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Abstract

We apply a recently developed 3D flexure model incorporating lateral variations in flexural rigidity (EET) and necking
depth (z,) to study the 3D effects of intraplate stresses on Quaternary accelerated subsidence and uplift in the North Sea
Basin and adjacent areas. In the model approach lateral variations and magnitude of predicted Quaternary vertical motions
are largely dependent on the pre-existing Late Tertiary flexural state of the area and the relative change in magnitude
and orientation of intraplate stresses in the Quaternary. The Late Tertiary deflections are reconstructed by incorporating
lithospheric stretching values calculated from the Mesozoic subsidence record, and by adopting admissible variations in
necking depth (z,) and flexural rigidity (EET) from earlier work. The 3D model results for the North Sea and adjacent
areas indicate that an increase of compressive intraplate forces with a magnitude of about 2.25 x 10'2 N/m can predict
accelerated subsidence values up to 700 m, largely in agreement with observed patterns of Quaternary isopach values
corrected for effects of shallowing waterdepth. The magnitude of the intraplate forces is 2 to 3 times lower than predicted
by earlier 2D studies. It is believed that the 2D model results actually overestimate required stress levels, since they
do not take into account the effect of out-of-plane stresses.The relative increase in compressive forces is in agreement
with observed compressive stresses and the magnitude corresponds to characteristic values for plate boundary forces. The
adopted values for z, and EET do not show a clear relation with the preceding basin history.

Keywords: 3D flexure model; intraplate stress; North Sea Basin

1. Introduction

2D studies have shown that lithospheric flexure
can be strongly affected by fluctuating intraplate
stresses, providing a driving mechanism for short-
term large-wavelength modulations in basin subsi-
dence (e.g., Cloetingh et al., 1985). This mechanism
is in agreement with observed stress fields, which
are relatively constant in orientation over large areas
(Zoback et al., 1989), and which can change on rel-
atively short time scales of 1-5 My (Cloetingh and

* Corresponding author.

Kooi, 1992). Following the basic assumption that
the stress field is uniform, the wavelength and rel-
ative amplitudes of stress-induced vertical motions
are directly related to the pre-existing flexural state.
Thermodynamic models show that flexural loads for
rifted basins strongly depend on rheological layer-
ing (Braun and Beaumont, 1989; Kooi et al., 1992;
Cloetingh et al., 1995). An effective way to trans-
late these effects in forward models for rifted basin
formation, is by using a two-step approach, thereby
employing the concept of necking depth z, (Weis-
sel and Karner, 1989; Kooi et al., 1992). First, a
kinematically described thinning of the lithosphere
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Fig. 1. Concept of lithospheric necking (after Koot, 1991; modified from Braun and Beaumont, 1989). The level of necking is defined
as the level of no vertical motions in the absence of isostatic forces. Left panels. kinematically induced configuration after rifting for

different values of necking depth (z,). Right panels, subsequent flexural

is applied around z, in such a way that the depth
of necking experiences no vertical deformation in
absence of isostatic restoring forces (Fig. 1, left pan-
els). Subsequently, the regional flexural response is a
result of buoyancy forces acting on the kinematically
perturbed lithosphere, marked by a specific effec-
tive elastic thickness (EET) (Fig. 1, right panels).
The magnitude of the deflections are determined by
lithospheric stretching values and the necking depth
Zn. Whereas the wavelength of the flexural response
is determined by the distribution of effective elastic
thickness (EET) (Kooi and Cloetingh, 1992). EET
values generally are considered to be function of the
rheological composition (Burov and Diament, 1995),
but may be strongly affected by stress-induced weak-
ening induced by plastic bending of the lithosphere,
which is difficult to assess (Goetze and Evans, 1979;
Burov and Diament, 1995). 2D forward basin mod-
elling studies, constrained by basin subsidence, deep
seismics and gravity data, indicate that solutions
for EET, z, and lithospheric stretching factors can
be non-unique. These models also show that the
differences in adopted z, and EET have a strong
influence on the predicted flexural state, whereas
associated variations in lithospheric stretching have

rebound.

only a moderate effect on flexure (Kooi and Cloet-
ingh, 1989, 1991, 1992; Karner et al., 1993).

