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Abstract--The Tertiary sediments in the northern part of the Danish Central Trough are characterized by a large 
number of small faults (25-50 m offset). Models for the accommodation of the deformation of the sediments are 
presented and it is shown quantitatively that a bending model best explains the observed strain distribution. From 
this we infer that the internal deformation of the Tertiary sediments is due to differential subsidence along older 
fault trends and not caused by applied external stresses on the Tertiary sediments. The effect of rock rheology and 
excess fluid pressure is discussed in order to explain the size of the throw and the smaller number of reverse faults 
compared to normal faults. Although the rocks are brittle they may in regions of shortening suffer more grain- 
scale creep deformation than in regions of extension. The strain distribution is determined on seismic sections 
and the main limitations of the method is thus the vertical and horizontal resolution of the seismic surveys used. 

INTRODUCTION 

THE study has been carried out in the northern part of 
the Danish Central Trough which is part of the NNW- 
SSE-striking Mesozoic Central Graben located in the 
North Sea (Fig. 1). The mapping was concentrated on 
the Tertiary siliciclastic sediments which are dominated 
by clay interbedded with silty-sandy layers. The seismic 
subdivision, the ages of the sequences, and the corre- 
lation between a gamma log and the variation in grain 
size distribution (the variation in the clay fraction) in the 
Lulu-1 well is shown in Fig. 3. The sediments of the 
Tertl megasequence are claystones with numerous 
interbedded volcanic-ash layers where Tert2 and Tert3 
consists of silty claystone with numerous thin limestone 
layers in the oldest parts. Tert4 is dominated by a clay- 
claystone with frequent layers of siltstone. Tert5 is 
composed of a silty clay which becomes more sandy at 
the top (Kristoffersen & Bang 1982, Danielsen 1989). 

The faulting of the Tertiary sediments is restricted to 
small-scale faulting (offset of less than 50 m) except 
around some of the major salt structures. This is in 
contrast to the pre-Tertiary sediments which show major 
faulting especially along the Coffee Soil Fault (Fig. 1) 
(Michelsen & Andersen 1981, Michelsen 1982, Gowers 
& S~ebCe 1985, Vejb~ek 1986, Cartwright 1987, Vejb~ek 
& Andersen 1987, Mikkelsen 1988, Mogensen 1988, 
Graversen 1989). Small-scale faulting of pre-Late Mio- 
cene rocks is also observed in the Viking Graben (Rund- 
berg 1989), and faulting on a scale beyond the seismic 
resolution is observed onshore in Denmark in Middle 
Miocene sandy sediments (Koch & Friedrich 1970, Koch 
et al. 1973, Koch 1989). 

The top Middle Miocene is the youngest surface 
showing significant differential subsidence along the 
Coffee Soil Fault trend (Clausen 1991) indicating that 
the pre-Late Miocene sediments are deformed due to 
tectonic processes. The small-scale faults in the pre-Late 
Miocene sediments in the North Sea reflect the present 

state of strain in the rocks and in this paper the distri- 
bution of strain in pre-Late Miocene sediments is used to 
establish a model for the deformation of the sediments. 

DATA AND METHODS 

Small-scale faults in the Tertiary sediments 

In this study seismic lines on a 1:50,000 scale (in a few 
cases 1:25,000) from the surveys RTD-81, SP-82 and 
CGT-81 (all filtered and migrated) were used to map the 
Tertiary sediments (Fig. 2) (Clausen 1991). The seismic 
stratigraphic subdivision and the ages of the sequences 
are shown in Fig. 3. The top Middle Miocene located just 
above the Tert4 megasequence corresponds to the top of 
a subsequence in the Tert5 megasequence. The top of 
this subsequence is the youngest, faulted horizon (Clau- 
sen 1991). The subsidence across the Coffee Soil Fault 
during the Tertiary and thus the deformation of the 
Tertiary sediments is subdivided into an Early Oligo- 
cene, an Early Miocene and a Late Miocene episode 
(Clausen 1991). 

The faults are identified from offset of identical sets of 
reflectors across a well defined surface. If the observed 
structure has a sedimentary origin, e.g. toplap, it would 
in most cases cause a change in the reflected waveform at 
each side of the 'toplap', and this is not the case for the 
observed structures. The offset on faults in the Tertiary 
sediments vary from a size beyond the seismic resolution 
to about 50 ms two-way time corresponding to about 50 
m. The vertical resolution is less than 10-20 m at the 
relevant depths of the Tertiary (seismic velocity 1800- 
2200 m s -1 and frequency 40-60 Hz in the mapped 
interval). This means that the offset observed is well 
above the vertical resolution of the seismic data. 

The geometry of the fault planes appears to be 
approximately planar, and the faults define fault blocks 
of 0.5-1 km width (Figs. 4 and 5). Fault block rotation 
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Fig. 1. (a) Structural outline of the North Sea area. The cross-hatched box indicates the location of (b). (b) The major 
Jurassic faults and fault blocks in the northern part of the Danish Central Trough. 

may indicate that the fault planes are curved, but detach- 
ment  planes cannot be observed on the seismics (Figs. 4 
and 5). However ,  it cannot be excluded that some of the 
faults die out in more  ductile layers which then acts as a 
detachment  zone. The faults have not been tied from 
section to section, because maximum vertical offset of 50 
m on the faults indicates that the total lateral length of a 
fault is about  3-5 km (Walsh & Watterson 1988) which 
means that the radius of the fault (1.5-2.5 km) is smaller 
than the average spacing of the seismic grid (3-7 km) 
(Fig. 2). 

