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depositional evolution of the southern margin of the North Sea Basin
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ABSTRACT. An cast-west correlation profile through the upper Neogene succession north of Antwerp, based on cone penetration
tests, reveals the architecture of the lower Pliocene Kattendijk Formation. It shows a basal incision of the Kattendijk Formation down
to 20 m in Miocene sands and locally even Lower Oligocene clays. The incision is part of a much larger gully system in the region at
the base of the Kattendijk Formation. The strongest gully incision is observed along the western profile, and coincides with increases
in the thickness of the Kattendijk Formation from its typical four to six meters thickness in the east towards a maximum of 15 m in
the west. Correlations show that this additional thickness represents a separate sequence of the Kattendijk Formation that first filled
the deepest part of the gully prior to being transgressed and covered by the second sequence deposited in a larger gully system. Both
sequences of the Kattendijk Formation have basal transgressive layers, and are lithologically identical. Initial, deep incision at the base
of the Kattendijk Formation might have been the result of the constriction of early Pliocene tidal currents that invaded and expanded
fluvial or estuarine gullies that had developed during the latest Miocene sea-level low. A similar mechanism had been proposed for the
development of late Miocene gully system at the base of the Diest Formation further southeast in northern Belgium. As the wider area
was transgressed and covered by the second sequence of the Kattendijk Formation, flow constriction ended, currents weakened and

gully incisions were reduced in size.
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1. Introduction

During the early Pliocene, the glauconite-bearing sands of
the Kattendijk Formation were deposited in a shallow marine
environment in the southern part of the North Sea Basin (Fig. 1).
Its presence was established in the subsurface of the city of
Antwerp and its harbor during excavation works (see Cogels,
1874; Gaemers, 1975; De Meuter et al., 1976; Louwye et al.,
2004; De Schepper et al., 2009) and by means of boreholes in
the Waasland (Laga, 1971) and Campine areas (Louwye & Laga,
1998; for location see Fig. 2). At these observation points, the
Kattendijk Formation overlies units from different ages, ranging
from the upper Miocene Diest Formation in the Campine area
and northeast of the city of Antwerp (De Meuter et al., 1976;
Louwye & Laga, 1998;) to the lower to middle Miocene Berchem
Formation in the northern part of the city of Antwerp (Cogels,
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Figure 1. Early Pliocene (Zanclean) paleogeography of the North Sea
Basin and surrounding areas, modified after Gibbard & Lewin (2016).
The extent of the study area is also shown.
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1874; De Meuter et al., 1976) and even the lower Oligocene
Boom Formation in the Waasland area (Laga, 1971; Gaemers,
1975; Fig. 2). The base of the Kattendijk Formation forms an
important regional unconformity. Little detail is known about
the geometry of the unconformity, only a few regional insights
are known from schematic cross-sections (Laga, 1983) and the
regional geological models (Jacobs et al., 2010; Matthijs et
al., 2013; Deckers et al., 2019). This is mainly due to the poor
distinction between the Kattendijk Formation and over- and
underlying glauconite-bearing sands in low quality borehole
descriptions (cf. Jacobs et al., 2010).

A dense network of cone penetration tests (CPTs) was created
during the expansion of the Antwerp harbor and road network
since the second half of the 20th century. When correlated with
boreholes, these CPTs can significantly improve the stratigraphic
detail (cf. Schiltz, 2020, this volume). In a recent effort to
create a detailed, parameterized 3D model of the region around
Antwerp (Van Haren et al., in prep.), a large number of CPTs was
interpreted for, a.o., the Kattendijk Formation. For the purpose
of this study, some of these CPT-interpretations will be shown in
an east-west CPT correlation profile north of the city of Antwerp,
thereby providing a first detailed overview of the unconformity
at the base Kattendijk in the area. The purpose of this study is to
describe and discuss the base Kattendijk unconformity in order to
gain a better insight of the early Pliocene depositional evolution
at the southern margin of the North Sea Basin.