In this paper we apply a recently developed 3D
flexure model incorporating lateral variations in flex-
ural rigidity (Van Wees and Cloetingh, 1994; Van
Wees et al., 1995) and necking depth to study the
3D effects of intraplate stresses on accelerated subsi-
dence and uplift and compare our results with earlier
2D studies (Kooi et al., 1991). For this purpose
we perform a case study on the effect of intraplate
stresses on Quaternary subsidence in the North Sea
Basin. Quaternary isopach data in the North Sea and
adjacent areas, delineated in Fig. 2, provide an excel-
lent database to analyze 3D patterns of accelerated
subsidence, deviating from a preceding phase of gen-
eral tectonic quiescence (Zagwijn, 1989; Kooi et al.,
1991).

The Quaternary isopach values show high values
up to more than 1000 m aligned along a NNW-
SSE axis in the North Sea. Partly, the high values
of subsidence may be attributed to non-tectonic ef-
fects of shallowing waterdepth and glacial erosion.
Comparison of paleo-waterdepth estimates for the
Late Tertiary with present-day waterdepth indicates
considerable shallowing for the central and south-
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Fig. 2. Quaternary isopach values in the North Sea and adjacent areas. Contour interval is 125 m. In the North Sea and Dutch onshore
values have been adopted from compilations of Zagwijn (1989) and Kooi et al. (1991). In the eastern region, Quaternary is assumed
negligibly thin (Unesco, 1976; Ziegler, 1990). Solid lines correspond to two cross-sections, for which effects of Quaternary intraplate

stress were studied with a 2D model by Kooi et al. (1991).

ern North Sea, reaching maximum values of about
100-150 m (Gradstein et al., 1989; Zagwijn, 1989;
Ziegler, 1990). Taking into account large uncer-
tainties in the paleo-waterdepth estimates, suitable
variations in adopted shallowing can explain large-
wavelength patterns in Quaternary subsidence, up to
a maximum of 400 m (Kooi et al., 1991). How-
ever, the short-wavelength Quaternary depocentres,
marked by a sediment thickness of about 1000 m,
require some other mechanism. Alternatively, glacial
erosion of pre-Quaternary strata can resuit in high es-
timates of tectonic subsidence (Vagnes et al., 1992;
Fig. 3). Off the southeast coast of Norway, glaciation
probably caused deep post-Mid-Miocene erosion of
Tertiary strata (Jensen and Schmidt, 1992), in agree-
ment with a Late Cenozoic bathometric deepening.
For the narrow Quaternary depocentres in the cen-
tral and southern North Sea, which lack indications
for deep erosion of Tertiary strata, such a mech-
anism is unlikely. In the absence of a dominant
role of passive mechanisms like changes in water-

depth and glacial erosion, the observed accelerated
subsidence in these areas must be related to a tec-
tonic process (Cloetingh et al., 1990). Taking into
account the well documented present-day compres-
sive stress field in northwestern Europe (Zoback et
al., 1989; Zoback, 1992; Miiller et al., 1992), re-
vealing a consistently NW-SE orientation of the
largest principal stress Sym.x in the delineated re-
gion in Fig. 2, Kooi et al. (1991) showed by 2D
forward modelling that accelerated subsidence may
be attributed to strike-slip (pull apart) deformation
or stress-induced downwarping (Fig. 4). More recent
2D studies, focusing on a large number of basins in
the northern Atlantic/Mediterranean region marked
by Late Cenozoic accelerated tectonic subsidence
and simultaneous uplift of basin margins, favour
compressional stresses as a driving mechanism for
the observed rapid vertical motions (Cloetingh and
Kooi, 1992; Reemst et al.,, 1994). However, it is
noted that the 2D models are restricted to narrow
areas covered by a limited number of profiles, and
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Fig. 3. Potential effect of glacial erosion off the southeast coast of Norway in the calculation of Late Cenozoic tectonic subsidence. In
case of no substantial glacial erosion (upper panel), Late Cenozoic increase of waterdepth and/or sediment infill corresponds to a phase of
accelerated tectonic subsidence. The amount of air loaded accelerated tectonic subsidence can be locally up to 300-400 m. Considerable
glacial erosion (lower panel, note addition and subsequent erosion of Tertiary sediments) results in a depression after glacial rebound,
which is filled with water and/or sediments. As a result the reconstructed tectonic subsidence pattern does not show a Late Cenozoic