Measuring horizontal strain in a vertical section 

Mapping the horizontal strain in a vertical section 
requires a section where faults on all scales, f rom cracks 
to major regional faults, can be observed. An approxi- 
mation to an ideal vertical section is a seismic section, 
where the only limitation of the size of observable 
structures is the seismic resolution. Faults are observ- 
able when one or more reflectors are offset. Using 
seismic sections it is convenient to measure the bedding- 
parallel elongation of reflectors, since the reflectors are 
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assumed to represent initially horizontal, continuous 
strata, now faulted and therefore exhibiting bedding- 
parallel elongation. 

Figure 6 illustrates how the elongation is calculated. A 
rectangular grid is superimposed on the seismic section 
and oriented so that the angle between the faulted 
reflectors and the grid axis is, on average, minimized. 
The grid spacing is chosen so that there is usually only 
one fault within each grid cell. The measured length of a 
reflector within a grid cell, for example a + b in Fig. 6, 
then represents the original length and the post-faulting 
or present length is represented by the grid spacing. The 
horizontal resolution, which is determined by the radius 
of the first fresnel zone, is thus of great importance since 
it will influence the determination of the location of the 
fault plane cut-off of the beds. In practice it means that 
the bed termination on each side of a normal fault will 
appear to be closer than they really are (i.e. the 
measured elongation will be smaller than the 'true' 
elongation) or even overlap, which may obscure the 
orientation of the fault plane. However, this will only 
affect the absolute size of the elongation because the dip 
of the fault plane (and thus the sense of the fault) is 
unaffected by the horizontal resolution because the 
radius of the first Fresnel zone is equal for different beds 
cut by the same fault, when dealing with small-scale 
faults. The length of the faulted bed is therefore 
measured after determination of the fault plane and the 
effect of the horizontal resolution is minimized. The 
determination of the fault plane also gives an impression 
of the angle between the vertical section and the fault 
plane because a dip of approximately 40--60 ° is expected 
and observed at crossing seismic sections. Faults with an 
unrealistic low dip and large heave will therefore be 
ignored. 

Following this procedure each grid cell is assigned an 

elongation value. Elongation values are positive when 
faulting is normal and negative when faulting is reverse 
(c + d in Fig. 6). The elongation values are contoured, 
and the contour pattern shows the distribution of strata 
parallel elongation in the vertical section. It should be 
noted that the contours only show the variation of 
elongation in that particular vertical section and not the 
variation in size or orientation of the principal axes of 
strain. 

Horizontal strain in vertical sections across the Coffee 
Soil Fault 

In the Danish Central Trough area there is a concen- 
tration of faults in sequences above major gradients on 
the Top Chalk surface. Reflector-parallel elongation in 
these sequences has been mapped along six seismic lines 
crossing the Coffee Soil Fault at high angles (Fig. 7). 

In the Tertiary sequences Tertl and in part Tert3 
(Early Oligocene) little or no faulting is observed. The 
lack of recorded deformation in Tert3 is probably due to 
poor reflectivity. Minor disturbances of the continuous 
reflectors at the top of Tert3 are interpreted as faults, 
and since it is possible to identify faults in the parts of the 
Tert3 sequence where reflectivity is good, it thus 
appears that the Tert3 sediments were deformed in a 
brittle manner. 

The Tertl sequence (Late Paleocene and Early 
Eocene) is dominated by clay (Kristoffersen & Bang 
1982, Nielsen et al. 1986, Danielsen 1989), and is an 
excellent sealing rock above faulted chalk reservoirs at 
several oil fields in the North Sea. The parallelism 
between the Interval Time maps (in two-way time) of 
the Top Chalk and the Top Tertl (Clausen 1991) indi- 
cates that the Tertl sediments have suffered approxi- 
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Fig. 2. The seismic grid used for mapping the Tertiary siliciclastic sediments. The grid spacing precludes the lateral tie of 
small-scale faults. 
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Fig. 3. Correlation between seismic stratigraphic subdivision, age,  g a m m a  ray log anti the percen tage  of clay-size particles 
in the sediments. The seismic stratigraphic subdivision and dating is from Clausen ( 1991 ). and the lithological informations 

from Danielsen (1989). 

mately the same amount of deformation as the Top 
Chalk surface. The lack of observed faults in the Tertl 
sediments is therefore probably because the clay- 
dominated sediments responded in a ductile manner to 
the imposed deformation and because of a lower limit of 
seismic resolution due to an increasing seismic velocity. 

In general elongation is positive (normal faulting) 
along the sections (Fig. 7). However, negative 
elongation (reverse faulting) is seen in several sections 
and mainly above the Coffee Soil Fault. The contour 
pattern of the parallel elongation partly reflects the 
shape of the deformed sequences and there is a lateral 
change from positive to negative elongation within each 
sequence. There is also a tendency in some sections for 
the contours to parallel the sequence boundaries (e.g. 
RTD81-20 and RTD81-25), while other sections show 
isolated islands of positive and negative elongation due 
to the dying out of series of faults. The lack of elongation 

data from the Tert3 sequence also enhances the visual 
perception of parallelism• 

DEFORMATION MODELS 

For the origin of the small-scale faults in the Tertiary 
sediments of the northern Danish Central Trough, a 
pure shear strain or bending model is favoured and 
described first• Gravity and simple shear strain models 
are discussed briefly later. 

The Top Chalk surface indicates the total differential 
subsidence during the Tertiary and since the lowermost 
Tertiary sediments (Tertl) are dominated by clay both 
in grain size and mineralogically (Nielsen et  al. 1986, 
Danielsen 1989) all models assume a detaching layer 
between the Tertiary siliciclastics and the Chalk Group 
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in the Tertl sediments which have a very low shearing 
resistance. 

