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Abstract

The Late Cretaceous and Cenozoic sedimentary record in the Campine Basin along the southern border of the North Sea
Basin 1s analysed in terms of sequence stratigraphy. All available biostratigraphic, and in some cases, magnetostratigraphic
data are used to constrain the sequence chronostratigraphy. The relative geographic extent of the strata is used as an
indication of the relative sea level. Tectonic and eustatic components could be distinguished in several cases using regional
geological information. Generally, sequences consist of transgressive and highstand systems tracts only and have flat, abrasion-
type lower boundaries. L.owstand deposits are only identified as infill of erosional space, which generally implies marked
tectonic uplift. Several eustatic and tectonic events can be correlated with similar events known elsewhere in the North Sea
Basin. The time intervals spanned by the different sequences vary considerably, pointing out different control mechanisms.
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Introduction

The study area 1s situated at the southern part of the
North Sea Basin, mainly in northern Belgium (Fig. 1).
For a large portion the sediments fill the Campine
Basin, a subsiding area north of the Caledonian
L.ondon-Brabant Massif (Wouters & Vandenberghe,
1994; Langenaeker, 2000). Major North Sea-related
subsidence, especially north of the London-Brabant
Massif in the Campine Basin, resumed in the Late
Cretaceous.

The area is historically well studied. Generally, the
facies are shallow-water and arranged 1n a cyclic strati-
graphical pattern (Rutot, 1883; Gullentops, 1963) quite
similar to the cyclostratigraphic history of the deeper-
water sections 1n the North Sea (Neal, 1996; Neal et
al., 1998). The cyclic strata patterns are additionally
discussed in terms of sequence-stratigraphic concepts.

The analysis presented below starts with the
Santonian, when subsidence resumed in the Campine
Basin, and ends 1n the Pliocene. Cenozoic sequence
stratigraphy was already discussed in detail by
Vandenberghe et al. (1998) and the reader is referred
to this earlier work for details; in the present contri-
bution some major new data are added.

The Santonian and Campanian (Fig. 2)

After an extended period of mainly emersion, marine
sedimentation resumed over the Brabant Massif 1n
the Cretaceous. South of the Brabant Massif axis, the
clastic Lower Cretaceous Wealden facies constitute
the first sediments over the Palaeozoic basement, the
first marl and chalk sedimentation did not start until
the beginning of the Late Cretaceous. North of the
Brabant Massif, the land area was inundated only
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during the Late Santonian, in the northeast forming
coastal clastic deposits in three consecutive pulses
(Hergenrath Clay, Aachen Sand, Hauset Sand) (Albers
& Felder, 1979). Glauconitic clay (LLonzee) of the
same age also occurs on top of the Brabant Massift
(Robaszynski et al., 2002), and simultaneously chalk

sedimentation took place in the Knokke area (Bal &
Verbeek, 1990) and marine facies developed in the
Limburg Campine area (Jagt et al., 1995). The detrital
sediments are derived from an inverted Roer Valley
Graben (RVG) area (Wouters & Vandenberghe, 1994).

The clastic sedimentation in the northeast of the
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Fig. 1. Location map of the study area and symbols used in Figs. 2 to 5.
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Brabant Massif continues with the Lower Campanian
cyclic glauconitic Vaals Formation (Albers & Felder,
1979). In this Formation several members have been
distinguished but in fact more cycles can be observed
on the lithologs (see e.g. Felder & Bosch, 2001,
Fig. 3.12). Simultaneously, chalk was deposited south
of the Brabant Massif (Mons Basin) and in the north-
west of the Massif (Knokke well) (Bal & Verbeek,
1990). The detrital Vaals sediments, and the Herve
smectite facies of lhngual/quadrata Zone which 1s
coeval with the middle part of the Vaals Formation
(Jagt, 1999), are derived from an uplifted RVG
(Wouters & Vandenberghe, 1994).

The Zeven Wegen white chalks overlie earlier
siliciclastic deposits. Coeval siliciclastics are known as
the Benzenrade Member of the Vaals Formation
(Jagt, 1999; Felder & Bosch, 2001). Therefore, this
chalk deposit represents an important transgressive
phase, also shown by its glauconitic base. A significant
hiatus occurs between the Lower Campanian
sequence and the Zeven Wegen-Benzenrade sequence.
The base of the Zeven Wegen Member corresponds to
the transgressive pulse of the conica/mucronata Zone
(Late Campanian) (Keutgen & Jagt, 1999). In the
chalk column penetrated in the Knokke well, there 1s
a hiatus corresponding to the Quadrum gothicum
Zone, with chalk sedimentation above resuming in
the Quadrum trifidum Zone and containing both
Reinhardrtites levis and R. anthophorus (Bal & Verbeek,
1990). Therefore, about 25 m of chalk from the
-Knokke well corresponds to the Zeven Wegen
Member.

In view of the fact that tectonic inversion uplift of
the RVG was still active at that time, the transgressive
occurrence of the Zeven Wegen marine carbonates, in
a relatively far-offshore facies (Felder & Bosch, 2001),
points to an absolute sea-level rise.

In Fig. 2, the different cycles are drawn on a
sequence-chronostratigraphic chart (Hardenbol et al.,
1998, chart 5) using belemnite and nannoplankton
biostratigraphic data (Albers & Felder, 1979; Bal &
Verbeek, 1990; Robaszynski et al., 2002).

