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Abstract

The Roer Valley Rift System (RVRS) is located between the West European rift and the North Sea rift system. During the
Cenozoic, the RVRS was characterized by several periods of subsidence and inversion, which are linked to the evolution of the
adjacent rift systems. Combination of subsidence analysis and results from the analysis of thickness distributions and fault
systems allows the determination of the Cenozoic evolution and quantification of the subsidence. During the Early Paleocene,
the RVRS was inverted (Laramide phase). The backstripping method shows that the RVRS was subsequently mainly affected
by two periods of subsidence, during the Late Paleocene and the Oligocene—Quaternary time intervals, separated by an
inversion phase during the Late Eocene. During the Oligocene and Miocene periods, the thickness of the sediments and the
distribution of the active faults reveal a radical rotation of the direction of extension by about 70—80° (counter clockwise).
Integration of these results at a European scale indicates that the Late Paleocene subsidence was related to the evolution of the
North Sea basins, whereas the Oligocene—Quaternary subsidence is connected to the West European rift evolution. The
distribution of the inverted provinces also shows that the Early Paleocene inversion (Laramide phase) has affected the whole
European crust, whereas the Late Eocene inversion was restricted to the southern North Sea basins and the Channel area.
Finally, comparison of these deformations in the European crust with the evolution of the Alpine chain suggests that the
formation of the Alps has controlled the evolution of the European crust since the beginning of the Cenozoic.
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1. Introduction

North of the Upper Rhine Graben (URG), the Roer
Valley Rift System (RVRS) corresponds to the north-
ern segment of the European Cenozoic rift system
described by Ziegler (1988) (Fig. 1a). The Cenozoic
RVRS developed upon pre-existing basins of Carbon-
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iferous (Campine foreland basin) and Mesozoic (rift)
age. It is structurally closely related to the Mesozoic
basin. During the Mesozoic, the area was character-
ized by several periods of subsidence and inversion,
which have reactivated the Variscan structural trends
(Ziegler, 1990; Zijerveld et al., 1992; Winstanley,
1993; Geluk et al., 1994). During the Cenozoic, the
RVRS was affected by two periods of inversion
named the Laramide phase (Earliest Tertiary) and
the Pyrenean phase (Late Eocene—Early Oligocene)
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Fig. 1. (a) Location map of the Roer Valley rift system (RVRS) in northwestern Europe. (b) Tectonic features of the Lower Rhine Embayment
and the RVRS. The insert corresponds to the studied area covered by the seismic interpretation. (c) Location map of the deep wells used for the
subsidence analysis and the additional wells. The background image is a seismic interpretation of the thickness of the Tertiary sediments. See

Appendix A for the name of the wells.

and by continuous subsidence since the beginning of
the Oligocene (Geluk et al., 1994; Houtgast and Van
Balen, 2000). Preserved Late Oligocene—Early Mio-
cene marine sediments on the Rhenish Massif dem-
onstrate that the Roer Valley Graben (RVG) was
connected to the URG (Murawski et al., 1983; Sis-
singh, 1998), indicating a common evolution during at
least this period. A close relationship between these
two grabens is also suggested by the distribution of
the earthquake focal mechanisms in the northern part
of the URG and the RVG which indicate a present-day
NE-SW extension in both areas (Plenefisch and
Bonjer, 1997).

Structurally, the RVRS is part of the Lower Rhine
Embayment and consists from southwest to northeast
of the Campine Block, the RVG and the Peel Block
(Fig. 1b). The graben, which is 20 km wide and 130
km long, has been controlled by the multi-stage
activity of several major fault zones (Peel Boundary

fault zone, Veldhoven fault zone, Rijen fault zone and
Feldbiss fault zone) of Mesozoic or (probably) older
age. The different activity of these fault zones has
induced the formation of a present-day asymmetric
structure with the main offsets located along the Peel
Boundary fault zone.

The aim of this paper is to determine precisely the
Cenozoic evolution of the RVG and the paleo-stress
fields that have caused the reactivation of this struc-
ture. This study is based (1) on subsidence analysis
inferred from deep wells situated in the graben and on
its shoulders and (2) on inspection of maps (depth of
base Late Cretaceous, base Tertiary and base Miocene
sedimentation) resulting from mainly 2D and 3D
seismic interpretation. The combination of these two
approaches allows the quantification of the tectonic
subsidence and determination of fault activity during
the different Cenozoic time periods. For each period
of sedimentation (or erosion), the characteristics of



subsidence and the paleo-stress field can be deduced.
Nevertheless, the density of seismic lines is not high
enough to allow observation of small-scale tectonic
structures (e.g., en echelon folds), which could pro-
vide additional information on the paleo-stress field.
Comparison with the Cenozoic evolution of the sur-
rounding rift systems (i.e., European Cenozoic rift
system and the southern North Sea rift) allows to
integrate the RVG evolution at a European scale. Our
results are partly in agreement with the paleo-stress
field orientations inferred from microtectonic data
(e.g., Villemin and Bergerat, 1987). We discuss in a
later section the potential origin of the differences
found for the Late Eocene and Oligocene periods.

Subsidence analysis determines the tectonic sub-
sidence apart from the total subsidence by applying the
backstripping method (e.g., Van Hinte, 1978; Zijerveld
et al., 1992). The other components of evolution are,
for example, isostasy and compaction. The subsidence
analysis is based on the analysis of 16 deep wells
distributed in the graben and on its shoulders (Fig. 1c
and Appendix A). Six of these wells have already been
studied by Zijerveld et al. (1992). However, the large
time frame studied in their work (250 Ma) does not
provide detailed information concerning the Cenozoic
evolution of the RVRS. In this paper, the tectonic
subsidence of the Cenozoic time interval is studied
in more detail and it is supplemented by the results for
10 additional wells, in order to determine the subsi-
dence distribution and to assess the development of
depocentres through time.