Pure shear strain or bending model 

The bending will be regarded as a two-dimensional 
plane strain. The bending model assumes that the sedi- 
mentary layer is bent around an axis and that there is a 
horizon or surface (a line in two dimensions) of no 
deformation (Ramsay 1967, p. 401). In the deformed 
state an initially horizontal layer can be subdivided into 
several segments each with a different curvature (Fig. 8) 
and therefore different bending axes. 

As shown quantitatively in Appendix 1, the parallel 
elongation depends on the location of the strata with 
respect to the surface of no deformation and the curva- 
ture of the layer. Within each segment the parallel 
elongation is therefore constant along concentric circles 
centered at the bending axis (Appendix 1, Fig. A1). Due 
to the change from an upward concave to an upward 
convex configuration along the deformed strata it is 
possible for both compression and extension structures 
to occur in the same layer during the same bending event 
(Fig. 9a). 

It is possible to test the application of the bending 
model to the northern part of the Danish Central Trough 
in a semi-quantitative way. Seismic stratigraphy gives 
the ages of sequence boundaries that are taken to be 
horizontal and planar at the time of deposition (or 
generation if an erosional surface). The present shape of 
a sequence boundary therefore reflects the accumulated 
strain of all the deformations applied to the sediments 

below the sequence boundary after the generation of the 
sequence boundary. The accumulated deformation can 
be divided into separate episodes by performing a for- 
ward calculation on depth converted sections. Consider 
an initially horizontal surface, 'Top A' (Fig. 10). After 
the next sequence B is deposited the top A surface has a 
lateral shape reflecting the deformation introduced to 
the sediments below the top A surface during the depo- 
sition of sequence B. The procedure is repeated when 
introducing the next sequence C, whose top is horizontal 
at the time of deposition. The shape of the top of 
sequence B now reflects the deformation introduced to 
the sediments below top B, i.e. the deformation of the B 
sequence and also the additional deformation to the 
previously deformed A sequence (Fig. 10). 

In the forward calculations performed here the neu- 
tral surface is placed at the top of the sequence that 
indicates the deformation of the episode in question, 
and the deformation is assumed to be plane strain. The 
location of the neutral surface is critical and if it was 
located at the base of the Tertiary sediments the defor- 
mation pattern would be like the upper part of the layer 
in Fig. 9(a), i.e. very different from the oberved pattern. 
The only way to achieve a calculated strain pattern like 
the observed is when the neutral surface is located in the 
upper parts of the sequence and for convenience during 
the calculations it is located at the top of the sequence. 

The forward calculations have been performed on the 
section RTD81-22 by choosing a number of sequence 
boundaries (top Tert2, top Tert3, top Tert4.3, top 
Tert4) that can be assumed to have been horizontal 
when they were deposited (Clausen 1991). The shape of 

a 

RTD 81-20 
1 km 

2 S e e -  

WSW ENE 

b 

RTD 81-17 1 km 

t _~____~-_._-- :.:3--~ , . . - . ' -  ,..,.__ - . - . - - -  

2 sec.  

NNW SSE 

Fig. 4. Examples of the small-scale faults illustrated by seismic sections and line drawings. (a) and (b) show normal faults in 
sections oriented W S W - E N E  and NNW-SSE,  respectively. There are a few reverse faults in (a). 
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Fig. 5. (a) and (h) show reverse and normal faults in sections oriented WSW-ENE and NNW-SSE. respectively. The line 
drawings do not show all faults present in the sections. 

a sequence boundary in a backstripped section is used to 
calculate the horizontal elongation introduced to the 
sediments below the sequence boundary. The total hori- 
zontal elongation is determined by accumulating the 
elongation introduced during each period as outlined 

Datapoint for contouring 

a + b = l  0 

1 

c + d = l '  0 

Fig. 6. The principles of measuring the horizontal elongation. The 
grid is oriented approximately parallel to the present orientation of the 
beds on which the elongation is measured. The grid spacing (gs) is 
chosen so that each grid cell on average contains one fault. The lengths 
a and b (or c and d) added give the original length of the bed (l,) 
whereas the present length of the bed is represented by the grid 

spacings (gs). 

above. The calculations are described in detail in 
Appendix 1. The accumulated horizontal elongation at a 
number of points is contoured to test the bending model 
by comparing the calculated contour pattern to the 
measured contour pattern. The calculations are per- 
formed on a depth converted section to get the best 
approximation of the angle between the two limbs of the 
bended surface. It is only possible to change the shape of 
the surface from convex upwards on the time section to 
convex downwards on the depth section if the stack 
velocity gets significantly lower from the east to the west 
(i.e. down-dip of the surface). The interval and stacking 
velocities vary systematically in the area and gets higher 
to the west (Nielsen & Japsen 1991) as expected because 
the sediments there are buried deeper. This means that 
velocity variations in the depth conversion may change 
the absolute value but not the sign of the calculated 
elongation. 