2. The Kattendijk Formation

2.1. Lithostratigraphy and historical background

The Kattendijk Formation was introduced by De Meuter & Laga
(1976) as a fine-grained to medium fine-grained, glauconitic sand
with a varying clay admixture. The color varies between dark
grey to green-grey. The polychaete Ditrupa sp. can be locally
abundant. Mollusks and brachiopods are present and are often
concentrated in layers (Marquet, 1984). The basal gravel consists
of rounded quartz and flint together with shark teeth, phosphatic
nodules and rounded bones. The Kattendijk Formation is not
divided into members, and rests unconformably on Miocene
(Diest and Berchem Formations) or Oligocene deposits (Boom
Formation; see a.o. Laga, 1971; De Meuter et al., 1976). The unit
is unconformably covered by the Lillo Formation. The Kattendijk
Formation reaches an average thickness of circa 10 m and does
not crop out. It is recorded in the ‘Waasland area’ in the west, the
Antwerp area and the northern Campine area further east (Fig. 2).

The Kattendijk Formation was named after the hamlet
Kattendijk, located north of the city of Antwerp, where the
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Figure 2. The occurrence of
the Kattendijk Formation in
the subsurface of Flanders and
the gully system at its base
in the Waasland area. Note
the sharp delimitation of the
geographic occurrences of the
Diest and Berchem Formations
below the base Kattendijk
Formation in the large gully
system. The geographic extent
of the Kattendijk Formation
and the subcrops of the Diest,
Berchem and Boom Formations
underneath  the  Kattendijk
Formation (or Quaternary) are
extracted and locally modified
from the G3Dv3-model of
Flanders (Deckers et al., 2019).
The Kalmthout borehole and
temporary outcrops near Kallo
are indicated as well as the study
area (Fig. 3).

Figure 3. The study area
with the location of the CPT
correlation profile (see Fig. 5).
The location and depth of
the base of the Kattendijk
Formation at the stratotype
of the Kattendijk Formation
are indicated. The isohypses
of the base of the Kattendijk
Formation are simplified after
Van Haren et al. (in prep.).
CPTs from the correlation
profile are number from 1 to 8:

1=GEO-14/013-S105; 2=GEO-
11/062-S6; 3=GEO-12/132-S70;

4=GEO0-90/154-SII(KAAI103);

5=GEO-95/004-SVII;

6=GEO0-95/004-SIX; 7=GEO-
12/132-S34;  8=GEO-12/132-
S9diep. The CPT/borehole of
Figure 4 is given the number 10.

Temporary outcrops described
by De Meuter et al. (1976):

A=Borgerhout-Rivierenhof
(VI B.R)), DOV kbl5d28e-
B579; B=Antwerpen-Schijnpoort
(I A.S.), DOV kb15d28e-B583.

Kattendijk dock and sluice were constructed, i.e. the southern
part of the Antwerp harbor. However, the type section was a
temporary outcrop made for another dock (the ‘Verbindingsdok”)
and was described by Cogels (1874; for location see Fig. 3).
The latter author called the deposits ‘Sables a Isocardia cor’
and incorporated the unit in the ‘Systéme Scaldisien’, overlain
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by the ‘Systéme Diestien’. He described the ‘Sables a Isocardia
cor’ as a grey-green sandy unit, locally with a yellowish or
brownish appearance. Cogels (1874) described in detail the
mollusks recovered in specific levels of the unit, however without
providing much stratigraphical detail. Halet (1935) renamed the
unit as ‘Zone a Isocardia cor and Terebratula perforata’ and
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regarded it as the upper part of the Pliocene ‘Diestien’ stage. De
Heinzelin (1955) confirmed the observations of Cogels (1874)
and Halet (1935), renamed the unit as ‘Horizon de Kattendijk’
with a basal gravel consisting of rounded mollusks and the
terebratulid brachiopod Pliothyrina, and considered it as the
lower part of the lower Pliocene ‘Scaldisien’ stage. Based on
geometrical grounds, Gulinck (1962) proposed a correlation
of the Kattendijk Formation with the unfossiliferous Kasterlee
Formation in the Campine area east of Antwerp, an assumption
that was followed on geological maps and in the literature (e.g.
De Meuter & Laga, 1976; Vandenberghe et al., 1998, 2004).
Based on a biostratigraphical analysis using dinoflagellate cysts,
Louwye et al. (2007) refuted this correlation and proposed a late
Miocene age for the Kasterlee Formation (see also Vandenberghe
et al., 2020, this volume).