The Late Campanian, Maastrichtian and
Danian chalks (Figs. 2, 3)

In the fine-grained sequence of the Campine Basin,
resting on the Zeven Wegen Chalk, are found 1n
stratigraphic order the Beutenaken, Vijlen, Lixhe and
Lanaye members (Felder & Bosch, 2001).

The basal layer of the Beutenaken chalk contains
glauconite, small pebbles of quartz, Palacozoic chert
and phosphatic fossil fragments (Felder & Bosch,
2001) indicating a transgression after tectonic uplift.

Tectonic uplift is also demonstrated by a major geo-
metric unconformity at the top of the Zeven Wegen
Chalk (Felder & Bosch, 2001, fig 3.3).

In the Campine area, the Beutenaken Member con-
sists of at least two lithological subunits (Felder et al.,
1985) and is latest Late Campanian (Keutgen & van
der Tuuk, 1991) and in part also Maastrichtian in age
(Keutgen, 1996; Jagt, 1999).

On top of the Beutenaken chalk, in the Beutenaken
area, occurs a belemnite lag deposit of earliest Early
Maastrichtian age, with a hiatus below and above the
belemnites (Keutgen & van der Tuuk, 1991) and con-
sequently it represents a separate sequence.

The younger Vijlen Chalk has a diachronic glau-
conitic base and .a widespread occurrence over the
unconformity, pointing to a major flooding. The base
of the Vijlen Member is already late Early

- Maastrichtian (Keutgen & van der Tuuk, 1991). As

the RVG is still being uplifted, this flooding could
represent a new eustatic sea-level rise. Theretore, the
mid-Maastrichtian eustatic event of Ernst & Kuchler
(1994), corresponding to the Ma2 sequence boundary
(using chart 1 of Hardenbol et al., 1998), probably
coincides with the Vijlen chalk flooding. The Vijlen
Member itself is composed of a succession of thinner
cycles and seven subunits systematically can be recog-
nised. The chronostratigraphy of the Vijlen Member i1s
well constrained (Fig. 2) by belemnites (Keutgen &
van der Tuuk, 1991; Keutgen, 1996; Jagt, 1999). In
the basal metres of the uppermost subunit, some
10 metres below the boundary with the overlying
Lixhe Member, occurs the ammonite feletzkytes dorf,
allowing chronostratigraphic control (Jagt &
Kennedy, 1994). In fact, the chronostratigraphic
control was established in North America and the
time-equivalence in Europe remains to be demon-
strated. However, also belemnites (Keutgen, 1996)
and ammonites (Jagt & Felder, 2003) show that the
Lower/Upper Maastrichtian boundary indeed should
be placed approximately at the boundary between the
Vijlen/Lixhe members; maybe at the Zonneberg
Horizon just below (between the Vijlen units 5 and 6)
as it represents a hiatus and a level across which there
is a change in bioclast content. However, benthic
foraminifera suggest a Lower/Upper Maastrichtian
boundary slightly above the Zonneberg Horizon. In
fact, the exact position is not yet known.

In the Knokke well, the youngest chalk 1s also of
earliest Early Maastrichtian age and separated by a
hiatus from the underlying Campanian chalk (Bal
& Verbeek, 1990). For this reason, the top of the
chalk in the Knokke well ranges into the Vijlen Chalk

sequence (Fig. 2).
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Above the Vijlen chalk occur the Lixhe and Lanaye
members (Fig. 2), which are deeper and shallower
facies, respectively, in comparison to the Vijlen chalk
(Schisler et al., 1997). The Lanaye Member 1s con-
sidered as a separate stratigraphic sequence because
of the marked palynofacies change with respect to the
Lixhe Member (Schisler et al., 1997). Glauconitic
sands which occur laterally of the LLanaye chalk facies
(Fig. 2) represent the top of the Vaals Formation
sensu Felder & Bosch (2001). |

Using flint characteristics, the Lixhe deposits are
further subdivided into three lithostratigraphic units.
The upper unit has a more widespread occurrence
than the lower two units, pointing to still ongoing
tectonic activity. In fact, the Lixhe 3 unit also covers
the border of the Brabant Massif. Flints display a
systematic layering which corresponds to precession
cyclicity (Zijlstra, 1994). Duration of the 55 cycles of
the Lixhe chalk can be estimated therefore at a mini-
mum of 1.1 Ma. Based on the presence of Feletzkytes
dorft (see discussion above), the age of the top of the
Vijlen chalk corresponds to the top of the Hoploscaphites
birkelundr Zone which 1s dated at 69.15 Ma (Hardenbol
et al., 1998, chart 5), leading to a maximum age for the
top of the Lixhe chalk of about 68 Ma. Schieler et al.
(1997), however, estimated this level to be at 66.5 Ma,
counting 55 precession cycles down from the Creta-
ceous/Paleogene boundary. In view of the ammonite
calibration just below Lixhe, 68 Ma is used 1n Fig. 2
(see below).

During the overlying Lanaye chalk sedimentation,
inversion tectonics in the RVG was active (Schigler et
al., 1997; Felder & Bosch, 2001). The 20 precession
cycles in the Lanaye chalk suggest a maximum age
estimate at the top of this unit of 67.6 Ma. Capping
the Lanaye chalk 1s the Lichtenberg Horizon which
separates the underlying fine chalks (Gulpen
Formation) from overlying porous chalk arenites
(tuffeau) of the Maastricht Formation.