Although subsidence analysis provides fundamen-
tal information concerning the quantification of tec-
tonic subsidence, the spatial distribution is poorly
constrained. To close this gap of information, we have
studied 25 additional deep wells for which the strati-
graphic data are not detailed enough for backstripping
analyses, but can still help to define the dynamics of
each block and the tectonic activity for each period
(Late Cretaceous—Early Paleocene, Late Paleocene,
Early Oligocene, Late Oligocene and Miocene—Qua-
ternary). Thus, altogether 41 wells are used to con-
strain the spatio-temporal distribution of the subsi-
dence during the Cenozoic.

The Netherlands Institute of Applied Geoscience
TNO-National Geological Survey has recently pub-
lished the map sheets XIII and XIV of the Geological
Atlas of the Subsurface of the Netherlands (NITG-

TNO, 2001). These maps, which represent the depth
and the thickness of several horizons, have been
inferred from 2D and 3D seismic interpretation. For
the Cenozoic period, maps corresponding to the “base
Tertiary” (base Late Paleocene) and base Miocene
(Breda Formation) horizons were created, allowing
the thicknesses of the Paleogene and Neogene sedi-
ments to be determined. An additional map corre-
sponding to the thickness of the Chalk deposits (Late
Cretaceous—Early Paleocene) has been used in the
present study in order to determine the deformation
caused by the Laramide phase in the beginning of the
Cenozoic.

2. Geological setting and fault system

The RVRS is the southwestern part of the Lower
Rhine Embayment. Located in Belgium, Germany
and the Netherlands, it consists of, from southwest
to northeast, the Campine Block, the Roer Valley
Graben and the Peel Block (the Campine and Peel
Blocks corresponding to the RVG shoulders). The
southeastern end of the RVRS is formed by the Erft
Block, which is not in the prolongation of the RVG
but shifted towards the northeast (Fig. 1b). In the
northwest, the West Netherlands Basin is the contin-
uation of the Mesozoic RVRS. The transition area
between these two Mesozoic structures is character-
ized by a sedimentation and a fault pattern which has
similarities with both grabens.

During the Mesozoic, the RVRS was affected by
several periods of subsidence. Between the Late
Permian and Early Triassic, the RVRS was character-
ized by thermal subsidence and minor fault activity as
attested by a thick homogeneous sedimentation in the
RVG, on the Peel Block and on the Campine Block
(Zijerveld et al., 1992; Winstanley, 1993). Contrary to
this period, the Late Jurassic—Early Cretaceous evo-
lution corresponds to a major rifting event during
which the RVG has strongly subsided, and the Peel
and Campine Blocks were uplifted (Zijerveld et al.,
1992; Geluk et al., 1994). Subsidence was controlled
by the reactivation of the main Variscan faults in a
normal faulting mode (the Peel Boundary fault zone,
the Rijen fault zone and the Veldhoven fault zone).
Most of the sediments deposited during this period
have been later eroded during the first Late Creta-



ceous inversion event (Winstanley, 1993). A second
phase of inversion, characterized by two pulses,
occurred during the latest Late Cretaceous and the
earliest Tertiary, contemporaneous with a general
transgression. In the RVRS, the erosion or the lack
of sedimentation of Chalk (Cenomanian—Danian)
deposits renders the distinction between these two
pulses of inversion impossible. The resulting sedi-
mentation is characterized by a very thin sediment
deposit in the RVG and an important subsidence of
the Peel Block (Gras and Geluk, 1999).

At a regional scale, the RVRS is characterized by a
NW —SE orientation which is regarded as parallel to the
main Variscan inheritance (e.g., Ziegler, 1990; Geluk et
al., 1994). This general trend can be specified by the
analysis of detailed fault maps for the Triassic, Late

Triassic faults

Late Cretaceous

Cretaceous and Miocene periods which provide essen-
tial information concerning (1) the role of the inher-
itance in the RVRS and (2) the distinction of two
different structural domains. Fault distribution deter-
mined from the Triassic, Late Cretaceous and Miocene
active faults reveals that most of the Triassic structures
were reactivated during the Late Cretaceous and Mio-
cene evolutions, whatever the type of deformation
(inversion, thermal subsidence and rifting) (Fig. 2).
Comparison of the rose diagrams of fault strikes
inferred for different time periods shows only minor
differences. Their similarity can be explained by reac-
tivation of the inherited fault orientations, despite dif-
ferent stress fields responsible for the faulting activity.

The fault orientations also indicate the existence of
two distinct structural domains separated by the cen-
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Fig. 2. Distribution of the active faults during the Triassic, Late Cretaceous and Miocene periods. The rose diagram representation is based on
fault frequency and allows determination of the most important fault trends. See text for explanation.



tral axis of the RVG. The southwestern border is
characterized by a main structural orientation of
N160—165, whereas in the northeastern border (i.e.,
the Peel Boundary fault zone and the Peel Block) the
N135-145 orientation widely prevails (Fig. 2). To the
west, the West Netherlands Basin (Racero-Baena and
Drake, 1996) is characterized by a similar fault
orientation style as the southwestern part of the
RVRS, and the Noord—Holland Platform has similar
fault orientations as the northeastern part of the RVRS
(Fig. 3). Thus, the boundary between these two fault
orientation domains continues along the Zandvoort
Ridge, the [Jmuiden High and the Indefatigable Fault
Zone into the Southern North Sea basin, and seems to
represent a fundamental fault zone separating two
crustal domains. At the RVRS scale, the development
of the two different fault trends cannot be explained
by different stress fields but rather by different
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structural orientations in the basement, which have
been inherited from at least the Variscan evolution
(the age of the original orientation being poorly
constrained).

From this complex structural framework, the dif-
ferent stress fields related to the Cenozoic periods
have induced the reactivation of specific fault orien-
tations according to the direction of compression or
extension. The analysis of the active faults and their
displacement mode during each Cenozoic period then
allows determination of the paleo-stress fields.

3. Subsidence analysis
Subsidence analysis requires specification of the

thickness, the age, the lithology, the porosity/depth
curve and the depositional water depth for each unit.

Fig. 3. Simplified structural map of the southern part of the North Sea rift system (after Van Balen et al., 2002).