acceleration in subsidence.

neglect out-of-plane stresses, which can substantially
contribute to lithospheric flexure. Using the 3D flex-
ure model, it is possible to study basin evolution
for a much larger area and to take into account all
horizontal components of the stress tensor.

To investigate the effect of intraplate stresses on
Quaternary subsidence, it is assumed that the pre-
existing flexural state of the area is controlled by the
preceding rift history recorded in the Late Permian
to Tertiary sediment record, which constitutes the
major part of the basin infill (Ziegler, 1990). A first-
order approximation of the lithospheric stretching
values, in agreement with the observed Late Permian
to Tertiary sedimentary record, is obtained by an
inverse model for tectonic subsidence values adopt-
ing local isostasy (cf. Keen and Dehler, 1993). This
allows finding those values admissible for EET and
Z» which are best in agreement with stress-induced
Quaternary subsidence patterns. Following 2D flex-

ure models (e.g., Kooi et al., 1992), a trial-and-error
technique can be used to constrain admissible EET
and z, values and to infer associated modifications
of lithospheric stretching parameters compensating
flexural loading effects. Here, EET and z, values
are selected from a range of values compiled from
earlier flexure studies, in agreement with observed
basement warpings, whereas modifications in litho-
spheric stretching tactors derived from local isostasy
assumptions are neglected.

2. Late Permian to Tertiary basin evolution and
lithospheric stretching values

The well documented Late Permian to Tertiary
sediment record in the studied area reflects a com-
plex history of extension and inversion (e.g., Ziegler,
1990). Geological observations and basin analysis
show that Late Permian to Early Cretaceous times
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Fig. 4. Schematic illustration of the two mechanisms for the anomalous Quaternary subsidence history in the North Sea (after Kooi

et al., 1991). (a) Localised stretching and the development of pull-apart basins. (b) Localised downwarping as a consequence of the
modification of the state of flexure of the lithosphere when a change to a more compressional stress level occurs.

are marked by a number of major rift phases (Barton
and Wood, 1984; Kooi et al., 1989; Kooi and Cloet-
ingh, 1989; Thorne and Watts, 1989; Ziegler, 1990;
Marsden et al., 1990; Hendrie et al., 1993). These
resulted in the development of the rift basin ele-
ments depicted in Fig. 5, which comprise the Broad
Fourteens and West and Central Netherlands Basin
(BFWCNB), the Central Graben (CG), the Dutch
Central Graben (DCG), the Egersund Basin (EB),
the Gliickstadt Trough (GT), the Horn Graben (HG),
the Lower Saxony Basin (LSB), the Moray Firth
Basin (MFB), the Norwegian—Danish Basin (NDB),
the Skania Kattegat Basin (SKB) (or Sorgenfrei—
Tornquist Zone), the Sole Pit Basin (SPB), and
the Viking Graben (VG). The signature and rela-
tive importance of the major rift phases, as reflected
by tectonic and basement subsidence values, varies
strongly for the individual basins (Thorne and Watts,
1989; Ziegler, 1990). Rift activity not only resulted
in subsidence. In the Middle and Late Jurassic and
Early Cretaceous a number of regional uplift phases
occurred, probably induced by rift related thermal
doming, which is most evident for the mid North Sea
dome at the triple junction of the CG, VG, and MFB
(Ziegler, 1990; Hendrie et al., 1993).