Based on bioclast investigations, slightly different
sequence boundaries in the Vijlen, Lixhe and Lanaye
chalk succession could be chosen. As stated above, a
lower sequence could start at the Zonneberg Horizon
and include the Vijlen 6, Lixhe 1, Lixhe 2 and part of
Lixhe 3, corresponding to bioclast ecozone IVa. An
overlying sequence might include the top of Lixhe 3,
LLanaye and continue up to the ENCI Horizon 1n the
Maastricht area, which is located slightly above the
base of the Maastricht Formation. Field investigation
(P.].F.) of the flint cycles in these two sequences points
to a duration of about 1,2 to 1,3 Ma, the two cycles
being of about equal duration. Using again the Lower/

Upper Maastrichtian boundary age as a geochrono-
logical reference level, the Lichtenberg-ENCI hiatus
can be roughly dated at 68 Ma.

It can be concluded that, although slight differences
in interpretation do exist, all available data point to
two sequences of about equal duration in the chalks
of LLixhe and Lanaye (including some chalk layers
above and below) and to an important time hiatus at
the levels of the Lichtenberg/ENCI horizons.

The arenite lithology and the palynomorphs
(Schigler et al., 1997) of the Maastricht Formation
point to a shallow facies that was installed over the
whole area after the last inversion. Only 35 precession
cycles are reported from the Maastricht Formation
between the Lichtenberg horizon and the K/P
boundary (Zjlstra, 1994, cited in Schigler et al., 1997),
suggesting 0.7 Ma for this interval and an age of
about 65.7 Ma for the end of the Lichtenberg Horizon
hiatus. Independent field investigations of the cycles
(P.J.F.) lead to an age estimate of about 1 Ma for the
Maastricht Formation.

Both results are in obvious contrast with the earlier
age estimate of the Lichtenberg Horizon of 68 Ma
based on the presence of Jeletzkytes dorfi and point to
an important hiatus (see also Robaszynski et al.,
1985, fig. 9). As the Vijlen, Lixhe and Lanaye chalks
belong to a similar biozone (Robaszynski et al., 1985,
pp. 14, 22) the hiatus occurs either mainly at the
Lichtenberg level or within the arenitic chalks above
that horizon.

Belemnella kazimiroviensis in the youngest member
of the Maastricht Formation (Meerssen Chalk) can-
not be used for chronostratigraphic control because
of its diachronic appearance (Christensen, 1997).
Precession cycle counting (Schigler et al., 1997) and
a preliminary Sr isotope interpretation (Vonhof &
Smit, 1996, p. 279) suggest a very short duration for
the Maastricht Formation (Fig. \3). Palaeontologically,
however, the Lichtenberg Horizon does not seem to
represent an important change. Therefore, i1t 1s
possible that not the Lichtenberg but a younger
horizon (e.g., ENCI Horizon) represents most of the
hiatus, but missing cycles, particularly in the very
shallow Maastricht Formation, or the presence of
other than precession cycles, also could explain some
of the missing time interval.

Detailed palynofacies analysis (Schieler et al., 1997),
indicates that amongst the seven to eight regionally
significant omission surfaces and/or hardgrounds in
the Maastricht Formation, the Kanne (accumulation
of echinoid debris) and Romontbos horizons (Fig. 3)
can be interpreted as sequence boundaries subdi-
viding the Maastricht Formation into three sequences.
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In the sequence interpretation shown in Fig. 3, some-
what more time is allowed than the minimal duration
of 0.7 Ma discussed earlier, in order to allow for
probable hiatuses in the Maastricht Formation.

The K/P boundary is represented by local impact-
and storm-related sediments preserved between the
Berg and Terblijt hardground (B&T horizon in Fig. 3)
and the Vroenhoven Horizon (Brinkhuis & Smit,
1996). Above the Vroenhoven Horizon occurs a thin
transgressive glauconitic chalk of earliest Danian age
(Vandenberghe et al., 1998). To the north of the
Brabant Massif, the Houthem Formation is the oldest
Danian chalk deposit, while to the south, the oldest
Danian units are represented by the Ciply chalk and
Mons limestone. The latter are reported to belong to
the NP3-NP4 biozone. As NP2 has also been reported
for the Geulhem chalk (Houthem Formation) in
Herngreen et al. (1998) and as in some sections this
chalk unit clearly consists of two different lithological
parts (see e.g. Ankerpoort-Curfs quarry section in
Jagt (1999, Fig. 50)), two sequences are interpreted in
the Houthem chalk (Fig.3). A hiatus occurs on top of
the upper widely distributed chalk sequence, also
marking the start of siliciclastic sediment input. In the
Campine Basin, this hiatus is expressed as a marked
seismic horizon (base clastic Tertiary reflection of
Demyttenaere, 1989). A general tectonic uplift could
have been responsible for this hiatus as it coincides
with a major pulse in the magma emplacement
leading to the generation of the North Atlantic Ocean
opening (Andersen et al., 2002, Fig. 6).

Selandian and Thanetian sequences and
the transition to the Ypresian (Fig. 3)

T'he oldest Cenozoic siliciclastic sediments, north and
south of the Brabant Massif, have continental facies
(Hainin and Opglabbeek formations). In contrast to
Vandenberghe et al. (1998), the Maasmechelen cal-
carenite facies is here included in the continental
Opglabbeek Formation. The continental deposits have
an erosive base. Taking into account the current
Damnian/Selandian boundary definition (Berggren et al.,
1995), these continental deposits may already belong
to the Selandian (Steurbaut, 1998; Vandenberghe et
al., 1998; Laga et al., 2002, p.138).