2.2. Biostratigraphy

De Meuter & Laga (1976) reported the Monspeliensina
pseudotepida — Florilus boueanus benthic foraminifera Zone
in the Kattendijk Formation and placed the zone in the lower
Pliocene series. This zone is restricted to the Kattendijk Formation.
Doppert et al. (1979) renamed the biozone as BFN4 without
altering the definition of the zone. The Kattendijk Formation was
subsequently analyzed with benthic foraminifera by Willems
et al. (1988) who recognized the (latest Miocene)—lowest
Pliocene B10 Zone. The planktonic foraminifera (Hooyberghs
& Moorkens, 1988) indicate correlation with the lower Pliocene
NPF16 Neogloboquadrina atlantica Zone, defined by Spiegler et
al. (1988). This zone equates roughly zones N18 to N19 of Blow
(1979). The NPF 16 Zone, together with the benthic mollusk Zone
BM21C (Hinsch, 1988), the Gadidae otoliths Zone 17 (Gaemers,
1988) are indicative of a Zanclean age for the Kattendijk
Formation. The oldest inferred age for the Kattendijk Formation
is related to the recognition of Miocene-Pliocene Pteropod
Zone 21 by Janssen & King (1988). The ostracods were analyzed
by Gramann & Uffendorfe (1988) and allowed a correlation of
the Kattendijk Formation, and the superjacent Lillo Formation,
with the Pliocene Loxoconcha bitruncata — Muellerina lacunosa
Zone. Spiegler (2001) recognized in the Kattendijk Formation
the lower part of the Bolboforma costairregularis Zone, and
suggested an age not younger than 4.1 Ma. The diversity of
calcareous nannofossils is poor in the Kattendijk Formation. Only
the presence of Reticulofenestra minutula allowed to infer an age
younger than late Miocene (Verbeek et al., 1988).

The dinoflagellate cysts and other marine palynomorphs
from the Kattendijk Formation were for the first time analyzed
in a low-resolution study of the Kalmthout borehole by Louwye
& Laga (1998; for location see Fig. 2). They identified the
upper Zanclean to Lower Pleistocene Melitasphaeridium
choanophorum Zone of Powell (1992) and the upper Miocene —
Pliocene Achomosphaera andalousiensis Zone of Manum et al.
(1989). Louwye et al. (2004) studied the Kattendijk Formation in
greater detail in two temporary outcrops during the construction
of the Verrebroeck and Deurganck docks in the Antwerp harbor.
The Kattendijk Formation holds the age diagnostic dinoflagellate
cysts Operculodinium tegillatum (calibrated lowest occurrence
at 5.0 Ma) and Reticulatosphaera actinocoronata (calibrated
highest occurrence at 4.4 Ma) and an early Zanclean age was
inferred. In a follow-up study, De Schepper et al. (2009) analyzed
the Kattendijk Formation for marine palynomorphs from the
temporary outcrop during the construction of the Tunnel-Canal
Dock in Antwerp. Their general age assessment—deposition
between 5 Ma and 4.7-4.4 Ma—was similar, but they indicated
that the presence of Cyst type I of de Vernal & Mudie (1989)
showed a likely depositional range of 4.7-4.4 Ma.

Munsterman (2019) recently analyzed one sample in the
lower few meters of the Kattendijk Formation at a borehole
near the Mazurenbrug (1445-GEO-18/132-B5b; see Figs 3 & 4)
which he dated older than 4.4 Ma, based on the presence of
Operculodinium tegillatum, Reticulatosphaera actinocoronata
and Selenopemphix armageddonensis.

3. Dataset and Methods

Borehole and CPT-data were all extracted from the public DOV-
database of Flanders (https://www.dov.vlaanderen.be), northern
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Figure 4. A CPT (GEO-18/131-S6BIS) that is interpreted by correlation
with a nearby borehole (1445-GEO-18/132-B5b). Several samples of this
borehole are provided with age information based on dinocyst analyses
by Munsterman (2019). The location of the CPT/borehole is shown in
Figure 3.

Belgium. Borehole data includes lithological descriptions and

often lithostratigraphic interpretations. The CPT-data includes,

a.0., vectorized raw-measurements of Qc-values (cone resistance

in MPa), Fs-values (sleeve friction in MPa) and Rf-values (friction

ratio in %) and sometimes also lithostratigraphic interpretations.