Y

PULL APART
(LOCAL EXTENSION)

PRESENT

MOHO

Basin analysis indicates that subsidence in the
Late Cretaceous and Tertiary, as reflected by the
corresponding isopach values (Fig. 6), is primarily
driven by a thermal subsidence mechanism (Watts et
al., 1982; Kooi and Cloetingh, 1989; Hendrie et al.,
1993). However, it is noted that the subsidence pat-
terns may have been affected by intermittent exten-
sion and inversion tectonics (Ziegler, 1987; Thorne
and Watts, 1989; Zijerveld et al., 1992). Especially in
the Lower Saxony Basin and Skania Kattegat Basin
the inversion is strong, leading to deep erosion of
Mesozoic deposits (Ziegler, 1990).

2.1. Lithospheric stretching

In view of the rift evolution of the area, it is
assumed that the Late Tertiary basin configuration is
mainly a consequence of rift activity from the Lower
Permian to Early Cretaceous. For the Late Tertiary,
the thermal effects of rifting will have equilibrated.
Consequently, in assessing the rift-induced buoyancy
forces for the Late Tertiary state of flexure, it is
sufficient to constrain finite crustal stretching factors,
since thermally induced buoyancy forces, which may
have varied strongly through the rift history as a
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Table 1

Model parameters

Symbol  Name Value

a initial lithospheric thickness 120 km

¢ initial crustal thickness 31 km

T asthenosphere temperature 1333°C

K« thermal diffusity 7.8 x 107 m?s!
Pe surface crustal density 2800 kg m™
Pm surface mantle density 3300 kg m™
Pw water density 1030 kg m*>
Ds grain density sediment 2650 kgm™
$o surface porosity 45%

k depth constant porosity relation 0.4 km™!

T thermal expansion coefficient 3.4 x 10°%°C
E Young’s modulus 7 x 010 Nm?
v Poisson’s ratio 0.25

g gravity 9.8 ms™

function of crustal and subcrustal stretching values,
will have decayed at this stage.

Adopting local isostasy, assuming thermal equili-
bration, and neglecting effects of renewed rifting or
inversion activity, finite crustal stretching factors for
the Late Permian to Early Cretaceous can be calcu-
lated directly from the cumulative syn- and postrift
tectonic subsidence values derived from the Late
Permian to the Tertiary sediment record (e.g., Roy-
den and Keen, 1980; Keen and Dehler, 1993). The
cumulative tectonic subsidence in The Late Tertiary
is calculated in two steps, adopting parameters listed
in Table 1. First, the Late Tertiary isopach values are
reconstructed by backstripping the overlying Qua-
ternary sediments. Subsequently the reconstructed
sediment thickness values are mapped to tectonic
subsidence values, adopting present-day bathometry
for Late Tertiary waterdepth. Resulting finite crustal
stretching factors are depicted in Fig. 7. They range
from 1.00 to 1.58 (1/§ is 0.63-1.00), and agree very
well with the basin framework in the studied area
(Fig. 5).

The obtained estimates of crustal stretching can
be used to predict present-day crustal thickness val-
ues, using the initial crustal thickness of 31 km in
Table 1. Adding Late Permian to present sediment
thickness values, they form a first-order estimate
of Moho depths. Comparison with observed Moho
depths in the region (Ziegler, 1990), depicted in
Fig. 8, indicates small misfits generally not larger
than 4 km, except for the CG, and the southwest-
ern and eastern part of the studied area. High Moho
depths for the latter regions, are most likely related
to pre-existing thick crust, corresponding to old con-
solidated crust (Ziegler, 1990). For the CG, Barton
and Wood (1984) have suggested that observed ex-
tremely shallow Moho depths, compared to predicted
values, can be attributed to the pre-existence of thin
crust. On the other hand, Kooi et al. (1992) sug-
gested that they can be related to a strong downward
flexure of the lithosphere. For other parts misfits may
also be attributed to pre-existing variations in crustal
thickness or flexural effects.