A comparison of the measured and calculated parallel 
elongation shows qualitative match between the major 
compressional and extensional areas (Fig. 11). The most 
evident differences are observed in the sequences where 
there are no observed elongations due to poor  seismic 
resolution, e.g. the calculated compressional strain 
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Fig. 7. The Top Chalk surface shows the total differential subsidence since deposition of the Danian Chalk. The Coffee Soil 
Fault, which is the eastern limitation of the Central Graben, does not penetrate the Chalk units. However it is shown here to 
illustrate the juxtaposition of the major gradient on the Top Chalk surface and the fault. The locations of the seismic 
sections, which are the basis for the measuring of the horizontal elongation is also indicated. The cross-sections are based on 
the seismic sections and the elongation e is calculated and contoured using the indicated contour intervals. The horizontal 
scale of the sections does not correspond to the horizontal scale of the map. The cross-sections show a vertical subdivision 
(indicated by thin lines) which corresponds to the seismic sequences of Figs. 4 and 5. However the top Tert5 boundary is 

excluded since the small-scale faults are absent in the Tert5 sequence. 
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Fig. 9. The strain distribution in a vertical section is the response of a 
layer to deformation caused by the differential subsidence of the 
'basement ' .  The ideal strain distribution resulting from (a) a bending 
model, (b) a shear plane model and (c) gravity tectonics is illustrated. 
The strain distribution of the shear plane model depends on the 
orientation of the shear plane with respect to the shear direction, and 
only a shear plane with a dip in the opposite direction and with the 
shown differential subsidence would result in compression instead of 

extension. 

within the lowermost sequence (Tertl) in the eastern 
part of the sections of Fig. 11. The compression might 
nevertheless be present since a core from this sequence 
in the T-1 well (Fig. 2) shows shearing, indicating that 
the Tertl sediments at T-1 are intensely deformed on a 
scale below the seismic resolution. The similarity of the 
areas of compression above the major gradient on the 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  AGE 1 

i i i :  I I ISEc I I jENCEA : i i  i i i i i i i  

I AGE 2 

SEQOE"CE B I 

AGE 3 

SEDIMENTS AFFECTED BY THE FIRST DEFORMATION 

SEDIMENTS AFFECTED BY THE SECOND DEFORMATION 

SEDIMENTS AFFECTED BY BOTH DEFORMATIONS 

Fig. 10. Diagram illustrating how the surface of a sequence indicates 
the accumulated strain (deformation) that the sequence has suffered 
due to differential subsidence. At age 1 the sequence A is deposited 
and the top of A is assumed planar and horizontal, At age 2 thc 
sequence B is deposited and the top of B is assumed planar and 
horizontal. The top of A now shows how the sequence A is affected by 
the first deformation. At  age 3 the sequence C is deposited and the top 
of C is assumed planar and horizontal. The top of B shows the 
deformation, which affects the sediments of sequence B and sequence 
A. Sequence A is thus deformed twice, which is reflected in the top of 
A. This is the principle used in the forward calculations for the simple 

modelling of the strain distribution. 

Top Chalk and the major extension in the basin to the 
west is convincing (Fig. 11). The patchy contour pattern 
of the measured elongation in the lowermost east- 
northeast part of the measured section (Fig. l l a )  is 
somewhat different from the calculated section. The 
reason for this may be the way the forward calculations 
are performed, since an area that has undergone com- 
pression followed by extension may end up having a net 
extension which in the calculations will show up as a 
positive elongation. However, the patchy contour pat- 
tern in some measured sections may also indicate that 
subsequent extension did not eliminate any previous 
compression but was distributed along another set of 
faults, i.e. there was only a limited reactivation of faults. 
The simple calculations of the model do not take reacti- 
vation of previously generated faults with opposite sense 
of displacement into account. The influence of the 
rheological properties of the sediments controlling the 
generation of faults is also neglected. 

Simple shear strain model 

In a model where the differential subsidence is accom- 
modated by a simple shear strain, the horizontal 
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Fig. 11. Cross-sections showing the distribution of (a) the measured and (b) the calculated horizontal elongation from the 
seismic section RTD81-22 (for geographical location see Fig. 7). The calculations are performed on depth converted 
sections, and the result is to facilitate the comparison with the observations transformed into a time section. See text for 

discussion of similarities. 

elongation at a given location is controlled by the dip of 
the deformed layer before and after deformation, the 
dip of the shear plane, and the amount of simple shear 
strain. The mathematics are given in Appendix 2. Due to 
the nature of simple shear, the horizontal elongation 
value is constant in a plane that parallels the shear plane. 
A generalized distribution of horizontal elongation 
when using a simple shear model is shown in Fig. 9(b). A 
differential subsidence across a zone of simple shear can 
only give a negative elongation (compression) if the 
angle between the subsiding part of the deformed strata 
and the displacement vector exceeds 90 ° . 

The simple shear model can hardly account for the 
observed deformation structures in the Tertiary sedi- 
ments of the northern part of the Danish Central 
Trough, since it is only possible to get positive and 
negative elongation along the same strata if the sense of 
displacement along the shear plane or the orientation of 
the shear plane changes. Thus a simple shear model 
would require a complicated and speculative array of 
shear planes and shear directions to account for the 
observed strain distribution. 

Gravity tectonics 

There are other deformation mechanisms than bend- 
ing that may generate small-scale faults similar to the 
ones observed. Gravity tectonics relevant to the Tertiary 
siliciclastic rocks are gravity gliding and gravity spread- 
ing (Ramberg 1981). Although gravity gliding and grav- 
ity spreading differ in the way internal mass transport 
takes place (Galloway 1987, Schack Pedersen 1987), 
both mechanisms are characterized by compressional 
structures at the base of the slope and extensional 
structures at the top of the slope (Dailly 1976, Winker 
1982) (Fig. 9c). This strain pattern is also characteristic 
of gravity tectonics at prograding shelf margins (Gal- 
loway 1987). However, gravity tectonics cannot account 
for the deformation observed in the Tertiary sediments 
of the northern part of the Danish Central Trough since 
the measured sections show an upslope location of the 
negative elongation where the gravity model requires a 
downslope location. Series of slides on a scale smaller 
than the entire slope would give a strain contour pattern 
alternating between positive and negative elongation 



1352 O.R.  CLAUSEN and J. A. KORSTGARD 

parallel to the strata and this is not observed on the 
mapped sections. 