The Heers Formation consists of a transgressive
glauconitic unit (Orp sand) overlain by the shallow-
water cyclic Gelinden marls. No time-equivalent
deposits occur south of the Brabant Massif. In situ
nannoplankton in the formation ranges from NP4-5 to
NP6, but almost 95% of the marl consists of reworked

Cretaceous chalk. A similar situation occurs in the
Danish Kerteminde Marl of the same (Selandian) age
pointing to widespread uplift in the North Sea area.
Also the late Danian hiatus (Fig. 3) is found between
the Danian limestones and the Kerteminde marl in
Denmark (Michelsen et al.,, 1998). The Hainin-
Opglabbeek continental deposits could be lowstand
deposits of the Heers sequence although their geo-
graphic distribution with respect to the Heers
Formation makes it more probable that they represent
an individual sequence interrupted by tectonic uplift.

T'he marine part of the Landen Group (Maaseik to
Bois Gilles units, Fig. 3) consists of lithological units
with good nannoplankton data. Detailed geophysical
log examination systematically shows two fining-
coarsening cycles representing two sequences (Fig. 4).
The lower sequence starts with the Maaseik marl
(NP6) and mainly consists of the Waterschei clay unit
(NP 7 to base NP8); the upper sequence consists of a
silty-tuffaceous unit (Halen, Lincent, Angres, Cherq,
St. Omer) and an overlying sandy unit (Grandglise
sands), both deposited in NP8 chronozone (Steurbaut,
1998). All these deposits have time-equivalents on
both sides of the Brabant Massif (including the
Bertaimont Formation).

The thin Bois Gilles marine sand unit (early NP9
chronozone) is interpreted as a separate sequence
(Vandenberghe et al., 1998), which is found south of
the Brabant Massif only. Similar aged sands are
known in northern France as the Criel sands (Dupuis
& Steurbaut, 1987). This geographical distribution
suggests that the Brabant Massif became uplifted
during the early NP9 chron.

The erosion accompanying this uplift is very well
expressed at the base of the continental deposits of
the Landen Group (Fig. 3) (Demyttenaere, 1989; De
Batist & Versteeg, 1999). The infill is partly fluviatile
and partly brackish with ‘Sparnacian’-type clay and
fossils. These continental facies have been intensively
studied 1n the past and also more recently as they
straddle the newly defined Paleocene-Eocene boundary
(Steurbaut et al., 1999). Generally occurring synse-
dimentary deformational structures in these conti-
nental deposits (Sintubin et al., 2001) are related to
uplift reactivation of the Brabant Massif.

Both in Normandy (France) as well as in the
Knokke well a thin clay unit (Craquelinnes-Zoute silt
in Figs. 3 and 4, or Knokke X-unit of King (1990))
overlies the continental Landen Group deposits. This
unit contains volcanic glass shards (King, 1990). The
sharp contact with the underlying sand points to a
rapid transgression. However, renewed tectonic uplift
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Above the Vijlen chalk occur the Lixhe and Lanaye
members (Fig. 2), which are deeper and shallower
facies, respectively, in comparison to the Vijlen chalk
(Schieler et al., 1997). The LLanaye Member 1s con-
sidered as a separate stratigraphic sequence because
of the marked palynofacies change with respect to the
Lixhe Member (Schigler et al., 1997). Glauconitic
sands which occur laterally of the Lanaye chalk facies
(Fig. 2) represent the top of the Vaals Formation
sensu Felder & Bosch (2001).

Using flint characteristics, the Lixhe deposits are
further subdivided into three lithostratigraphic units.
The upper unit has a more widespread occurrence
than the lower two units, pointing to still ongoing
tectonic activity. In fact, the Lixhe 3 unit also covers
the border of the Brabant Massif. Flints display a
systematic layering which corresponds to precession
cyclicity (Zijlstra, 1994). Duration of the 55 cycles of
the Lixhe chalk can be estimated therefore at a mini-
mum of 1.1 Ma. Based on the presence of feletzkytes
dorfi (see discussion above), the age of the top of the
Vijlen chalk corresponds to the top of the Hoploscaphites
birkelundi Zone which is dated at 69.15 Ma (Hardenbol
et al., 1998, chart 5), leading to a maximum age for the
top of the Lixhe chalk of about 68 Ma. Schieler et al.
(1997), however, estimated this level to be at 66.5 Ma,
counting 55 precession cycles down from the Creta-
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In the sequence interpretation shown 1in Fig. 3, some-
what more time 1s allowed than the minimal duration
of 0.7 Ma discussed earlier, in order to allow for
probable hiatuses in the Maastricht Formation.

The K/P boundary is represented by local impact-
and storm-related sediments preserved between the
Berg and Terblijjt hardground (B&'T horizon in Fig. 3)
and the Vroenhoven Horizon (Brinkhuis & Smit,
1996). Above the Vroenhoven Horizon occurs a thin
transgressive glauconitic chalk of earliest Danian age
(Vandenberghe et al., 1998). To the north of the
Brabant Massif, the Houthem Formation is the oldest
Danian chalk deposit, while to the south, the oldest
Danian units are represented by the Ciply chalk and
Mons limestone. The latter are reported to belong to
the NP3-NP4 biozone. As NP2 has also been reported
for the Geulhem chalk (Houthem Formation) in
Herngreen et al. (1998) and as in some sections this
chalk unit clearly consists of two different lithological
parts (see e.g. Ankerpoort-Curfs quarry section in
Jagt (1999, Fig. 50)), two sequences are interpreted in
the Houthem chalk (Fig.3). A hiatus occurs on top of
the upper widely distributed chalk sequence, also
marking the start of siliciclastic sediment input. In the
Campine Basin, this hiatus is expressed as a marked
seismic horizon (base clastic Tertiary reflection of
Demyttenaere, 1989). A general tectonic uplift could
have been responsible for this hiatus as it coincides
with a major pulse in the magma emplacement
leading to the generation of the North Atlantic Ocean
opening (Andersen et al., 2002, Fig. 6).