3. Late Tertiary flexure and stress-induced
Quaternary motions

For the 3D flexure calculations a 130 x 90 grid
(spacing D, = D, = 20 km) is adopted, extending
more than 300 km outside the studied region, and the
boundary conditions of the model are equal to those
used by Van Wees and Cloetingh (1994). Pertinent
crustal and subcrustal and sediment parameters are
listed in Table 1, and correspond to values adopted in
the subsidence analysis. Late Tertiary flexural load-
ing is calculated according to the crustal stretching
values derived from local isostasy assumptions in
the previous section, assuming effects of thermal up-
lift to be negligible. For sediment infill in the Late
Tertiary, present-day waterdepth is incorporated.

Finite element modelling studies on local stress
rotations and the regional stress field, indicate that

Fig. 5. Late Permian to Early Cretaceous ‘synrift’ isopach values (compiled after data from Ziegler, 1990), reflecting basin framework.
Contour interval is 1000 m. Abbreviations correspond to rifted basins: BFWCNB = Broad Fourteens and West and Central Netherlands
Basin; CG = Central Graben; DCG = Dutch Central Graben; EB = Egersund Basin; GT = Gliickstadt Trough; HG = Horn Graben;
LSB = Lower Saxony Basin; MFB = Moray Firth Basin; NDB = Norwegian—-Danish Basin; SKB = Skania Kattegat Basin (or
Sorgenfrei-Tornquist Zone); SPB = Sole Pit Basin; VG = Viking Graben.

Fig. 6. Late Cretaceous and Tertiary ‘postrift” isopach values (compiled after data from Ziegler, 1990). Contour interval is 1000 m. For

explanation see text.
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Fig. 7. Finite crustal stretching values (1/8) in the Late Tertiary, according to accumulative synrift and postrift Late Permian to Tertiary

isopach values. Contour interval is 0.05. For explanation see text.

the ratio of principal compressive horizontal stresses
SHmax/Shmin 18 slightly larger than unity (Griinthal and
Stromeyer, 1992; Spann et al., 1994). Here, we adopt
compressive forces 7, = T, = 2.25 x 10'> N/m
(Ty, = 0) for the Quaternary, which is equivalent to
a isotropic compressive stress level of 1.5 kbar (150
MPa) in a 15-km-thick elastic plate. The isotropic
stresses, which correspond to an absolute minimum
value of possible variations in the Sumax/Shmin Ta-
tio, agree best with stress-induced vertical motions
along the NNW-SSE axis in the North Sea. The
magnitude corresponds to characteristic values for
ridge push forces (England and Wortel, 1980) and
is in accordance with earlier studies on the effect
on intraplate stresses (Kooi and Cloetingh, 1989). In
the calculation of the Quaternary stress-induced mo-
tions, possible effects of changing waterdepth are not
incorporated. As outlined before, shallowing water-
depth may explain large-wavelength patterns in the
Quaternary thickness distribution with magnitudes
up to 400 m. Consequently, we will primarily aim

to predict short-wavelength high-amplitude depocen-
tres in the southern DCG, west of the DCG, and in
the western BFWCNB, in agreement with observed
isopach values in excess of 400 m and ranging up to
1000 m (Fig. 2).

As outlined in the introduction, the predicted flex-
ural response to the lithospheric stretching values
and the effect of Quaternary compressive stresses, is
extremely sensitive to the adopted values for EET
and z,. For the North Sea, flexure studies indicate
a large range of admissible EET and z, values in
accordance with basin subsidence, deep seismics and
gravity data. Constant EET models, incorporating a
shallow depth of necking show that observations of
basin subsidence in the DCG are consistent with rel-
atively low values for EET of about 10 km (Kooi and
Cloetingh, 1989). On the other hand, incorporating a
deeper mid crustal level of necking, estimated EET
values tend to be much higher, in the order of 20-25
km (Kooi, 1991).