DISCUSSION OF METHODS AND MODELS 

Influence of  the orientation of the seismic section on the 
measured horizontal elongation 

A strain ellipsoid with the principal axes X, Y and Z 
can be defined for any point of the deformed strata. At 
any location, where stretching or compression in a 
horizontal direction has taken place, the intermediate 
axis Y is horizontal and normal to a vertical XZ-plane, 
with X and Z horizontal or vertical. If the horizontal 
elongation is measured in an arbitrary direction with 
respect to the principal axes of strain the measured 
elongation (e~) will depend on the amount of stretching 
(or compression) and on the angle, v, between the 
direction in which the elongation is measured and the 
vertical XZ-plane in the horizontal plane (Fig. 12). 

The apparent quadratic elongation 

2 m = (1 + ~'m) 2 (1)  

is a function of v and the true quadratic elongation A t 

A m = A t c o s 2 v  - sin2v. (2) 

The normalized deviation 

d - / ~ t  - Am (3 )  
At 

indicates that d is a function of v due to equation (2). 
Figure 13 shows the variations of the normalized devi- 
ation with respect to v. The non-symmetry around zero 
in Fig. 13 shows that the absolute normalized deviation 
is larger for a given negative elongation than for a 
corresponding positive elongation. Therefore, to com- 
pare the absolute value of compression and extension 
from a measured elongation the angle v must be known. 
However, assuming that the elongation in the Y- 
direction is zero (plane strain), as is done in Fig. 13 and 

Horizontal Horizontal 
extension compression 

Section view 

Map trace .. . . . .  ~ . . . . . . . . . . . . . . . . . .  

Map view 

Section trace ..... f v  

Fig. 12. Section and map view of the strain ellipsoid. The measured 
elongation in the section view must be corrected depending on the 

value of v in map view. 

0.5 ' i  

~20. 

2.5~ . . . . . . .  

i 
, , ,  , - - ,  . . . .  , , : 

-0.3 -02 0.1 0.1 02 03 
£ measured 

Fig. 13. Graph showing d (see text, equation 3) as a function of the 
measured elongation (e measured) and the angle v (Fig. 12) between 

the principal strain axis X or Z and the seismic section. 

when dealing with passive deformation due to differen- 
tial subsidence, the sign of the elongation does not 
change with a change in v. Therefore parts of a section 
where a horizontal compression is measured have also 
suffered horizontal compression. 

Sub-seismic deformation 

Bulk deformation accommodated along faults with a 
throw smaller than the seismic resolution cannot be 
observed in seismic sections. In the Tertiary rocks in the 
northern Danish Central Trough the lower limit of the 
seismic resolution is about 10-20 m. A fraction of the 
total deformation is not measured when only fault dis- 
placements from seismic sections are considered be- 
cause the number of faults (structurally introduced 
displacements) increases with decreasing displacement 
along the individual faults-fractures, i.e. the measured 
elongation is smaller than the true elongation (Childs et 
al. 1990, Marrett & Allmendinger 1991, Walsh et al. 
1991). However, the spatial clustering of sub-seismic 
faults and faults observable on seismic sections infers 
that the sub-seismic faults will have no effect on the 
distribution of strain (Gauthier et al. 1991). The defor- 
mation accommodated by structures of a size below the 
seismic resolution passes as ductile deformation (Gros- 
hong 1988) on a seismic scale, because the deformation 
appears to be homogeneously distributed and there is no 
visible rupture. This emphasizes the scale dependence of 
recognizing brittle vs ductile deformation. 

Influence of the state of  stress on the generation of  
reverse faults vs normal faults in a bending model 

The primary response of a layer suffering deformation 
is elastic deformation with the consequent build-up of 
differential stress. The stress build-up relaxes by faulting 
and/or by flow (ductile deformation) and the elastic 
strain is transformed into a permanent strain. The faults 
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INITIAL STAGE 

DEFORMED STATE 
A: B: 

.,~..~..,---~'~ ..... NEUTRAL ,'SMRFACE 

Extension due to bending 

J Compression due to bending 

Fig. 14. Orientation and location of the stress generated due to 
bending of an initially planar bed under differential subsidence. The 

difference in depth between location A and location B is AD. 

in the Tertiary sediments reflect the relaxation of the 
local build-up of differential stress due to bending and 
not due to imposed external stresses. 

Figure 14 outlines a simple model of the Tertiary 
subsidence of the Danish Central Trough where the 
faults at location B below the neutral surface are domi- 
nantly reverse faults (horizontal compression) and nor- 
mal faults at location A (horizontal extension). A 
common observation in the northern Danish Central 
Trough is that the number of reverse faults at location B 
is smaller than the number  of normal faults at location 
A, even though the strain is comparable at A and B. 
However ,  the displacement along the reverse faults 
seems to be larger than the displacement along the 
normal faults. 

A stress-strain analysis of the simple model may 
reveal the reasons for the differences in fault distribution 
at location A and location B. The bending of a bed as 
indicated in Fig. 14 introduces differential stress due to 
strain-stress relations since the principal axes of strain 
will be parallel and perpendicular to the bent surface 
(Hobbs 1971). Having the compressive stresses as posi- 
tive and assuming that the bending at location A in Fig. 
14 is comparable to the bending at location B (i.e. the 
curvature is the same and the neutral surface is located at 
the top of the stratum), it is shown that the differential 
stresses at A are larger than at B and that the least 
compressive stress at A is smaller than at B (Appendix 3) 
for the materials and depths present in the study area. 