After extracting the data, electric CPTs located along a W-E

line north of the city of Antwerp were selected. Although these

CPTs were sometimes already interpreted in the DOV-database,

most of them were reinterpreted by Van Haren et al. (in prep.).

Reinterpretations of the CPTs were based on correlations with

borehole interpretations, at the same location or nearby. Figure 4

provides an example of a CPT that was correlated with a nearby

borehole. Unlike most other boreholes, however, the borehole of

Figure 4 was provided with biostratigraphic age information. Like

the CPTs, the boreholes were also provided by interpretations in

the DOV-database, but were also frequently reinterpreted by Van

Haren et al. (in prep.). The CPTs and boreholes were interpreted

for the following formal stratigraphic formations: Boom,

Berchem, Diest, Kattendijk and Lillo; and also for the Quaternary.
Reinterpretation of the boreholes were based on the formal

definitions of the lithostratigraphic units by Laga et al. (2001).
These formal definitions are, however, based on temporary
outcrops and/or good quality boreholes. Most of the available
borehole data is unfortunately of lesser quality. Therefore,
instead of fulfilling all criteria to attribute an interval to a specific
stratigraphic unit, fewer criteria are used in our lower quality
borehole data. We systematically used the following criteria for
our interpretations of the Kattendijk Formation in boreholes:

- Grey-green to green color of the sediments. The color of
the sediments in the overlying Lillo Formation is generally
described as grey or green-grey, while those of the
underlying Berchem Formation are described as dark green
to black. The color of the sediments of the Deurne Member
(Diest Formation) is very similar to those of the Kattendijk
Formation.

- The presence of glauconite (as ‘glauconite-bearing’) is
generally mentioned for the Kattendijk Formation. In case
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percentages are available, they are generally between 15%
and 30% (Laga, 1972). In borehole descriptions of the
overlying Lillo Formation, glauconite is hardly or only
sporadically mentioned, with percentages around and below
10% (Laga, 1972). The underlying Berchem Formation on
the other hand is glauconite-rich, with percentages over 30%
(Laga, 1972; Louwye et al., 2020, this volume).

The abundance of mollusks or presence of shell layers in
the Kattendijk Formation is markedly lower than that of
the overlying Lillo Formation. Ditrupa, for example, is
often mentioned in borehole descriptions and typical for
the Kattendijk Formation. Glycymeris on the other hand is
typically described to occur abundantly in the underlying
Berchem Formation, although they are also mentioned as
(often reworked) fragments in the Kattendijk Formation.
Often some gravel is mentioned at the base of the Kattendijk
Formation. The recognition of this gravel layer is important
to identify the boundary with the lithological similar sands of
the subjacent Deurne Member (Diest Formation).

Ten interpreted electric CPTs were selected in order to
construct a correlation scheme that runs from east to west north of
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the city of Antwerp. The location of the CPTs is shown in Figure 3
and their IDs in the caption of the same figure. Because of the
long ID’s of the CPTs, they are numbered for the purpose of this
study from 1 to 8 (from east to west). On Figure 5, the penetration
depths (in TAW or Belgian Ordnance Datum), measurements (Qc,
Fs and Rf) and interpretations of the selected CPTs are shown.
In the east, the CPTs are correlated with two of the temporary
outcrops described by De Meuter et al. (1976) to the northeast
of the city of Antwerp, called Borgerhout-Rivierenhof (VII B.R.)
and Antwerpen-Schijnpoort (I A.S.; Fig. 5).