Selandian and Thanetian sequences and
the transition to the Ypresian (Fig. 3)

The oldest Cenozoic siliciclastic sediments, north and
south of the Brabant Massif, have continental facies
(Hainin and Opglabbeek formations). In contrast to
Vandenberghe et al. (1998), the Maasmechelen cal-
carenite facies 1s here included in the continental
Opglabbeek Formation. The continental deposits have
an erosive base. Taking into account the current
Danian/Selandian boundary definition (Berggren et al.,
1995), these continental deposits may already belong
to the Selandian (Steurbaut, 1998; Vandenberghe et
al., 1998; Laga et al., 2002, p.138).

The Heers Formation consists of a transgressive
glauconitic unit (Orp sand) overlain by the shallow-
water cyclic Gelinden marls. No time-equivalent
deposits occur south of the Brabant Massif. In situ
nannoplankton in the formation ranges from NP4-5 to
NP6, but almost 95% of the marl consists of reworked

Cretaceous chalk. A similar situation occurs in the
Danish Kerteminde Marl of the same (Selandian) age
pointing to widespread uplift in the North Sea area.
Also the late Danian hiatus (Fig. 3) is found between
the Danian limestones and the Kerteminde marl in
Denmark (Michelsen et al., 1998). The Hainin-
Opglabbeek continental deposits could be lowstand
deposits of the Heers sequence although their geo-
graphic distribution with respect to the Heers
Formation makes it more probable that they represent
an individual sequence interrupted by tectonic uplift.

The marine part of the Landen Group (Maaseik to
Bois Gilles units, Fig. 3) consists of lithological units
with good nannoplankton data. Detailed geophysical
log examination systematically shows two fining-
coarsening cycles representing two sequences (Fig. 4).
The lower sequence starts with the Maaseik marl
(NP6) and mainly consists of the Waterschei clay unit
(NP 7 to base NP8); the upper sequence consists of a
silty-tuffaceous unit (Halen, Lincent, Angres, Cherq,
St. Omer) and an overlying sandy unit (Grandglise
sands), both deposited in NP8 chronozone (Steurbaut,
1998). All these deposits have time-equivalents on
both sides of the Brabant Massif (including the

Bertaimont Formation).

The thin Bois Gilles marine sand unit (early NP9
chronozone) is interpreted as a separate sequence
(Vandenberghe et al., 1998), which is found south of
the Brabant Massif only. Similar aged sands are
known 1n northern France as the Criel sands (Dupuis
& Steurbaut, 1987). This geographical distribution
suggests that the Brabant Massif became uplifted
during the early NP9 chron.

The erosion accompanying this uplift is very well
expressed at the base of the continental deposits of
the Landen Group (Fig. 3) (Demyttenaere, 1989; De
Batist & Versteeg, 1999). The infill is partly fluviatile
and partly brackish with ‘Sparnacian’-type clay and
fossils. These continental facies have been intensively
studied in the past and also more recently as they
straddle the newly defined Paleocene-Eocene boundary
(Steurbaut et al., 1999). Generally occurring synse-
dimentary deformational structures in these conti-
nental deposits (Sintubin et al., 2001) are related to
uplift reactivation of the Brabant Massif.

Both 1n Normandy (France) as well as in the
Knokke well a thin clay unit (Craquelinnes-Zoute silt
in Figs. 3 and 4, or Knokke X-unit of King (1990))
overlies the continental LLanden Group deposits. This
unit contains volcanic glass shards (King, 1990). The
sharp contact with the underlying sand points to a
rapid transgression. However, renewed tectonic uplift
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of the Brabant Massif interrupted the sedimentation, sequence 1s mterrupted however by rapid tectonic
uplift of both the Brabant Massif and the Artois axis

as shown by a pebble layer between the Zoute silt and
the main mass of the overlying Ieper Group clay. (Vandenberghe et al., 1998).

The infill of the space created by the erosion at the This tectonic uplift might have been a basin-wide
base of the continental LLanden Group represents a low- phenomenon as 1t 1s also documented by a short hiatus
stand deposit and the base of the Zoute-Craquelinnes in the eastern North Sea and the Danish onshore

(Michelsen et al., 1998, fig. 23; Huuse, 2002, Fig. 3).

silt is the transgressive surface of the sequence. This
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Fig. 4. The stratigraphic interpretation of the resistivity well logs of the Mol, Zonhoven and Bolderberg boreholes across the marine part of

the Landen Group. Note that systematically two fining-up/coarsening-up cycles can be identified. In an earlier paper (Vandenberghe et al.,

1998) only one longer cycle was considered.
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Ypresian time and the transition to the

Lutetian

At the start of the NP10 chron, subsidence resumed
over the whole southern North Sea Basin as demon-
strated by the presence, extension, thickness and
depositional depth of the Ypresian clays (King, 1981;
Dupuis et al.,, 1984; Nolf & Steurbaut, 1990;

Steurbaut, 1998).

The sequences within the Ieper Group clays are
based on the fining and coarsening grain-size trends
as seen on gamma ray logs (Vandenberghe et al.,
1998). The sequences 1dentified (Fig. 5) correspond
only approximately to traditional lithostratigraphic
subdivisions; geophysical logs and field experience
indeed show that size trends are more common than
sharp breaks on which lithostratigraphic subdivisions
are based. Sequence boundaries occur at the change
in trend direction. Higher frequency cycles are
undoubtedly present but these are more difficult to
trace over larger distances.