The relative location of the Mohr circles (Fig. 15) thus 
shows that faulting will initiate at a lower differential 
stress at A than at location B (Fig. 14), corresponding to 
a smaller amount  of bending. The differential stress 
generated during bending is relaxed around a fault 
where the elastic deformation is transformed into a 

I A ~ ~ , ~ M o h r ' s  envelope 

~ i i s i  

(~effectivs 

Mohr's circle with excess fluid pressure 

Fig. 15. Mohr circles representing the state of stress at locations A 
and B of Fig. 13 with respect to a linear Mohr envelope and assuming 
the same amount of bending at A and B. The size and position of the 
Mohr circles shows that faulting at location A will initiate at a smaller 
bending than at location B. The effect of excess fluid pressure will 
reduce the strength of the rock, which is reflected in the relative 
leftward shift of the Mohr circles with respect to the Mohr's envelope. 

permanent  deformation. The areas adjacent to the first 
initiated fault still support a certain amount  of differen- 
tial stress due to bending and further bending may 
initiate a population of genetically related faults. The 
higher differential stress required to initiate faults at 
location B implies that a fault, when generated at B, has 
a larger displacement due to the larger elastic strain 
stored before faulting and released during faulting at 
location B than at location A. The normal faults are thus 
more numerous than the reverse faults but the displace- 
ment along the normal faults is smaller since the total 
strain which is accommodated at location A and location 
B is comparable. 

If we assume identical evolution of bending at loca- 
tions A and B then the rocks at location B are stressed by 
a larger differential stress without faulting during a 
longer period than the rocks at location A. This means 
that there will be a larger fraction of the elastic defor- 
mation transformed into 
creep at location B than 
deformation at B results 
accommodated by faulting 
A, which again contributes 
fault types. 

permanent  deformation by 
at location A. The plastic 
in less deformation to be 

at location B than at location 
to the unequal distribution of 

The effect of depth conversion 

It is necessary to depth convert the seismic time 
sections in order to obtain the true angle between the 
two flanks of a bent surface to give the best approxi- 
mation to the bending induced strain. Critical to the 
depth conversion are the seismic velocities chosen. 
However ,  it is only possible to change the shape of a 
convex upwards surface to a convex downwards (or vice 
versa) if the interval velocity laterally gets dramatically 
lower down-dip on Fig. 14. In the eastern part of the 
Danish Central Trough the interval velocity down-dip 
increases due to the deeper  burial of the sediments 
(Nielsen & Japsen 1991). This means that the influence 
of the depth conversion is to get a better  approximation 
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of the true angle between the flanks. Minor errors in the 
velocities are not critical to the sign of the calculated 
elongation, only to the absolute value. 

The effect of compaction 

In the bending model the shape of an initially horizon- 
tal marker horizon (in this case a sequence boundary) is 
assumed to indicate the deformation of the sediments 
below the horizon (Fig. 10). The subsidence of a horizon 
may be subdivided into basement subsidence and subsi- 
dence due to compaction of the sediments between the 
basement and the horizon. In this case the Top Chalk is 
taken as basement, since it shows the total differential 
subsidence during the Tertiary. The compaction of the 
pre-Tertiary sediments is thus included in the basement 
subsidence. The horizontal strain in a sequence may 
therefore arise from basement subsidence, compaction 
of the sediments below the sequence and compaction of 
the sequence itself. 

The differential compaction of the sequence itself 
introduces a positive horizontal elongation since differ- 
ential compaction may be compared to a simple shear 
model with a vertical shear plane. This means that the 
elongation is positive and fairly constant across the zone 
of differential subsidence. 

The general pattern during the Tertiary is differential 
subsidence of the basement (Top Chalk) across the 
Coffee Soil Fault. This is reflected in the depositional 
pattern with thicker sediments in the Tail End Graben 
than on the RingkObing-Fyn High. The compaction 
effect on the subsidence of a horizon will therefore 
reflect the pattern of true basement subsidence. If the 
compaction subsidence is accommodated by bending of 
individual layers, the horizontal strain distribution will 
be the same as if all the subsidence is basement subsi- 
dence when calculating the horizontal elongation, espe- 
cially with respect to the location of compression and 
extension. The compaction is thus neglected during the 
backstripping and calculation of horizontal strain. How- 
ever, if the deformation of a sequence is induced by 
compaction of the sediments below the sequence, and 
the sequence is deformed by bending, there is a need for 
a detachment similar to the detachment at the 
basement-sediment boundary as outlined in the defor- 
mation models. The calculated strain in Fig. 11 (b) in the 
lowermost sequences indicates that there is a detach- 
ment at a level within the Tertiary sediments since the 
calculated compressions are too large and not observed 
on the seismic sections. 

The influence of the excess fluid pressure to fault gener- 
ation 

The hydrostatic pressure is of importance to the 
generation of faults because the pore pressure influences 
the strength of the rock. An excess fluid pressure will 
weaken the rock and a fluid pressure less than the 
hydrostatic pressure will strengthen the rock (Scholz 
1990, pp. 30-31). Excess fluid pressure will move the 

Mohr circles to the left in an effective normal stress vs 
shear stress diagram (Fig. 15) and the differential stress 
required to initiate faulting is therefore smaller when 
excess fluid pressure is present. This means that faulting 
initiates at a smaller elastic strain during progressive 
bending. 

There are several indications of excess fluid pressure 
in the Tertiary rocks of the northern Danish Central 
Trough at present (Kristoffersen & Bang 1982) and it is 
interesting to note that the shallowest depth of the 'over- 
pressured shales' corresponds to the top of the intensely 
faulted Tert4 seismic unit (Kristoffersen & Bang 1982). 
However,  detailed modelling, which is beyond the scope 
of this paper, would be required to provide estimates of 
the spatial and temporal evolution of overpressuring and 
create a link between the observed tectonics and the 
state of pressure. 

