decreasing dip of beds 
towards the west across the domino blocks is 
masked by local deformation associated with 
minor, block-internal faults. However, in large 
areas it is possible to apply this simple relation- 
ship between dip and shear strain to construct 
tentative shear strain maps (Fig. 15). This 
simple relationship between dip and internal 
block strain is clearly disturbed by minor faults 
within the domino blocks, and the shear strain 
values also depend on the orientation of the 
shear plane (60 ° in Fig. 15). Nevertheless, it 
gives a good overview of the general strain 
distribution in the domino area. Assuming that 
there is a negative correlation between shear 
strain and porosity or permeability due to the 
shear-related packing of grains, the map may 
be utilized in future well planning. In this 
perspective, areas of high "7-values are more 
affected by internal shear and therefore 
represent areas of reduced permeability and 
vice versa. The map thus reflects the variation in 
porosity and permeability due to intra-block 
shearing which is imprinted on variations caused 
by sedimentological and diagenetic factors. 

Stretching estimates 

There are a number of different techniques that 
may be used to estimate extension in extended 
terranes, each of which implies certain funda- 
mental assumptions about the deformation 
history. For the domino area, we have already 
discussed two different types of models: the 
rigid and soft domino models. Although the 
rigid domino model has been shown to be an 

unrealistic one in the case of Gullfaks, it is still 
useful to consider this model further because it 
provides a minimum estimate of extension in 
the domino area. 

The rigid domino model assumes that the fault 
blocks, and therefore also the faults, rotate 
rigidly so that the angular relationship between 
faults and bedding is maintained throughout 
the deformation. If  we assume that the bedding 
and the faults rotated rigidly by an amount of 
15 ° (i.e. assuming initial fault dips of 45°),we 
can use the general formula: 

/3 = sin(o~ + 0)/s in 0 (9) 

to obtain a minimum estimate for the extension 
in the domino area (0--present  fault dip, 
o~ = dip of bedding). The angular relationships 
from the domino area on the Gullfaks Field 
(o~ = 15 °, 0 = 30 °) indicate a /3 value of 1.41 
(i.e. 41% extension). Similar numbers were 
obtained by summing the fault heaves along 
interpreted seismic lines (Rannoch Formation) 
across the domino area, and by plan-view 
restoration of the top Statfjord map (Rouby 
et al. 1996). If we use the higher dips in the 
easternmost part of the domino blocks (20 ° ) 
and correct for compaction, Eqn 9 shows that 
/3 could be as high as 1.6 according to this 
model. 

The soft domino model implied a (theoretical) 
rigid rotation of the bedding from horizontal to 
about 30 ° (Fig. 25d). The contribution from 
this rigid rotation part of the deformation can 
be found from Eqn 9 to be/3 = 1.7-1.8 (inserting 
o~ = 28-30 °, 0 = 30°). The additional hetero- 
geneous shear synthetic to the domino faults 
(Figs 25e, 27b) implies an additional stretch. 
The contribution of the shear depends on the 
shear angle and the lateral and vertical variations 
in shear strain (see Fig. 27b), which makes it 
more difficult to estimate. It appears, however, 
that the soft domino model implies a total 
extension in the domino area in the order of 
80%. 

The stretching of the horst area is significantly 
smaller than in the domino area, both because 
the faults are steeper and thus contribute less to 
the total extension of  the area, and because 
little internal ('ductile') strain appears to have 
occurred. Hence, the total extension of the Gull- 
faks Field (domino area + horst complex) is less 
than that of the domino area itself. 

Conclusions 

The present study of the Gullfaks Field shows 
the result of a three-stage process: (1) an 
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integrated analysis of seismic data, well data and 
other available information, resulting in a 
detailed structural interpretation; (2) geometric 
analysis of the interpretation, including analysis 
of faults and bedding, section balancing tech- 
niques, and compaction calculations; (3) applica- 
tion of the results to reservoir development. The 
result is a much more detailed knowledge about 
the reservoir. The main conclusions from this 
study are listed below. 

• The Gullfaks Field can be structurally sub- 
divided into a major domino system, an 
eastern horst complex, and an intermediate 
accommodation zone with a gentle fold 
structure. 

• The main faults dip c. 25--30 ° to the E in the 
domino area, and c. 65 ° to the W or E in the 
horst complex. 

• Dips of the minor faults are generally larger 
than 45 ° , i.e. significantly steeper than the 
main domino faults. 

• The main faults show increasing complexity 
towards higher reservoir levels, with the 
development of hangingwall and/or footwall 
collapse structures. 

• The average dip of the bedding in the domino 
area is 13.0 ° and 16.6 ° for the Rannoch For- 
mation and the Statfjord Formation, respec- 
tively. This downward increase in dip is 
related to a vertical variation in block-inter- 
nal deformation (large-scale drag) and to a 
lesser extent to differential post-deforma- 
tional compaction. 

• Large-scale drag affects a significant part of 
the hangingwall side of the fault block. 
Local drag in the vicinity of the main faults 
is more strongly developed, and affects 
strata in both the hangingwall and footwall 
of the faults. 

• Local drag is detected for more than 50% of 
the minor faults. However, E W-oriented 
minor faults do not exhibit detectable drag. 

• As a result of large-scale drag, there is a 
general decrease in dip to the W within the 
domino fault blocks. The average dip gradi- 
ent, which varies from block to block, can 
be as high as 6 °km -1. 

• Large-scale drag structures are better devel- 
oped in the Brent Group than in the deeper 
formations, and a triangular drag zone is 
identifiable in cross-section. 

• Continuous or 'ductile' deformation, as 
expressed by both local and large-scale drag, 
affects a wider zone in the hangingwall to 
faults than in the footwall. 

• Faults and bedding have slightly different 
strike directions. The rotation of the bedding 

on Gullfaks is thus thought to be related to 
the large fault(s) to the west rather than to 
the main faults within the Gullfaks Field. 

• Forward modelling indicates that the domino 
area and the accommodation zone experi- 
enced considerably more internal deforma- 
tion than the horst complex, and a soft 
domino model with considerable internal 
block deformation is suggested to explain 
the geometrical relationships observed 
within the domino area. 

• The soft domino model (assuming initial fault 
dips of 60-70 ° ) implies an extension of the 
domino area that is in the order of 80%, i.e. 
considerably more than the c. 40-50% indi- 
cated by the rigid domino model. 

• Grain reorganization processes are thought 
to constitute an important part of the internal 
block deformation. 

• A general relationship is suggested between 
dip and internal block deformation, and 
therefore between dip and porosity, in the 
domino area. 

The seismic interpretation from which the data was 
extracted were interpreted in Statoil, Bergen, by 
H. Fossen, R. Hansen, J. Henden, J. Hesthammer 
and A. Thon. We thank Norsk Hydro, Saga Petroleum 
and Statoil for permission to publish the results of 
this study. G. Yielding is thanked for constructive 
comments. 
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