In the RVRS, the stratigraphy has been derived from
the Stratigraphic Nomenclature of the Netherlands
(Nederlandse Aardolie Maatschappij BV and Rijks
Geologische Dienst, 1980). We have used standard
exponential curves for the porosity —depth relationship
corrections taking into account the different litholo-
gies for each wells (e.g., Sclater and Christie, 1980).
Paleobathymetry may have a strong influence on the
backstripping results. Nevertheless, the RVRS was
located on the peripheral margin of the North Sea
basin and the paleogeographic interpretations suggest
that paleobathymetry never exceeded 50—100 m
(Zagwijn, 1989). Geohistory evolutions determined
for different paleobathymetric values reveal that pale-

obathymetric variations do not significantly influence
the calculated tectonic subsidence (<10%). The sub-
sidence analysis thus allows quantification of the
tectonic subsidence and the tectonic subsidence rates
(TSR) for each period of sedimentation.

Subsidence analysis has been carried out for 16
wells located in the Roer Valley Graben and the Peel
Block (Fig. 1c). Calculated tectonic subsidence curves
show a Cenozoic evolution marked by two periods of
subsidence (Late Paleocene and Oligocene—Quater-
nary) separated by a hiatus during the Eocene time,
resulting from a period of erosion during the Late
Eocene (Fig. 4). This Late Eocene event was charac-
terized by an uplift which cannot be quantified with
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Fig. 4. Calculated tectonic subsidence for wells located in the Roer Valley Graben and the Peel Block. The Late Paleocene and Oligocene—
Quaternary periods of subsidence are separated by an inversion phase, which is related to the Pyrenean phase during the Late Eocene.



the available data. Models from apatite-fission track
analyses indicate that the uplift in the western part of
the RVRS varies between 200 and 600 m. (Van Balen
et al., 2002). A second minor hiatus is visible for four
wells located on the Peel Block during the start of the
Pliocene. Although this hiatus could be interpreted in
terms of tectonic inversion (uplift and erosion), it can
be considered as the result of a lack of sedimentation
related to the Late Miocene marine regression.

The first phase of subsidence (Late Paleocene) was
characterized by the widespread sedimentation of the
Landen Formation in the RVG and on the Peel Block
(see below). For this period, tectonic subsidence rates
indicate a different evolution between the southeastern
part of the RVG, and the Peel Block and the north-
western part of the RVG. From southeast to northwest,
the tectonic subsidence rates in the RVG decrease
from 38-47 to 20-22 mm/ky. This feature could
suggest a tectonic activity mainly concentrated in
the southeastern part of the graben. However, it has
been shown that the West Netherlands Basin, which
corresponds to the northwest continuation of the
RVG, was strongly inverted during the early Tertiary
phase creating an important relief (Van Balen et al.,
2000). The persistence of this relief during the first
stage of the Late Paleocene evolution may explain the
weak thickness of the Landen formation in the north-
western part of the RVG. In that case, the TSR low

a)

values in the northwestern part likely represent an
underestimation of the real tectonic subsidence. In
contrast, the difference between the tectonic subsi-
dence rates inferred from the wells located on the
southeastern part of the Peel Block (21-25 mm/ky)
and those located in the graben (38—47 mm/ky)
clearly suggests a tectonic activity with a fault-con-
trolled tectonic subsidence mainly restricted to the
graben.

The second period of subsidence began in the
Early Oligocene and is still active during the Quater-
nary. After the Late Eocene inversion, the RVG and
the Peel Block started to subside with similar tectonic
subsidence rates (18—19 mm/ky), inducing the depo-
sition of the Rupel formation. This common evolution
stopped at the beginning of the Late Oligocene, when
the tectonic subsidence decreased in the northwestern
part of the RVG and the Peel Block (TSR around 10
mm/ky), whereas it strongly accelerated in the south-
eastern part of the graben (TSR between 20 and 34
mm/ky). The Late Oligocene period was then charac-
terized by a concentration of the deformation mainly
located in the northeastern side of the southeastern
part of the RVG, where the maximum TSR values are
recorded. After the regressive phase at the Oligo-
cene—Miocene transition, the evolution of the north-
western and the southeastern parts became similar
with a constant TSR around 19 mm/ky. This Miocene
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Fig. 5. (a) NW-SE cross section established from eight wells located into the RVG. The development of the Late Oligocene and the Miocene—
Quaternary depocentres is suggested by the amount of tectonic subsidence along the cross section. (b) Location of the wells used for the cross
section. As.: Asten-1 and Asten-2; H.: Heeswijk; M.: Molenbeersel; N.: Nederweert; V.: Veldhoven; Wa.: Waalwijk; W.: Werkendam.



subsidence was also characterized by the development
of a large depocentre in the northwestern part, indicat-
ing a northwestward migration of the depocentre
between the Late Oligocene and the Miocene (Fig.
5). On the Peel Block, the tectonic subsidence
decreases drastically (TSR<5 mm/ky) suggesting a
change in the general evolution of the RVRS with a
subsidence restricted to the graben. As it has been
already observed (Zijerveld et al., 1992), tectonic
subsidence curves reveal an increase of the TSR in
the RVG (+40%) at the Miocene—Pliocene transition.
Thus, since the Pliocene, the subsidence led to the
deposition of a 300—-400 m thick Plio-Quaternary
sedimentation outside the depocentre and more than
500 m of sediments within the depocentre.

During the Quaternary, the subsidence rate has
rapidly changed (Houtgast and Van Balen, 2000)
and the subsidence rates determined for this period
are between three and four times higher than the TSR
deduced for the Plio-Quaternary evolution. One
explanation could be that the TSR inferred for geo-
logical times (i.e., several m.y.) correspond to an
average of the real tectonic subsidence which is
probably characterized by short periods of strong
subsidence and periods of quiescence. An alternative
explanation could be found in the comparison of the
amount of tectonic and total subsidence during a
rifting event. Assuming that the accommodation space
related to the extension was continuously filled by
sediments in the RVRS, the comparison of the tec-
tonic subsidence and the thickness of the sediments
(i.e., total subsidence) inferred for the northwestern
and southeastern parts of the RVG shows a time-
dependent increasing difference between the tectonic

Northwestern part

and total subsidence (Fig. 6). The resulting total
subsidence rates deduced for the Quaternary are
between three and four times higher than the TSR.
In consequence, the rapid subsidence of the RVG (88
mm/ky) determined by Houtgast and Van Balen
(2000) could be explained by 25% of tectonic sub-
sidence and 75% of compaction and isostatic process.
For example, delayed compaction of Miocene clays
due to slow dewatering could contribute to Quaternary
subsidence (Houtgast and Van Balen, 2000). The
general trend of tectonic subsidence during Quater-
nary is characterized by a gradual decrease and a
sudden increase during the last 250 ky.