Studies on the CG, incorporating time dependent
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Fig. 8. Difference of Moho depth predicted from crustal stretching values (Fig. 7) and observed Moho depths, adopted from Ziegler
(1990). Observed values higher than 35 km, occurring at the southwestern and eastern boundary, have been set to 35 km.

lateral variations in EET, determined by the depth
to an isotherm, and incorporating the equivalent of
an intermediate necking depth, indicate values for
EET of more than 37 km, grading into much lower
values of about 23 km in the centre of the basin
during the early stages of the rift history (Watts et
al., 1982). On the other hand, 3D load-shape anal-
yses for the North Sea, studying present-day lateral
variations in EET, incorporating the equivalent of
a shallow necking depth, show variations in EET
ranging from about 5 to 25 km (Barton and Wood,
1984; Thorne and Watts, 1989). Summarising, the
‘zy models’ are subdivided into 2 groups, (1) high
constant EET (20-25 km), adopting mid crustal z,,
and (2) low constant EET (10 km) or varying EET
(5-30 km), adopting shallow z,. Conspicuously, both
groups reflect only moderate amounts of flexural
loading in accordance with low-amplitude gravity
anomalies. The CG is probably an exception. Here
much higher crustal stretching values than inferred
from local isostasy assumptions may have prevailed,

in accordance to relatively shallow Moho depths, and
significant amounts of downward flexural loading
characterised by relatively high EET values (Watts
et al., 1982; Thorne and Watts, 1989; Kooi et al.,
1992). Present-day heat flow data do not provide
arguments in favour of any of the EET models, since
they indicate strong deviations of the thermal state
of the lithosphere from predictions in rift models,
and lack a clear correlation with EET values (Thorne
and Watts, 1989). The poor correlation between the
thermal state of the lithosphere and predicted EET
values may be explained by stress-induced weaken-
ing induced by plastic bending of the lithosphere,
which is difficult to assess (Goetze and Evans, 1979;
Burov and Diament, 1995).

Adopting the previously compiled admissible val-
ues, a large range of combinations of EET and z,
values can be incorporated in a 3D flexure model.
In the 2D study for the two profiles in Fig. 2, Kooi
et al. (1991) adopted an extremely shallow necking
depth and lateral variations in EET ranging from 3
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Fig. 9. Late Tertiary reconstruction of basement subsidence (= base Late Permian sediments), obtained from Late Permian to Tertiary
isopach values (Figs. 5 and 6), by backstripping overlying Quaternary sediments, and augmented by present-day waterdepth. Contour

interval is 1000 m.

km in the Quaternary depocentres to about 20 km at
the margins, in agreement with stress-induced Qua-
ternary vertical motions. However, these authors did
not compare the predicted values of the preceding
Late Tertiary deflections with reconstructed basin
subsidence values, rendering the adopted parameters
debatable. In fact, the Late Tertiary reconstruction
of basin subsidence (Fig. 9), provides much insight
in possible variations in EET and z,. Ragged base-
ment patterns of the basins relative to their margins,
strongest developed in the DCG and HG, indicate
a relatively deep level of necking or relatively low
values for EET (Kooi and Cloetingh, 1989; Kooi,
1991). Outside the depocentres, large-wavelength
patterns and uplift of the British Isles and Norway
{Doré, 1992), which may have been enhanced by
Quaternary compressive stresses, suggest relatively
high EET values (Cloetingh and Kooi, 1992). Fur-
thermore, it is noted that local variations of z, on a
scale less than the thickness of the lithosphere are

not realistic, since z, is most likely related to the
rheological stratification of the lithosphere (Kooi and
Cloetingh, 1992).