The good correspondence between the Ypresian
clay sequences identified in Belgium, SE England and
the central North Sea was already recognised by Neal
& Hardenbol (1998) and Neal et al. (1998). The
Ypresian clay transgression was at least as extensive as
the Thanetian marine sequences.

Chronostratigraphic calibration of the sequences
(Fig. 5) has been achieved by detailed micropalaeon-
tological and magnetostratigraphical studies (Ali et al.,
1993).

The Egemkapel clay unit near the top 1s considered
as a separate sequence because of its widespread
extension recognised on geophysical logs, 1ts occur-
rence between two erosive levels, and its grain size
evolution. However, its limited thickness suggests a
short duration.

Overlying the Ypresian clays occur several thin, local
lithostratigraphic units made up of fine glauconitic
sands and silty clays. Dinoflagellate biostratigraphy
has allowed to group these units into two sequences,
ecach with erosive boundaries (Fig. 5). The oldest
sequence is situated around the NP12/NP13 limat. It
consists at the base of fine glauconitic and well-
structured sands of very shallow marine facies, filling
in a regional broad erosive space (Egem sand), over-
lain by glauconitic sands locally known as Mont-
Panisel sand, Hyon sand and Kwatrecht Complex,
with at the top a heavy clay layer known as the
Merelbeke clay (formerly P1lm clay). The sequence-
stratigraphic interpretation of these units i1s as follows:
the Egem sand 1s a lowstand fill of an erosive space,
the glauconite sands above are transgressive sands and

the main flooding surface 1s in the Merelbeke clay
which shallows again towards its top (see also
Vandenberghe et al., 1998). This sequence extends
over the Brabant Massif.

‘The base of the overlying sequence is also a regional
broad erosive and incisive surface over which occurs
a transgressive glauconitic, shell-rich sandstone over-
lain by a laminated clay (Pittem clay) within which
the main flooding surface is situated (Fig. 5).

The precise geometric relationship between the
Brussels sand 1n the Brabant area and the Vlierzele,
Aalterbrugge and Aalter lithostratigraphic units (all
formerly belonging to regional ‘Paniselien’ stage) more
to the west remains difficult as biostratigraphic data
are limited and in some cases conflicting. A deep
incision offshore the Belgian coast, geometrically cor-
related with the Vlierzele sands onshore (De Batist,
1989; De Batist et al., 1989; De Batist & Henriet,
1995; Henriet et al., 1989), has been interpreted as
similar to the one below the mass of Brussel sands in
the Brabant area (Vandenberghe et al., 1998). This
incision marks a major sequence boundary. Upon
subsequent slow sea-level rise the incised valleys were
filled with Brussel sand (see also Houthuys, 1990);
between the deep incisions, shallower and broader
erosive space became filled with tidal ridges (Vlierzele
sands). This f1ll of erosive relief 1s a lowstand deposit.
A swamp environment is documented in the top of
this lowstand fill (Aalterbrugge unit) above the
Vlierzele sands, while at the same time Brussels sands
continued to be deposited in broad estuarine-type
gulfs.

The Aalterbrugge sediments contain 1solated records
of the freshwater fern Azolla sp. which occurs mas-
sively in the North Sea and even the Atlantic Ocean
precisely at the base of chron C21r, coinciding with
the LO of the dinoflagellate cyst Eatonicysta ursulae
(Eldrett et al., 2004). This species appears for the last
time in the upper part of the Vlierzele sand (De
Coninck, 1977). This chronostratigraphic calibration
1s slightly younger than that based on calcareous
microfossils (see Vandenberghe et al., 1998) (Fig. 5).

The glauconite- and shell-rich Aalter sands represent
the transgressive and highstand deposits covering the
Aalterbrugge and Vlierzele units. These system tracts
cannot be distinguished 1n the Brussel sand, which 1n

. part has the same nannoplankton biozone as the Aalter

sand. The presence of thin Brussel sand remnants
(e.g. 1n northern France) and reworked Brussel sand

- fossils on top of the Aalter sand suggests that slightly

later a Brussel sand facies covered the whole area.
This younger Early Lutetian sequence was largely

eroded (Fig. 5).
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The markedly erosive bases of the Late Ypresian —
Early Lutetian sequences and the paleoseismites 1n
the Egem and Brussels sands (Herman et al., 2001),
are indications of active uplift of the Brabant and
Artois blocks leading to the separation of the Paris
Basin from the North Sea Basin.

The Lutetian, Bartonian and Priabonian

The continued uplift is shown by long hiatuses in the
Middle and Upper Eocene (Figs. 5 and 6). A long
period of sedimentation, emersion and reworking
during the early biochron NP15a appears from
detailed analyses of the basal gravel of the Lede sand
(Herman et al., 2001; Smith et al., 2003). The Lede
sands represent a Middle Lutetian sequence at the
base of the biochron NP15b, probably the expression
of the Lu 2 sequence reported in the European basins
(Hardenbol et al., 1998) (Fig. 6).

The Lede sands are eroded at the top. An important
hiatus separates the LLede and the overlying Wemmel
sands.