4. Plan view tectonic evolution

In this section, we combine information provided
by the thickness maps for the Late Cretaceous—Early
Paleocene, Paleogene and Neogene periods, with the
thickness of the sediments observed in 41 wells at
different periods (Late Cretaceous—Early Paleocene,
Late Paleocene, Eocene, Early Oligocene, Late Oli-
gocene and Miocene—Quaternary). This approach
allows us to determine for each period the fault
activity and to characterize the distribution of the
vertical displacements (i.e., uplift or subsidence).
Additional inspection of seismic lines crossing the
main border faults reveals that the amount of short-
ening and extension never exceeded 1-2 km for each
period.

For the Late Cretaceous—Early Paleocene period, it
is generally assumed that the RVG was affected by
compression related to the Late Cretaceous and early
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Tertiary phases which have induced graben inversion
and reactivation of Mesozoic normal faults in a
reverse faulting mode (e.g., Ziegler, 1988; Geluk et
al., 1994). The distribution of the Late Cretaceous
Chalk formation confirms this evolution and clearly
shows contrasted thicknesses with a minor thickness
of sediments in the RVG and a strong subsidence on
its shoulders (Figs. 7a and 8). The uplift is restricted to
the graben and has been controlled by the main border
faults as it is shown by seismic (Fig. 8). It is note-
worthy that these faults present two oblique orienta-
tions (WNW—-ESE and NW-SE) that are hardly
consistent with a compression perpendicular to the
graben. Despite the lack of evidence for important
strike slip displacement along the NW—SE trending
faults, we interpret the Late Cretaceous—Early Paleo-
cene final geometry as the result of a transpressional
context with the greatest principal horizontal stress
(o1) between NE—SW and N-S, comparable to the
nearby West Netherlands Basin (Racero-Baena and
Drake, 1996; Van Balen et al., 2000).

Subsidence analysis for the Late Paleocene period
suggests (1) a global subsidence in the studied area
(RVG, Peel Block and Venlo Block) (Fig. 7b) and (2)
a small fault activity between the Peel Block and the
RVG (i.e., the Peel Boundary fault zone). Quantifica-
tion of the tectonic subsidence provides an estimate
for minor vertical displacements along the Peel Boun-
dary fault zone ranging between 50 and 70 m during
this period. It is unlikely that the Late Paleocene
subsidence of the Lower Rhine Embayment has
resulted from a rifting event generated by far field
stresses, because during a rifting process subsidence is
generally controlled by a substantial fault activity and
is restricted to a graben area. In contrast, it has been
proposed that the elastic response of the lithosphere
after a period of compression is able to induce sub-
sidence of the inverted area (de Lugt et al., 2003).
Then, the slight subsidence (< 100 m) developed after
a main compressive phase might result from a stress
relaxation and a lithospheric sagging.

Most of the information concerning the Eocene
evolution has been partially destroyed by a strong

erosion event during the Late Eocene. This erosion
phase is related to the uplift of the whole area during
the Pyrenean phase (Ziegler, 1988; Geluk et al.,
1994). Well data indicate a progressive decrease of
the thickness of the Dongen formation (Eocene)
towards the east (Fig. 7c). This thinning could result
from (1) a less active subsidence in the eastern part of
the RVRS and/or (2) a doming of the central part of
the Lower Rhine Embayment (i.e., eastern part of the
RVRS).

The Early Oligocene marked the onset of the
rifting phase in the RVRS. The thickness of the
sediments combined with subsidence analysis indi-
cates that the Early Oligocene was affected by a
general subsidence with a maximum of vertical dis-
placement in the central part of the Lower Rhine
Embayment (Fig. 7d). Similar sediment thicknesses
on the Peel Block and the RVG suggest a minor or no
fault activity of the Peel Boundary fault zone during
this period. In consequence, the origin of Lower
Rhine Embayment subsidence is uncertain. Similarly
to the Late Paleocene evolution, the Early Oligocene
subsidence could result form the elastic response of
the lithosphere after the Late Eocene doming. An
alternative and additional explanation could be that
a slight extension phase has affected the Lower Rhine
Embayment during this period.

During the Late Oligocene period, the tectonic
subsidence increased in the southeastern part of the
RVG with the development of narrow depocentres
close to the Peel Boundary fault zone, whereas it
decreased in the northwestern half of the RVG and the
Peel Block. Well data reveal that the Peel Boundary
fault zone was active in its southeastern part only,
with vertical offsets ranging between 250 and 300 m.
Secondary fault activity along the Peel Boundary fault
zone antithetic faults has also controlled the develop-
ment of the depocentres (Fig. 7¢). Such an evolution
demonstrates a concentration of the deformation with
a significant fault activity bounding the graben. The
fault orientation, with a maximum trend around
N140-145 and a secondary trend at N130, suggests
again that the inherited structure were reactivated

Fig. 7. Cenozoic evolution of the RVRS. (a) Early Paleocene inversion. (b) Late Paleocene subsidence. (c) Late Eocene doming. (d) Early
Oligocene subsidence. (¢) Late Oligocene concentrated subsidence due to WNW —ESE rifting. (f) Miocene—Quaternary rifting resulting from a
NE-SW extension. For the Late Paleocene, Late Eocene, Early Oligocene and Late Oligocene periods, the background image corresponds to
the thickness of the Paleogene sedimentation. The thickness information for each period is provided by the well data.
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during this period. Because the geological inheritance
is always reactivated during the evolution of the
RVRS, the determination of the paleo-stress field is
uncertain. Nevertheless, we interpret the narrow
deformation as the result of a WNW—ESE oblique
extension which has only affected the southeastern
part of the graben.