In the modelling procedure, by varying EET and
Zn in the Late Tertiary flexural reconstruction, we
basically try to fit Quaternary subsidence patterns
in response to the compressive stress field applied.
We check whether adopted EET and z, results in
basement warpings in the Late Tertiary which agree
relatively well (first-order fit) with basement recon-
struction from backstripping. Since we adopt for the
Late Tertiary flexural state crustal stretching val-
ues derived from local isostasy assumptions, evi-
dently misfits occur in the Late Tertiary basement
reconstruction. We do not attempt to vary crustal
stretching values to get a perfect fit for the Late
Tertiary, since this is extremely difficult and has a
relatively minor effect on the stress-induced motions
in the Quaternary, compared to variations in EET
and z,.
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At this stage, it is not possible to constrain those
values for EET and z, which agree best with both
the Late Tertiary reconstruction and stress-induced
Quaternary motions. Therefore, we will start with a
constant EET and constant z, model, corresponding
to intermediate values in the range listed above.
Based on large misfits in Late Tertiary subsidence
and Quaternary stress-induced motions, this model
will be improved.

3.1. Constant EET, constant 7, model

For a starting model, the Late Tertiary 3D state
of flexure of the North Sea and adjacent areas is
reconstructed using a constant EET of 15 km and a
constant z, of 10 km. 3D flexure modelling predic-
tions for the Late Tertiary basement subsidence and
Quaternary and the relative motions of the basement
in the Quaternary are depicted in Fig. 10. The Late
Tertiary model predictions (Fig. 10a) agree fairly
well with reconstructed subsidence values, reflect-
ing similar patterns. Large-wavelength deflections,
predicting uplift in Norway and parts of the British
Isles, are very well in agreement with observations
(Doré, 1992; Cloetingh and Kooi, 1992; Riis and
Fjeldskaar, 1992). However, model predictions for
basement subsidence in the basin depocentres show
consistently low subsidence values compared to ob-
served values.

The predicted distribution for accelerated base-
ment subsidence in the Quaternary (Fig. 10b) hardly
agrees with short-wavelength and high-amplitude
isopach values in the southern DCG, west of the
DCG and the western part of the BEWCNB. Instead,
maximum values of predicted subsidence correspond
to basin depocentres which are marked by large-
wavelength Late Tertiary basement subsidence (CG,
GT, NDB). Clearly the adopted parameters for litho-
spheric stretching, EET and z, are not consistent
with reconstructed subsidence patterns in the Late
Tertiary and accelerated Quaternary subsidence in
the central and southern North Sea.

3.2. Variable EET, variable z,, model

In order to improve both the Late Tertiary and
Quaternary subsidence predictions, we adopt the lat-
eral variations in EET and z,, depicted in Fig. 11.

In the BFWCNB and the southemm DCG, reduced
values of EET are adopted in order to reproduce
the ragged basement subsidence more accurately and
to assure a Late Tertiary downward state of flexure
in accordance with short-wavelength stress-induced
downwarping. For the northern DCG, HG, GT, and
NDB, z, is set to a deeper level of 20 km instead
of 10 km, resulting in a nearly isostatic response of
basement subsidence in the Tertiary, which is con-
sequently hardly affected by compressive stresses.
In the CG, misfits for the Late Tertiary may be
primarily related to underestimates of crustal stretch-
ing values (Kooi et al., 1992). Therefore, we refrain
from improving the predicted Late Tertiary subsi-
dence values by varying EET or z, in the CG. For
the northern edge of the studied area, partly corre-
sponding to the northern part of the VG, we also
refrain from improving misfits, since they may be
largely attributed to edge effects of the model, failing
to take into account loading effects of rift structures
continuing outside the studied area.