CONCLUSIONS 

The strain distribution in the Tertiary sediments in the 
Danish Central Trough can be explained by a simple 
bending model where the Tertiary siliciclastic sediments 
constitute a layer decoupled from underlying chalk. The 
bending of the Tertiary sediments is caused by differen- 
tial subsidence of the pre-Tertiary rocks, and the defor- 
mation is accommodated mainly by slip on minor faults. 
The generation of faults is enhanced by the presence of 
excess fluid pressure. There are indications that the 
Tertiary sediments may be subdivided into several de- 
tached units. 

The larger number of normal faults relative to the 
number of reverse faults and the smaller displacement at 
each individual normal fault compared to the displace- 
ment along reverse faults is caused by the relative size 
and orientation of the stresses generated due to the 
stress-strain relations of elastic deformation which pre- 
cedes faulting. The differential stress is generated by 
bending, and using the applied simple bending model it 
is shown that the differential stress required to generate 
normal faults is smaller than the differential stress 
required to generate reverse faults. The elastic defor- 
mation stored in areas with compression is thus larger 
and persists longer than in areas with extension before 
faulting transforms the elastic strain into a permanent  
strain. A consequence of the latter is that 'slow' creep 
processes may work and transform the elastic strain into 
a permanent  strain without faulting. 

When observing deformed rocks on seismic sections it 
is important to be aware of the limit of seismic resolution 
and the fault displacement density of the strata in ques- 
tion before classifying the deformation as ductile or 
brittle since this classification is scale dependent.  The 
term 'seismo-ductile deformation'  may be used for de- 
formation accommodated by brittle deformation struc- 
tures on a scale smaller than can be observed on seismic 
sections. 
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APPENDIX 1 

The mathematics for calculating the strata parallel elongation due to 
a bending model is presented. The geometric relationships are shown 
in Fig. A1. 

The length of the neutral surface segment bounded by the two radii 
(Fig. A1) is the initial length l 0 of the deformed segment. 

The length of a layer L in the deformed state is 11 and from Fig. A1 

0t 

Bending axis 

Fig. A1. Geometric relations of the bending model. L is the layer of 
interest, A is the chord between two radii intersecting the neutral 

surface, and a is the bending angle. 
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Horizontal . . . .  , ; / j / h - ~ l ~ ; / ~  . . . . .  

Fig. A2. The geometry of the simple shear model• All the symbols are 
referred to in the text. The initial state is represented by a square box 
with a side parallel to the shear plane, and the deformed state is the 
distorted square. Aa is the angle between a layer before (B) and after 
shearing (Ba). The elongation of the layer depends on the amount of 
simple shear strain (y) and on the initial orientation with respect to the 

shear plane. 

a ;g  
l o = r ~ . . ~ -  2at = r . -  a .  1--~ (A1) 

• a - - -  l j = r  L 3~'2~r=(r"--Ar)" 180 (A2) 

Ar = r c - r,,, (A3) 

where r n is the radius to the neutral layer and rL is the radius to the 
layer L. 

The elongation of layer L initially parallel to the neutral surface is: 

/ 2 r n + Ar Ar ; = ~ - 1 =  - I -  . (A4) 
r n  rn 

r, can be expressed in terms of the chord A and the bending angle a 

sin ( ; )  - z  2r, (A5) 

A 
r n = ~ (A6) 

and substituting into (A4) 

(°) Ar- 2.  sin 

~'* A 
(A7) 

which gives the elongation of the layer L. 
Whether the elongation is positive or negative depends on the sign 

of Ar and equation (A3) emphasizes that the location of the neutral 
surface is important. 

Equation (A7) is used to calculate the theoretical strain distribution 
used in the discussion of the deformation model. 

APPENDIX 2 

The mathematics for calculating the elongation generated by simple 
shear in a direction inclined to the shear plane is presented. The 
following relationships are based on the geometries shown in Fig. A2. 

al is the true dip of the undeformed strata, c~ z is the true dip of  the 
deformed strata and 

A a  = a 2 - -  ct 1. (A8) 

0 is the angle between the undeformed strata and the shear plane 

and from the geometric relationships in Fig. A2 we get the following 
relations between the distances P, a, b and the angle 0 

0' - 9 0 -  0 (A9) 

P - =  tan (0') (A10) 
¢/ 

b + P  
- - -  = tan (Aa + 0'). ( A l l )  

¢/ 

The simple shear strain from a displacement b across a distance of a 
is (Fig. A2) 

b 
,', . . . .  (Al2)  

(g 

Combining equations (A 10)-(AI2) gives 

), = tan (Aa + 0') - tan (0') (A13) 

which expresses the shear strain by the known angles Aa and 0'. 
The initial length of a bed (B) inclined to the shear plane is 

a 
l 0 = (A14) 

cos (0') 

and the length of the deformed bed (Ba, Fig. A2) is 

Z = " (A15) 
cos (0' + Aa) 

which gives the strata parallel elongation 

! cos (0') 
e = 1,-~-- I - 1. (Al6) 

cos (0' + Aa) 

This simple relation shows that the amount of strata-parallel 
elongation is controlled by the same parameters as the shear strain. 
Therefore the strata-parallel elongation is constant parallel to the 
shear plane and may vary only normal to the shear plane. The sign of 
the strata-parallel elongation is constant due to the initial angular 
relationship. Assuming that the angular relationships prevail the sign 
may change only if the direction of movement on the shear plane is 
reversed. 