After the regressive phase at the Oligocene—Mio-
cene boundary and a short stop in the sedimentation
during the Aquitanian (Verbeek et al., 2002), defor-
mation was extended to the northwestern part of the
RVG where a main depocentre developed (Fig. 7).
Seismic data show the development of onlap and
downlap (Fig. 8b), which are interpreted in terms of
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[ Neogene sediments Il Ho'land Formation (Aptian-Albian)
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ED] Chalk Formation (Late Cretaceous) E Altena Group (Early-Middle Jurassic)

Fig. 8. Seismic lines and structural profiles perpendicular to the Peel Boundary (a) and the Veldhoven (b) faults. The contrasted thickness of the
Late Cretaceous and Neogene sediments demonstrate that the graben border faults were active during each in reverse and normal faulting mode,

respectively.
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sea-level variations and an increase of the subsidence
during the Burdigalian (Verbeek et al., 2002). A
similar increase of the subsidence occurred contem-
poraneously in the northern part of the URG (Sis-
singh, 1998). Contrary to the Late Oligocene evolu-
tion, the oblique orientation was strongly reactivated
especially along the Veldhoven fault zone. The result-
ing distribution is characterized by two main trends:
the N145-160 trend corresponding to the general
orientation of the graben, and the N110—120 oblique
orientation. It is noteworthy that the offsets resulting
from the N110-120 and N145-160 faults in the
northwestern part of the Peel Boundary fault zone
are similar. This indicates a direction of extension
corresponding to the bissectrix of these two orienta-
tions (i.e., NE-SW). Extension has also induced the
formation of two depocentres: a main depocentre in
the northwestern part of the RVG and a minor one in
the southeastern part. The western limit of the main
depocentre is parallel to the N150 trend represented
by the Feldbiss fault zone. In the south, the depocentre
boundary is superimposed on the Jurassic Veldhoven
fault zone. Seismic profiles which cross-cut this
Mesozoic fault show that the southeastern prolonga-
tion of the Miocene Veldhoven fault zone controls the
deformation, inducing a flexure of the Miocene sedi-
ments. To sum up, the Miocene subsidence of the
RVG was controlled by two oblique orientations
(N145-160 and N110—120). The orientation of the
active faults and the development of the main depo-
centre at the intersection of two oblique main faults
can be interpreted as the result of a NE—SW exten-
sion. In addition, the superimposition of the Miocene
and Pleistocene depocentres (Houtgast and Van Balen,
2000) suggests a continuous extension with the same
stress field. Analysis of the earthquake focal mecha-
nism data also shows that the RVRS is affected by a
present-day NE—SW extension related to a nearly
vertical greatest principal stress (o7) (Plenefisch and
Bonjer, 1997).

5. Discussion and conclusions

One aim of our study is to integrate the evolution
of the RVRS at the European scale. Nevertheless, it is
beyond the scope of this paper to describe in detail the
evolution of the different provinces and grabens of the

North Sea and West European rift (WER), which have
been extensively studied during the past decades (e.g.,
Ziegler, 1988, 1992a,b; Merle et al., 1998; Sissingh,
1998; Michon, 2001). The southern limit of the
considered area corresponds to the southern part of
the Massif Central. South of this province (south-
eastern France), the extension related to the formation
the WER has only induced a very weak subsidence
(Hippolyte et al., 1993), whereas the area was mainly
affected by the strong extension generated by the
rotation of the Corsica—Sardinia block since the Late
Oligocene (e.g., Seranne, 1999). In the north, the
studied area is limited to the southern part of the
North Sea where the deformation was influenced by
both the rifting stage linked to the Atlantic rifting and
the compressive stress generated by the Europe—
Africa collision (Ziegler, 1990). In our restricted area,
we distinguish six successive periods during the
Cenozoic evolution with analogy with the periods
determined in the RVRS (only the distinction for the
Eocene and Oligocene periods present minor differ-
ences).

5.1. Early Paleocene

The Early Paleocene evolution of the RVRS was
characterized by graben inversion and the reactivation
of the Mesozoic faults in a reverse faulting mode (Fig.
7a). The southern North Sea basins (the West Nether-
lands Basin, the Broad Fourteens Basin, the Sole Pit
Basin and the southern part of the Central graben)
were also affected by an inversion phase regarded as
the result of a main N—S compression (Ziegler,
1992a; Oudmayer and De Jager, 1993; Brun and
Nalpas, 1996; Van Balen et al., 2000; de Lugt et al.,
2003). During this period, a Late Cretaceous—Paleo-
cene late-rifting stage linked to the Faroe—Norwe-
gian—Greenland Sea rift system induced extension in
the northern and central North Sea (Ziegler, 1992a)
(Fig. 9). South of the RVRS, evidences of doming and
graben inversion (Meyer et al., 1983; Malkovsky,
1987; Le Griel, 1988; Lefort and Agarwal, 1996;
Roure and Coletta, 1996; Peterek et al., 1997; Bar-
barand et al., 2002) suggest that the deformation was
induced by a N—S compression, like in the southern
North Sea. At the European scale, this compression is
contemporaneous with the closure of the oceanic
Piemont (Ziegler and Roure, 1996) and the Eo-Alpine
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compressive phase (Michon and Merle, 2001). Con-
sequently, the synchronicity of the beginning of the
continental collision events and the inversion phases
could suggest that during the first step of a continent—
continent collision the stress is directly propagated in
the adjacent plate.