4. Results

4.1. CPT-characterization

Based on the abovementioned criteria, the Kattendijk Formation
was interpreted in a large number of boreholes across and along
the CPT-profile. Some of these boreholes are located at the same
location as the CPTs and therefore allow perfect correlations
between the latter. The correlations between boreholes and CPTs
show that the Kattendijk Formation has the following expressions
on CPTs (Figs 4 & 5):
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Figure 5. NW-SE correlation profile of the Lower Oligocene to Quaternary units north of the city of Antwerp based on CPTs. Stratigraphic interpretations
of temporary outcrops A and B as described by De Meuter et al. (1976) are added. These outcrops show that the Kattendijk Formation also truncates the
Diest Formation in western direction. A=Borgerhout-Rivierenhof (VII B.R.), B =Antwerpen-Schijnpoort (Il A.S.).
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- Qc values. These are in the study area generally higher
for the Kattendijk Formation than for the underlying
Berchem Formation and overlying Lillo Formation and
Quaternary units. Qc-values in the Lillo Formation tend to
increase downwards towards the Kattendijk Formation.
In the Berchem Formation, Qc-values tend to decrease
upwards, with a strong increase below the boundary with
the overlying Kattendijk Formation. The highest Qc-values
for the Kattendijk Formation generally occur in its basal
part (CPTs 2 and 3) and represent the basal transgressive
surface which contains coarse quartz and glauconite grains,
sandstone pebbles, gravel, phosphate nodules and large shells
(reworked Glycymeris).

- Fsvalues. These values are generally lower in the Kattendijk
Formation than in the Lillo and Berchem Formations, but
higher than those of the Quaternary units. The boundaries
with the Lillo and Berchem Formations coincide with a
lowering and a strong increase in Fs-values, respectively. In
the basal part, basal transgressive surface, of the Kattendijk
Formation, Fs-values attain similar levels as those of the
underlying Berchem Formation.

- Rf values. Compared to the over- and underlying units, the
Rf-values of the Kattendijk Formation are very uniform.
Only in its lower part, near its basal transgressive surface,
Rf-values tend to change, i.e., decrease. The Rf-values of
the Lillo and Berchem Formations are also generally higher,
reflecting the higher clay content of the former and the higher
glauconite content of the latter.

4.2. CPT-correlation profile

In the greater part of the study area, the Kattendijk Formation
is overlain by the Lillo Formation (Figs 4 & 5). In those cases,
the Kattendijk Formation reaches a thickness of 4 m in the east
(CPT 4) and up to 15 m in the west (CPT 8). In the east, the
Lillo Formation is locally removed by Quaternary erosion.
Consequently, the top of the Kattendijk Formation becomes
truncated by the Quaternary. Truncation reduces the thickness of
the Kattendijk Formation to only 1 meter in outcrop A.

In most of the cross-sections, except at the western and
eastern extremes, the Kattendijk Formation overlies the Berchem
Formation which in turn overlies the Boom Formation (Fig. 5).
Within the Berchem Formation, a two-fold subdivision was
observed on the CPTs. A lower part with relatively high Qc- and
Rf-values that decrease towards the upper part. At the boundary
between both parts of the Berchem Formation, a reference
horizon BL1 was defined for this study (Figs 4 & 5). The parts
of the Berchem Formation under- and overlying horizon BL1
will hereafter be referred to as subunit B1 and B2, respectively.
Whereas the base of the Kattendijk Formation descends in a
western direction from roughly -3 m TAW towards -9 m TAW
between CPT’s 1 and 3, horizon BL1 only descends from -9.5 m
TAW towards -10 m TAW between the same CPT’s. This shows
that the Kattendijk Formation truncates the Berchem Formation
in western direction. Subunit B2 of the Berchem Formation
reaches in the east a thickness of almost 6.5 m (CPT 1), while this
entire subunit in the west is removed. In the west (CPT’s 5-8),
subunit B1 of the Berchem Formation is also removed, so that the
Kattendijk Formation directly overlies and truncates the Boom
Formation.

The easternmost part of the correlation profile (Fig. 5) covers
the district of Borgerhout where De Meuter et al. (1976) described
a temporary outcrop A (Borgerhout-Rivierenhof VII B.R.;
DOV kbl15d28e-B579) in which the Kattendijk and Berchem
Formations are separated by 1 m of the Diest Formation (Deurne
Member; for location of the outcrops, see Fig. 3). In another
temporary outcrop B further west (Antwerpen-Schijnpoort I1 A.S.;
DOV kb15d28e-B583), the Diest Formation was not encountered
in between the Kattendijk and Berchem Formations by De Meuter
etal. (1976). The results of this study show that the absence of the
Diest Formation was most likely the result of truncation below
the Kattendijk Formation in a western direction (Fig. 5).