The flexure results for the variable EET and gz,
model, depicted in Fig. 12, show a much better fit
than the initial model for constant EET and z,. The
predicted Late Tertiary basin subsidence values are
in closer agreement with reconstructed values for
most sub-basins. For the Quaternary, stress-induced
deflections are marked by short-wavelength, high-
amplitude basement subsidence values up to 100 m
for the western part of the BFWCNB and up to 700
m for the southern part of the DCG, which agree
relatively well with the pattern of observed Quater-
nary isopach values in excess of 400 m (Fig. 2),
not related to shallowing waterdepth. However, the
model fails to predict a similar depocentre west of
the DCG, where the Quaternary is up to 1000 m
thick (Fig. 2). In fact, here the model predictions are
marked by stress-induced basement uplift. Variations
in EET and the magnitude of the intraplate forces
do not tend to improve the results. Large-amplitude
and short-wavelength variations in z, may yield bet-
ter results; however, such variations are considered
unrealistic. We also considered more pronounced re-
duction of EET values in the order of 1-2 km for the
southern DCG and western part of the BFWCNB.
Such EET values, to be interpreted to be induced
by severe plastic bending effects (cf. Goetze and
Evans, 1979), may lead to deflections more than 2
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Fig. 10. 3D flexure model results for the Late Tertiary and Quaternary, adopting a constant EET of 15 km and a constant 7, of 10 km.
(a) Predictions of Late Tertiary basement subsidence (= base Late Permian sediments). Contour interval is 1000 m. (b) Stress-induced
relative basement motions (contour interval is 50 m).
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Fig. 11. Improved values for EET and z, for the 3D flexure model. (a) EET values ranging from 3 km in the southern DCG and
BFWCNB to 15 km elsewhere. Contour interval 2500 m. (b) Lateral variations in z, marked by a region of 20 km (northern DCG, GT,
HG, NDB) and 10 km elsewhere. Contour interval 1000 m.
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times higher or even infinite, as the intraplate forces
approach the bucking limit. However, adopting such
low EET wvalues, the width of the zone of down-
warping tends to be much smaller than in Fig. 12
and cannot explain the Quaternary subsidence
patterns.

The flexure model shows that the intraplate
stresses may be a driving mechanism for large base-
ment motions in the order of 700 m, successfully
explaining observed Quaternary isopach values in
excess of 400 m for large parts of the southern DCG
and western part of the BFWCNB. However, the con-
sistent misfit between predicted uplift and observed
1000 m thick isopach values west of the DCG, in-
dicates that here the development of an accentuated
Quaternary depocentre cannot be explained by the
effect of intraplate stresses. For this domain accel-
erated Quaternary subsidence is most likely related
to an alternative mechanism, like pull-apart exten-
sion in a transpressive regime (Kooi et al., 1991;
Fig. 4).

4. Conclusions

Adopting admissible variations in z, and EET,
the 3D model results for the North Sea and ad-
jacent areas indicate that a relative increase of
compressive intraplate forces with a magnitude of
about 2.25 x 10'2 N/m can predict accelerated sub-
sidence values up to 700 m, largely in agreement
with observed patterns of Quaternary isopach val-
ues corrected for effects of shallowing waterdepth.
The adopted values for z, and EET are dictated
by the distribution of Quaternary subsidence and
consequently they do not show a clear correla-
tion with the rifted basin configuration. With re-
spect to earlier 2D studies on the effect of in-
traplate stresses, the inferred reduction of EET for
the DCG is very similar to variations of EET in-
corporated by Kooi et al. (1991). With respect to

Fig. 12. 3D flexure model results for the Late Tertiary and
Quaternary, adopting lateral variations in EET and z, depicted
in Fig. 11. (a) Predictions of Late Tertiary basement subsidence
(= base Late Permian sediments). Contour interval is 1000 m.
(b) Stress-induced relative basement motions (contour interval is
100 m).

stress levels involved, the latter authors inferred
much higher compressive forces of 6 x 10'> N/m,
predicting a similar magnitude of subsidence of
about 700 m for the Quaternary depocentre in the
DCG. It is believed that the 2D model results ac-
tually overestimate required stress levels, since they
do not take into account the effect of out-of-plane
stresses.

Although the model results clearly show that vari-
ations of EET and z, exert a strong control on stress-
induced motions, it seems that extreme variations
in realistic values for z, and EET are not capable
to explain Quaternary subsidence values over the
whole area. Therefore, it is likely that other tectonic
mechanisms, like strike-slip deformation (Kooi et al.,
1991; Fig. 4), also have played a significant role in
Quaternary subsidence.
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