5.2. Late Paleocene
For the Late Paleocene period, the lack of precise

information, mainly due to the continental paleogeog-
raphy of western Europe, renders a determination of

Late Paleocene deformation south to the RVRS diffi-
cult. In the RVRS, our study shows that this period
was characterized by subsidence and minor fault
activity (Fig. 7b). In the North Sea basins, this
evolution is similar (Ziegler, 1992a; Oudmayer and
De Jager, 1993; de Lugt et al., 2003) and it has been
attributed to the continuous late-rifting process in the
northern Atlantic (Ziegler, 1992a) or a lithospheric
relaxation after the Early Paleocene inversion (de Lugt
et al., 2003). During this period, the RVRS then
corresponded to the southern end of the North Sea
rift system (Fig. 10).
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5.3. Early Eocene

The Early Eocene sedimentation was probably
partly eroded in the RVRS during the Late Eocene
doming. In the southern North Sea, subsidence has
induced an important sedimentation with minor fault
activity (de Lugt et al., 2003), suggesting a thermal
subsidence after the late-rifting stage or continued
sagging due to stress relaxation, which ended at the
end of the Paleocene (Ziegler, 1992a). In southwestern
Europe, in the larger WER area, two sediment facies
are attributed to the Early Eocene period: the Side-
rolithic formation and the Lutetian continental sedi-
mentation (e.g., Rat, 1974; Sissingh, 1998). The
Siderolithic formation, which results from the in-situ
erosion of the outcropping rock has a widespread
distribution from the Upper Rhine Graben area up to
the Massif Central (Sissingh, 1998; Michon, 2001).
The Lutetian continental sedimentation outcrops in
the northern Upper Rhine Graben and the Massif
Central or outside the grabens (Fig. 11). This spatial
distribution suggests that the Lutetian sedimentation
did not result from a period of subsidence linked to

the Late Eocene—Oligocene rifting phase but rather
from the development of local lakes in a peneplain
domain. To sum up, these data suggest that the Early
Eocene period corresponds to a tectonically quiet
period in the North Sea and the WER.

5.4. Late Eocene

Compared to the Early Eocene evolution, the Late
Eocene period was characterized by intensive and
opposite deformation in the southern North Sea and
the WER. The southern North Sea basins were
affected by a second phase of inversion, whereas
this period corresponds to the onset of the rifting
event in the WER (Fig. 12). In the southern North
Sea and the Channel area, reactivation of the Meso-
zoic and Cenozoic faults in a reverse faulting mode
(Oudmayer and De Jager, 1993; Van Balen et al.,
2000; de Lugt et al., 2003) has been interpreted as
resulting from a nearly N—S compression related to
the Pyrenees formation (Ziegler, 1990). In contrast,
the Late Eocene sedimentation in the Massif Central
graben (Merle et al., 1998), the central part of the
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URG (Sissingh, 1998; Schumacher, 2002) and the
Eger graben (Chlupac et al., 1984) proves that the
WER was affected by extension during this period.
Based only on microtectonic data obtained in the
Variscan basement and the Triassic—Jurassic forma-
tions, Villemin and Bergerat (1987) proposed that
this early period of extension resulted from a N—S
compression. Nevertheless, in the main grabens of
the WER, the fault orientation and the shape of the
depocentres allow precise characterization of the
paleo-stress field, which has caused the graben devel-
opment. In the Limagne graben and the URG where

the subsidence was controlled by the reactivation of
oblique Variscan faults (Michon, 2001; Schumacher,
2002), the location of the depocentres at the inter-
section of the main faults and their crescent shape
suggest an E—W extension for the Limagne graben
(i.e., the Massif Central rift) and an ESE-WNW/
SE—NW extension in the URG. These directions of
extension are confirmed by recent analogue experi-
ments, which show that (1) the shape of the depo-
centres is directly controlled by the stress-field and
(2) crescent shape depocentres are only created with
direction of extension corresponding to the bissectrix



Late Eocene

2° 6°

T T

Central \

graben

540 -

52°

50°

48°

46° -

440

K] Alpine chain

>4 X Graben inversion

+ + +
i B E + + o
+ graben>+ + {
+ +++ ++ + +
+ + + +
T+ M+ + A+
+ +

Eas TR R |

4+
44
<+
+
+
, +
! +
44
+h 4+

d : AN e
" Grabens of the West European r

it
. Variscan basement

BFB: Broad Fourteens Basin; SPB: Sole Pit Basin;
WNB: West Netherlands Basin; RSTZ:Rhine Saéne
Transfert Zone.

Fig. 12. Late Eocene inversion phase in the southern North Sea basins and the Channel area (Pyrenean phase) related to the collision between
Europe and Africa. This inversion is coeval with the onset of the rifting in the West European rift.

of the oblique faults (Michon and Sokoutis, in prep).
As the age of the deformation is poorly constrained
by the microtectonic approach, we propose that the
N-S compression deduced by Villemin and Bergerat
(1987) is more likely related to the Early Paleocene
main compression than to the Late Eocene event,
which has induced uplift and inversion in the south-
ern North Sea basins and the Channel only.

In the Eger graben, Variscan faults were also
reactivated (Malkovsky, 1987). The maximum thick-
ness of the sediments along the main N60E fault
(Malkovsky, 1987) suggests that this fault has con-
trolled the subsidence by a normal faulting mode

resulting from a nearly N—S extension. Consequently,
in the WER, the direction of extension inferred from
strongly constrained data suggest a clockwise rotation
of the direction of extension towards the east (Michon,
2001) (Fig. 12).

5.5. Oligocene

According to microtectonic studies (e.g., Villemin
and Bergerat, 1987), the Oligocene is marked by
changes in the stress field with a general E-W
extension during the Rupelian and a NE-SW com-
pression during the Chattian. However, the super-



position and the similar shape of the Late Eocene and
Oligocene (Rupelian and Chattian) main depocentres
in the Massif Central grabens and the central part of
URG suggest a constant direction of extension during
the Late Eocene and the Oligocene. At a European
scale, the Oligocene evolution corresponds to a prop-
agation of the extension related to the WER towards
the north and a stop of the inversion phase in the
southern North Sea basins (Fig. 13). North to the
URG, the RVRS subsidence resumed in the Early
Oligocene and accelerated in the Late Oligocene (Fig.
7d,e). In the northeastern part of the Paris Basin, the
deformation linked to the extension was also recog-

nized and the average direction of extension was
NW-SE (Coulon, 1992). In the southern North Sea,
the Oligocene corresponds to a phase of subsidence
due to thermal relaxation of the lithosphere and
sedimentary load, without or with minor fault activity
(Ziegler, 1990; Oudmayer and De Jager, 1993; de
Lugt et al., 2003). Contrary to this quiescent evolu-
tion, the Channel area and the northern end of the
Paris basin were affected by inversion especially
during the Late Oligocene and the Early Miocene
(Lake and Karner, 1987; Ziegler, 1990).