APPENDIX 3 

The mathematics for the stress-strain analysis of the simple bending 
model location A and location B in Fig. 14 is given here. Assuming that 
the bending at location A in Fig. 14 is comparable to the bending at 
location B (i.e. the curvature is the same, and the neutral surface is 
located at the top of the stratum) the elongation at B (e B) is related to 
the elongation at A (e A) by the equation 

~.A = _ _ F B ,  (AI7) 

The bending is a plane strain and the stratum parallel stress gener- 
ated during bending 

o b = E . t .  (A18) 

depends thus on the amount of strata parallel stretching (e) and 
Young's modulus (E) for the material (Price 1%6, p. 149). This means 
that the bending causes a decrease in compressive strata-parallel stress 
at location A and an increase in strata-parallel compressive stress at 
location B since there is extension and compression at A and B, 
respectively, i.e. 

=ab u = a a < 0 and ]a~l = ioa[ = at,. (A19) 

In the initial situation with no bending, the horizontal stress (o h ) acting 
is proportional to the lithostatic pressure (Olit) , 

o h = k . ()-lit = k • D " g" p, (A20) 

where D is the burial depth, p the density of the sediment, g the 
acceleration due to gravity and k is a positive factor less than 1 (Jaeger 
& Cook 1969, pp. 368-369) in some cases equals v / ( 1  - v )  where v is 
Poisson's ratio. Poisson's ratio has a value of 0.25--0.3 for most 
materials (Hobbs e t  a l .  1976, p. 11, Nicolas & Poirier 1976, p. 84, 
Suppe 1985, p. 183). The resulting stratum parallel compressive stress 



Small-scale faulting in the Danish Central Trough 

~ ~ - 0 . 025  

g -  0.01 
Nm "2 E - 1 x 1011Nm -2 

b E = 1 x 1010Nm -2 

, p = 3 g/cm3 
p .  lg/cm3 

109 

®108 

~') 107 

106 

105 

I04 

103 

102 

101 

1 2 3 4 5 6 7 8 9 10 x l 0 3 m  

Differential Depth (AD) 

Fig. A3. Graph  showing the variations in lithostatic pressure with 
depth for two sediment densities (curves at a). The  curves at (b) show 
how the differential stress generated due to bending (oh) varies with 
Young's  modulus (E) (Birch 1966) and the elongation due to bending 
according to equat ion (5) (Price 1966). If the depth axis is considered 
to be a differential depth axis the curves at (a) illustrate the difference 
in lithostatic pressure between location A and B in Fig. 14. The  
relations between the two sets of curves dear ly  illustrate that AD • g .  p 
<< ob and that  o b > (1 - k ) -  a~t even for minor  bending (small values 

of e). 

(O~sp) at location A due to bending is thus derived from a reduction of 
the horizontal  stress (O~h) by the generated 'bending stress' (Oh) 

O~S P = O~h -- O b. (A21) 

The resulting stratum parallel compressive stress (a~l,) at location B is 

O~s P = o~h - o b. (A22) 

The stress perpendicular to the bending induced stress is sub-vertical 
and assumed equal to the lithostatic pressure (a,t).  

Since the direction of the stratum parallel stress parallels a principal 
direction of stress and the principal stresses at location A are 

o~1 = ~ (A23a) 

o~3 = a~sv (A23b) 

since O~s P < o~, t. At  location B we have 
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o~1 = o~p (A24a) 

o~3 = a,nt (A24b) 

if ab > (1 -- k ) -  o~ut (equations A20 and A22) which is the case even at 
very small amounts  of bending (Fig. A3). 

When  drawing the relative location of the Mohr  stress circles for 
location A and B it is necessary to know the differential stress at each 
location and the relative size of o A and o~. 

The  differential stress at A from equations (A20), (A21) and (A23) 
is 

o ~ 1 -  o~3 = o~ut --asAp = O~,t -- k ,  o~jit + Ob = ( 1 - -  k )  . o~ut + Ob (A25) 

and the differential stress at B from to equations (A20), (A22) and 
(A24) is 

o~1 - -  O~3 = O~S P --o'lBit = k .  ar t  + Ob -- o~lit -- = (k - 1) .  o~, t + o" b. (A26) 

Since 0 < k < I we have 

o~l - o~3 > Ob > OF -- O~3 (A27) 

which means that  the differential stress at B is smaller than at A. 
The relations between the lithostatic pressures at  A and B is 

= ~, + A D .  g .  p, (A28)  

where AD is the difference in burial depth  of location A and B (Fig. 
14). Inserting the relations to the principal stresses (equations A23 and 
A24) in equations (A20), (A21) and (A28) gives 

o~1 = o~  + A D  . g " p (A29) 

= k.  ~ -  ob (A30) 

o~3 = k .  (o~3 + A D . g .  p) - Oh, (A31) 

where equat ion (A31) expresses the relation between the least com- 
pressive stress at location A and location B in Fig. 14. 

Assuming that  ~ < a~ we have 

o~3 > k .  (o~3 + AD-  g .  p - Oh. (A32) 

Since (o~3 + AD.  g .  p) > k-  (o~ + AD.  g .  p) we have 

o~ > o~3 + AD.  g .  p - Ob (A33) 

which means that  o A < a3 a for 

AD.  g .  p < %.  (A34) 

Figure A3 shows that  the bending stress is larger than the difference in 
lithostatic pressure between A and B, even for extreme values of 
Young's  modulus and elongation. The Mohr  circle for the stresses at 
location A is therefore located to the left of the Mohr  circle for the 
stresses at  location B, and the radius of the circle is larger in A than in B 
(Fig. 15). 