In the eastern and central parts of the correlation profile, from
CPT 1 to CPT 4, the Kattendijk Formation more or less gradually
dips in western direction from -3 m TAW in the east to -12 m TAW
in the west across a distance of 3.3 km, thereby removing subunit
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B2 of the Berchem Formation (Fig. 5). At this part of the profile,
the Kattendijk Formation attains a uniform thickness of about
4 to 6 m below the Lillo Formation. In the western part of the
correlation profile, the westwards dip of the Kattendijk Formation
is stronger as it descends from -12 m TAW to -20 m TAW across a
distance of only 1.8 km (from CPT 4 to CPT 8), thereby removing
the entire subunit B1 of the Berchem Formation. The stronger
westward dip of the base coincides with a westward increase in
thickness of the Kattendijk Formation, from the uniform 4 to 6 m
in the center below the Lillo Formation towards almost 15 m in
the western correlation profile (CPT 8). The amount of westwards
descend of its base roughly matches the thickness increase of the
Kattendijk Formation.

Despite the thickness changes, the CPT-signature of the
Kattendijk Formation remains overall very uniform across the
correlation profile. In more detail, however, in the westernmost
part, the Kattendijk Formation shows a horizon at about 5 to
6 m below its top with relatively high Qc- and Fs-values and
subtly lower Rf-values, hereafter called KL1 (Fig. 5). Borehole
descriptions indicate that the characteristically high Qc-values of
KL1 seem to be caused by the coarser grain size (near CPT 8) and
the concentration of large shells (large fragments of Glycymeris
and oysters near CPT 7). Horizon KL1 can be traced across the
correlation profile and correlates further east with the basal part
of the Kattendijk Formation, which also shows higher Qc- and
Fs-values and subtly lower Rf-values.

This indicates a two-fold subdivision in the Kattendijk
Formation, separated by KLI1. The parts of the Kattendijk
Formation below and on top of KL 1 will hereafter be called units
K1 and K2, respectively. While unit K2 is present throughout
the correlation profile, with thicknesses of about 6 m in the west
to 4 m in the center below the Lillo Formation, unit K1 is only
present in the western part of the correlation profile. K1 appears
below unit K2 at the start of the strong descend of the base of
the Kattendijk Formation (west of CPT 4) and reaches its largest
thickness of almost 9 m at the location where the base of the
Kattendijk Formation reaches its maximum depth, namely -20 m
TAW at CPT 8. Unit K1 therefore appears the result of infilling
of the additional incision in the west. On top of unit K1, unit
K2 attains a rather uniform thickness between 5 and 6 m and
depth of -11 to -13 m TAW. Further east, where unit K1 is absent
(CPTs 1 to 5), unit K2 gradually decreases in thickness and depth
in eastern direction.

5. Discussion

5.1. Gullies at the base and subdivision of the Kattendijk
Formation

The results show a detailed expression of a truncation at the base
of the early Pliocene Kattendijk Formation north of the city of
Antwerp along an east-west oriented CPT transect (Figs 3 & 95).
The base of the Kattendijk Formation deepens from 0 m TAW in
temporary outcrops as described by De Meuter et al. (1976) in the
east to -20 m TAW in the west, across a distance of only about
6.5 km (Fig. 5). It thereby progressively incises older strata in a
western direction: from the upper Miocene Diest Formation in the
eastern limit to the middle to lower Miocene Berchem Formation
in the center and finally to the lower Oligocene Boom Formation
in the west. The incision appears part of a large gully: our profile
covers the southern to southeastern flank. This is supported by a
NNW-SSE cross-section from the city of Antwerp in the south
towards the Dutch border in the north by Laga (1983) on which the
base of the Kattendijk Formation forms an about 8 km wide gully
incision into the underlying Miocene down to the top of the Boom
Formation just to the northwest of the city of Antwerp. North of
this gully, the Berchem Formation reappears below the base of
the Kattendijk Formation, however with reduced thicknesses
(10 m) compared to the city of Antwerp (20 m). This suggests that
thegully to the northwest of the city of Antwerp is part of an even
larger gully system. Geological maps indeed indicate a 20 km
wide region between the city of Antwerp up to at least the Dutch
border where the base of the Kattendijk Formation progressively
truncates older strata in western direction (Fig. 2; Matthijs et al.,
2013; Deckers et al., 2019). In the Waasland area or the western
part of the gully system (for location see Fig. 2), Miocene units


https://www.dov.vlaanderen.be/data/boring/2016-147730
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are completely eroded and the Kattendijk Formation directly
overlies the Boom Formation (Laga, 1971).