Two main mechanisms were proposed to explain
the formation of the WER. The development of the
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WER during the Late Eocene—Oligocene could result
from the combined effect of the N—S Alpine com-
pression and the opening of the northern Atlantic
(e.g., Tapponnier, 1977). In the alternative model, the
WER was induced by successive phases of compres-
sion and extension initiated by far field stresses (e.g.,
Bergerat, 1985; Ziegler, 1992b). In both models, only
the western part of the WER is considered (i.c., the
Massif Central grabens and the Rhine graben) and
the Oligocene direction of extension is supposed to
be E-W at a European scale. However, geological
data indicate that the direction of extension was not
E—W at a European scale but perpendicular to the
direction of shortening in the Alpine mountain chain
(see Fig. 2a in Lickorish et al., 2002) (Fig. 14).
Assuming that the global stress field was character-
ized by a N—S compression caused by the collision
between African and European plates, the formation

of the WER with a N—S extension in the Bohemian
massif is hard to explain.

We propose herein a working hypothesis in which
the role of the stress field generated by the formation
of the Alpine mountain chain is taken into account. It
is worth to note that the Late Eocene—Oligocene
period corresponds to a phase of strong deformation
in the Alpine chain with the formation of the eclogitic
rocks (i.e., HP metamorphism) (Monié and Philippot,
1989; Tilton et al., 1991; Duchéne et al., 1997).
Kinematic data show that the directions of crustal
displacement were E-W in the western Alps, NW—
SE in western Switzerland and probably N—S in the
central Alps during this period (Lickorish et al.,
2002). It seems reasonable to assume that the direc-
tion of crustal displacement was similar to and mainly
controlled by the direction of continental subduction.
Then, the Eocene—Oligocene period was likely
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W in the Massif Central and presents a clockwise rotation towards the East (nearly N—S in the Eger Graben). See text for explanation.



marked by the development of a N—S deep litho-
spheric root in the western Alps and a E—W litho-
spheric root in the central Alps, similar to the present-
day geometry of the Alpine lithospheric root (Babuska
et al., 1990). It has been shown that the formation of a
deep lithospheric root can produce a downward grav-
itational force, which may induce extension in the
adjacent lithosphere (Fleitout, 1984). In such a model,
the direction of extension is perpendicular to the
lithospheric root. In consequence, we speculate that

the formation of the Alpine lithospheric root during
the Eocene—Oligocene period could have induced the
formation of the WER, as already proposed by Merle
and Michon (2001). This model, where a “local”
effect (i.e., the downward gravitational stress due to
the formation of the lithospheric root) causes the
formation of the WER, does not contradict the overall
N-S compression, which has induced inversion in the
southern North Sea and the Channel. The magnitude
of stress generated by each process would have
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the depocentres indicate a rotation of the direction of extension at the Oligocene—Miocene transition. A slight inversion and a thermal
subsidence characterized the evolution of the Channel area and the North Sea basins, respectively.



controlled the location of the areas affected by com-
pression or extension.

5.6. Miocene—Quaternary

The RVRS, the Eger graben and the URG sub-
sided more or less continuously during the Oligo-
cene—Quaternary evolution. However, the Oligo-
cene—Miocene transition was marked by a radical
change in the European geodynamics. In the RVRS,
the northwestward migration of the depocentre and
the orientation of the most active faults indicate a
counter clockwise rotation of 70—80° of the direc-
tion of extension (i.e., NE—SW extension) (Fig. 15).
A similar rotation has been described for the north-
ern part of the URG where new depocentres devel-
oped (Meier and Eisbacher, 1991; Schumacher,
2002). These new depocentres are interpreted in
terms of pull-apart basins resulting from sinistral
strike slip faulting (Illies, 1981). In the Eger graben,
the depocentre shapes in the Cheb sub-basin, which
are different for the Late Oligocene—Earliest Mio-
cene and Miocene—Pliocene periods (Spicakova et
al., 2000), suggest a change of the stress field
around the Oligocene—Miocene transition and an
identical stress field for the Middle Miocene and
Late Pliocene periods. In the Massif Central, the
Miocene—Quaternary evolution was characterized by
a strong uplift of the whole area, which makes a
determination of the regional stress field in this
province difficult. Preservation of Miocene sedi-
ments below lava flows shows that the complete
Miocene sedimentation was very thin and restricted
to elongated narrow lakes parallel to the grabens
(Hugueney et al., 1999). In the Bresse graben,
although sedimentation developed during the Mio-
cene—Quaternary evolution, a westward propagation
of the Alpine flexural basin was proposed to explain
this subsidence (Merle et al., 1998). Finally, the
displacement along the Rhine—Sadne transfer zone,
which was a left lateral fault zone during the Late
Eocene and the Oligocene, has changed at the
Oligocene—Miocene transition and became right lat-
eral (Laubscher, 2001).

In the north, the southern North Sea basins con-
tinued to subside during this period. Seismic data
reveals that minor fault activity has affected the Neo-
gene sediments (Brun and Nalpas, 1996; Van Balen et

al., 2000), suggesting a continuous thermal subsi-
dence. Nevertheless, the acceleration of the subsi-
dence from the Pliocene could be explained by an
accentuation of the thermal subsidence by a NW—-SE
in-plane force (Van Balen et al., 1998). Whatever the
origin of this subsidence increase, geological and
geophysical data clearly show that the tectonic activ-
ity related to the evolution of the WER stops in the
northern end of the RVRS (Fig. 1). In the Channel
area, inversion was maximum during Early Miocene
but is still ongoing during the Quaternary (Ziegler,
1990).

Geological and geophysical data indicate that the
present-day stress field in western Europe is charac-
terized by a NW—SE to NNW-SSE maximum com-
pressive stress (Miller et al.,, 1992; Plenefisch and
Bonjer, 1997). Analysis of the earthquake focal
mechanism data in the UGR and the RVRS shows
that this maximum compressive stress induces left
lateral displacement in the southern and central URG,
whereas it causes NE—SW extension in the northern
end of the URG and in the RVRS (Plenefisch and
Bonjer, 1997).