The fine Wemmel sands, rich in Nummulites and
glauconite, represent a new transgression. Authigenic
glauconite occurs also concentrated 1into a conspicu-
ous black horizon (bande noire) at the base of
overlying transgressive Asse/Ursel clay, which
contains the main flooding surface. This Wemmel-
Asse sequence is situated around the NP15/NP16
boundary (Vandenberghe et al., 1998). |

Geophysical well logs further identify another
Lutetian and also a Bartonian sequence (Vandenberghe
et al., 1998). This second Lutetian sequence consists
of glauconitic transgressive sands (NP 16 biozone)
overlain by deeper-water Zomergem clay (containing
the main flooding surface), and sands at the top
(lower part of the Buisputten unit). The Bartonian
sequence consists of a transgressive sand (upper part
of the Buisputten unit) and a deeper-water Onderdyjke
clay eroded at the top, which contains Bartonian dino-
flagellates. The overlying Bassevelde sand yields
Priabonian microfossils (Vandenberghe et al., 2003)
(Fig. 6).

Lutetian, Bartonian and Priabonian sequences do
not extend into northeast Belgium. Biostratigraphy,
well-log correlation and clay mineral data (Saeys et
al., this volume) show the level of the eroded
Bartonian Onderdijke clay top to correlate with the
main unconformity below the Sint-Huibrechts-Hern
Formation (Tongeren Group) in eastern Belgium.
The tilting of the strata below the unconformity there-
fore occurred at the Bartonian-Priabonian boundary

(Pyrenean phase).

A recent, detailed study of the Bassevelde sands has
established three biostratigraphically well-constrained
sequences (Vandenberghe et al., 2003) that can be
consistently mapped in northern Belgium (Verheyen,
2003) (Fig. 6). The oldest (Bal) has a transgressive
glauconitic base and formed within biozone NP18S.
The middle sequence (Ba2) formed during the Middle
Priabonian (NP19-20 biozone). Both Bal and Ba2
sequences have a limited extent compared to the
underlying sequences and to the overlying Bassevelde 3
sequence.

The Oligocene

The youngest Bassevelde sand sequence (Ba 3) starts
with a transgressive glauconitic sand while its top is
characterized by an open marine clay (Watervliet
clay). Biostratigraphical data correlate this sequence
to the earliest Oligocene and show i1t to be time
equivalent with the Sint-Huibrechts-Hern Formation
(Grimmertingen and Neerrepen sands) of the
Tongeren Group in central and eastern Belgium
(Vandenberghe et al., 2003) (Fig. 6). This earliest
Oligocene sequence covered the Ardennes to the
south (De Coninck, 1996) and probably even the
Lorraine area (France, Luxemburg) where part of the
Pierre de Stonne could represent this earliest
Oligocene sand (see Quesnel et al., 2003).

An outspoken low relative sea level must have
followed this extensive earliest Oligocene sequence as
evidenced by regional erosion at the base of the
overlying Ruisbroek unit, the erosive Watervliet clay
top, freshwater clays underneath the Ruisbroek sands
(e.g. Vandenberghe et al., 2003) and the widespread
occurrence of a soil at the top of the Neerrepen sands
(Sint-Huibrechts-Hern Formation) (Fig. 6). The
shallow marine Ruisbroek sand contains abundant
reworked microfossils. At their top occurs a trans-
gressive level of phosphate-cemented bioturbations
and internal moulds of molluscs. Further south, time-
equivalent coastal deposits (Borgloon Formation or
continental deposits of the Tongeren Group) occur,
topped by a transgressive black pebble horizon. The
Ruisbroek and Borgloon units are considered low-
stand deposits of a second Oligocene sequence. The
important low sea level at the base of the sequence
coincides with the significant temperature drop known
in the earliest Oligocene and correlates to the Oi-1
glaciation of Zachos et al. (2001) (De Man et al., this
volume). Overlying the transgressive phosphates and
black pebbles is the Boom Clay (silty Belsele-Waas
Member) in the north and the Berg sand in the south.
A model for the lowstand and earliest transgressive
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sedimentation of this sequence was discussed by
Vandenberghe et al. (2002).

The Boom Clay (Rupelian unit stratotype) has a
widespread occurrence in the North Sea Basin. The
clay has an outspoken decimetre-scale layering
interpreted as Milankovitch periodicity (Van Echelpoel
& Weedon, 1990). New magnetostratigraphic and
dinoflagellate calibration horizons (Lagrou et al., this
volume) and the cyclostratigraphic understanding of
the more complete subsurface sections (Vandenberghe
et al., 2001) necessitate a reinterpretation of the
periodicities.

Based on grain-size, clay mineral and organic

matter properties the Milankovitch layering has been
related to climate-driven relative sea-level variations
(Vandenberghe et al., 1997). Grouping of layers on
the geophysical resistivity log of the Boom clay has
been related to long eccentricity cycles (400 ka) by
Hardenbol et al. (2003). Such longer cycles are pro-
bably related to sediment-supply cycles and interme-
diate geochemical-mineralogical cycles as discussed
by Laenen (1997, 1998) and Vandenberghe et al.
(1997) (Fig. 6).
- Lower frequency grain size evolutions, interpreted
as third-order sequences, are superimposed on the
Milankovitch induced layering (Vandenberghe et al.,
1998). Two such sequences are identified in the
outcrop area of the Boom clay. In the subsurtace, an
additional and younger sequence is suggested
(Vandenberghe et al., 2001). The Boom clay in the
subsurface always ends in a coarsening silty to fine
sandy facies (Eigenbilzen unit) (Fig. 6).