In consequence, we interpret the general evolution
of western Europe during the Miocene—Quaternary
period as the result of the NW—SE collision between
Europe and Africa (Fig. 16). In this model, the URG
and the RVRS concentrate the main deformation.
Due to the NW-SE compression, the URG is reac-
tivated as a strike slip structure, which induced rifting
in its northern ending and in the RVRS. This leads to
the individualization of two crustal domains. Al-
though the NE—SW relative motion of these crustal
domains is assessable, the lack of precise and reliable
geodetic data does not allow determination of the
absolute motion of each domain. One can speculate
that the Baltic shield, situated east of the northeastern
domain, probably prevents the northeastern motion of
this block. Consequently, the southwestern crustal
domain was forced to migrate toward the southwest.
The subsidence in the North Sea basins could result
from the northward prolongation of a diffuse exten-
sion.

One fundamental feature is the change of the
global deformation of the European lithosphere at
the Oligocene—Miocene transition. Assuming that
the Late Eocene—Oligocene extension was induced
by the formation of a deep Alpine lithospheric root,
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we propose that the Alpine chain was proned to a slab
break-off at the Oligocene—Miocene transition. Such
a slab break-off was already invoked by Von Blanck-
enburg and Davies (1995) to explain the development
of the Tertiary magmatism in the central and eastern
Alps between 42 and 25 Ma. However, they dated it at
around 40 Ma. In the western Alps, geological data
not show either magmatism or a radical change in the
Alpine kinematics at this time. In contrast, the Oligo-
cene—Miocene transition (25 Ma) corresponds to the
beginning of thrusting of the external crystalline
massifs and the reactivation of the Briangonnais front
in normal faulting mode (Tricart et al., 2001). Then,
we consider that the coeval change in the Alpine chain
and western Europe could result from a slab detach-
ment below the western Alps. This slab break-off at
the Oligocene—Miocene transition could explain the
stop of the Late Eocene—Oligocene extension and the

development of the NW-SE maximum compres-
sional stress, which controls the European deforma-
tion since the beginning of the Miocene.
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Appendix A

ROvVD: Dienst der Rijksopsporing van Delfstoffen.

Number Name Date Total
depth
(m)

1 Werkendam-1 1958 2275 Zijerveld et al.
(WED-01) (1992)

2 Waalwijk-1 1987 3802 NITG-TNO (2001)
(WWK-01)

3 Oisterwijk-1 1967 2496  Zijerveld et al.
(OIW-01) (1992)

4 St-Michielsgestel-1 1969 3338  Zijerveld et al.
(SMG-01) (1992)

5 Heeswijk-1 1992 2544 Clyde Petroleum
(HSW-01)

6 Keldonk-1 1992 2330 Clyde Petroleum
(KDK-01)

7 Veldhoven-1 1967 2124  Zijerveld et al.
(VEH-01) (1992)

8 Asten-1 1967 2664 Zijerveld et al.
(AST-01) (1992)

9 Asten-2 1992 1673 NITG-TNO (2001)
(AST-02)

10 Nederweert-1 1965 2943  Zijerveld et al.
(NDW-01) (1992)

11 Molenbeersel-198 1988 1773  Demyttenaere and

Laga (1988)

12 Oploo-16 1913 1150 Zijerveld et al.
(OPL-16) (1992)

13 America-11 1910 1201 Zijerveld et al.
(ACA-11) (1992)

14 Neer-71 1953 1293 DSM Energie
(NER-71)

15 Elmpt-77 1958 1215 DSM Energie
(EPT-77)

16 Melick- 1955 524 NITG-TNO (2001)
Herkenbosch-70
(MHB-70)

17 Arcen-1 1987 888 Rijks Geologische
(ARC-01) Dienst

18 Beesel-72 1954 1234 DSM Energie
(BEE-72)

19 Belfeld-14 1911 1202 Zijerveld et al.
(BFD-74) (1992)

20 Broekzijde-1 1989 2703 Clyde Petroleum
(BKZ-01)

21 Cornelishof-4 1905 679 ROvVD
(CNH-04)

22 Dongen-1 1997 1542 Zijerveld et al.
(DON-01) (1992)

23 Dorothea-1 1907 309 Krusch and

Waunstorf (1907)

Appendix A (continued)

Number Name Date Total
depth
(m)
24 Emmerich-1 1962 1449  Elberskirch and
Wolburg (1962)

25 Helden-75 1955 1353  NITG-TNO (2001)
(HDN-75)

26 Helenaveen-7 1907 1155 ROvD
(HEL-07)

27 Hilvarenbeek-1 1995 2621 Clyde Petroleum
(HVB-01)

28 Kerkwijk-1 1988 3281 NITG-TNO (2001)
(KWK-01)

29 Liessel-22 1915 1332 Zijerveld et al.
(LIE-22) (1992)

30 Loon op Zand-1 1953 3062 Zijerveld et al.
(LOZ-01) (1992)

31 Maasbommel-2 1966 1278  Zijerveld et al.
(MSB-02) (1992)

32 Maasniel-74 1955 1367 DSM Energie
(MAN-74)

33 Nijmegen- 1968 1277  Zijerveld et al.
Valburg-1 (1992)
(NVG-01)

34 Reuver-76 1956 1105 DSM Energie
(RVR-76)

35 Rijsbergen-1 1970 4645 NITG-TNO (2001)
(RSB-01)

36 Sanadome-1 1994 759
(SNM-499)

37 Steelhoven-1 1987 2798 NITG-TNO (2001)
(STH-01)

38 Strijen-1 1964 2779  American Overseas
(STR-01) Petroluem

39 Vlodrop-1 1906 790 ROvVD
(VDP-01)

40 Waspik-1 1959 2600 Zijerveld et al.
(WAP-01) (1992)

41 Almerk-1 1970 2370 Zijerveld et al.
(ALM-01) (1992)
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