Resistivity logs show that from the base of the
Ruisbroek unit to the top of the Boom clay (see e.g.
logs in Vandenberghe et al., 2001), the 3rd order
sequences and the Milankovitch cycles are super-
imposed on a single long duration cycle. This longer
cycle is expressed in the bed thicknesses and theretore
probably reflects the ongoing Alpine compressive
tectonics in southern Europe (see Vandenberghe et al.
1997). The tectonic influence might be an explanation
for the discrepancy between the Rupelian oxygen
1sotopes and global sea-level curves as apparent from
data in Abreu & Haddad (1998, Figs. 7 and 8). The
Kerniel sand wedge in the lower 3rd order sequence
(Fig. 6) is also the result of a local tectonic pulse

(Vandenberghe et al., 2001).

The sudden change from grey to black clays (Fig. 6)
in the Boom Formation is due to better preservation
conditions for organic matter (Laenen, 1998). This
level is remarkably constant over the southern North

Sea Basin (Vandenberghe et al. 2001) and can
biostratigraphically be correlated with the base of the
Fish clays in the Mainz Basin (Grimm & Steurbaut
2001). This must point to an important palacogeo-
graphic change.

At the end of the Rupelian, important uplift
occurred. This is shown by important end-Rupelian
or earliest Chattian erosion in the outcrop area (see
Mertens et al., 2003) and the deposition of fine
sandier sediment towards the top of the Rupelian,

especially in the later graben area in the northeast
(Vandenberghe et al., 2001).

The end-Rupelian uplift of the area is followed at
the beginning of the Chattian by the strong sub-
sidence of the entire Lower Rhine area. The western-
most graben fault is located near Mol (Fig.1). Its
stratigraphy and age is discussed 1n Van Simaeys et al.
(2004). The main continuous mass of Chattian glau-
conitic sand occurs to the east of this fault.

Based on geophysical logs, mainly of the lower
Rhine brown coal area, Hager et al. (1998, Figs. 4, 5)
systematically identified four continental clay and
lignite intercalations in the marine glauconitic sands
in the area. Based on dinoflagellate data, the lower
and upper lignitic clays can be correlated to gravelly
horizons in the marine glauconitic facies. Lignitic
clays and correlative gravelly horizons are considered
as boundaries between sequences caused by eustacy

(Hager et al., 1998) (Fig. 6).

The Neogene

Biostratigraphy of glauconitic Neogene sands has
recently improved greatly by studies of dinotlagellates
(Louwye & Laga, 1998; Louwye et al., 1999, 2000, 1n
press; Louwye, 2001) and Bolboforma (Spiegler, 2001).

Early and Middle Miocene sediments of the Antwerp
(Edegem, Kiel, Antwerpen units) and Limburg
(Houthalen, Genk and Opgrimbie units) area can be
grouped into three sequences (Vandenberghe et al.,
1998) (Fig. 7). The relatively thin sediments range
from Early Burdigalian to Earliest Serravallian in age.
Aquitanian and the main part of the Serravallian
intervals are absent.

The Diest, Dessel and Deurne glauconitic sands
are of Tortonian to early Messinian age (Fig. 7). The
age of the very deep erosion underlying these sands,
known from drilling, mapping and seismics, 1S not
exactly known. In northern Belgium, seismics (De
Batist & Versteeg, 1999) and dinoflagellate studies 1n -
several boreholes (Louwye et al., 1999), confirm an
early local observation by Demyttenaere (1989) that
here the large-scale cross bedding of the Diest sand
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Fig. 7. Neogene and Pleistocene sequences and their relative sea-level position. The sequence-chronostratigraphic subdivisions, ages and
symbols, and the magnetostratigraphic ranges indicated, are taken from Hardenbol et al. (1998). The dinoflagellate zonation (DN) was used
by Louwye et al. (1999). Details of the stratigraphic position of the observed sequences are discussed in the text. Legend of the symbols used
is given in Fig. 1. Geographical names or codes associated with the sequences‘ are those of the main lithostratigraphic units present in the
sequences. The lithostratigraphic nomenclature follows Laga et al. (2001).

progrades to the northwest whilst in the southern
classic Hageland area sediment transport occurred to
the northeast. The strong erosion at the base, the

- marked prograding fill and the increased sediment
supply point to important tectonic uplift.

Pliocene deposits are preserved only in the very
north of Belgium reflecting continued global sea-level
lowering. Improved chronostratigraphic position of the
different sequences compared to Vandenberghe et al.
(1998), 1s based on dinoflagellates. The ordering into
two sequences of the different facies of the Lillo,
Poederlee, Brasschaat, Merksplas and Mol formations
was discussed by Vandenberghe et al. (2001).
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Marine sedimentation in the area stops at the
beginning of the Gelasian due to the strong climate
deterioration in the area bringing periglacial condi-
tions over the area. Younger indications of marginal
marine tidal flat or estuarine sediments are known
only in the Tiglian, Holsteinian, Eemian and Holocene
interglacials.

Conclusions
The Late Cretaceous to Pliocene stratigraphic succes-

sion 1n the Campine basin and adjacent areas is pre-
sented 1n a sequence-chronostratigraphic framework.
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The duration of the different sequences 1s quite
variable and different periods may reflect different
controls. Combining the analysis with regional geo-
logical history data, tectonic and eustacy controls are
distinguished. Tectonics generally acted more slowly
than eustatic changes. In these shallow, near-coastal
facies generally only transgressive and highstand sys-
tem tracts are well expressed. Lowstand deposits only
occur when erosive bases rather than flat abrasion
surfaces underlie a sequence. Marked erosive bases
can mostly be related to active uplift of the area.
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