The CPT-correlation of this study indicates that the gully
incision by the Kattendijk Formation was not gradual. Truncation
in the east was more or less gradual at arate of 9 m across a distance
of 3.3 km, while further west 8 m of sand was removed across a
distance of only 1.8 km (Fig. 5). In the strongest incised area two
sequences were identified within the Kattendijk Formation. The
lower sequence was deposited only within the deepest part of the
gully itself, thus representing the gully infill. This sequence had
a maximum thickness of almost 9 m at the location of maximum
incision. The upper sequence was deposited across the broader
area, with more uniform thicknesses ranging from 4 m on the
flanks of the gully towards 6 m on top of the deepest gully at
the base of the Kattendijk Formation. The base of the upper
sequence shows consistently high Qc-values on CPTs, which
according to correlations with boreholes, coincide with coarser-
grained sediments (quartz and glauconite) and increased presence
of shelly material. Where the upper sequence of the Kattendijk
Formation directly overlies the Berchem or Diest Formations, the
basal gravel layer contains flint and sandstone pebbles, reworked
shells, bones and shark teeth (De Meuter et al., 1976). This
basal gravel layer is interpreted as a basal transgressive surface
of the upper sequence of the Kattendijk Formation. The lower
sequence of the Kattendijk Formation also has a basal gravel
layer that holds sometimes large, reworked septaria from the
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underlying Boom Formation (Jansen, 1974). This basal gravel
layer is considered the basal transgressive surface of the lower
sequence of the Kattendijk Formation. It is thus shown that the
Kattendijk Formation was deposited in two transgressive pulses.
During initial transgression, deposition was restricted to the deep
erosional gullies. During subsequent transgression, deposition
took place in a broader, shallower gully on top and along the
flanks of the deeper gullies.

Also further east of the study area (in the northern Roer
Valley Graben and Campine area; for location see Fig. 6) a
two-fold subdivision was observed in more proximal lower
Pliocene stratigraphic succession of the Oosterhout Formation
by Munsterman et al. (2019). The latter authors identified a
lower glauconite-poor unit, called the Goirle Member, and an
upper glauconite-rich unit, called the Tilburg Member. The latter
member is lithologically similar to the Kattendijk Formation.
In our study area, however, no lithological difference was
noted between the lower and upper sequences of the Kattendijk
Formation. For this reason, we do not see the need to introduce
the two newly identified sequences of the Kattendijk Formation
as separate lithostratigraphic units.

5.2. Possible mechanism of gully formation

In a temporary outcrop of the Kattendijk Formation near Kallo in
the east of the Waasland area (for location see Fig. 2), Gaemers
(1975) described the presence of several gullies within the upper
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part of the Kattendijk Formation, albeit with smaller amplitudes
(3 m deep and more than 133 m wide), filled by cross-bedded
sediments. His paleobiological study suggested deposition of
the Kattendijk Formation in an open marine environment with
estimated water depths of 30 to 50 m or even more. Bivalve species
of the Kattendijk Formation show a similar paleobathymetry (45—
55 m; Marquet, 2004). This shows that the structures reported by
Gaemers within the Kattendijk Formation are a submarine feature,
most likely initiated by strong submarine currents (Gaemers,
1975). Deposition under strong current activity is in agreement
with the observed oblique- or cross-stratification in the Kattendijk
Formation in the outcrop near Kallo (Gaemers, 1975) and at the
Verrebroek Dock (Louwye etal., 2004). Such strong currents could
explain the presence of dinoflagellate cysts with outer neritic to
oceanic affinities within the otherwise near-coastal deposits of the
Kattendijk Formation (Louwye et al., 2004). We consider it likely
that strong current activity also caused the gully complex at the
base of the Kattendijk Formation as observed in this study and as
shown in the abovementioned geological maps of the area. Initial
incision might have been caused by river drainage systems during
the major latest Miocene sea-level fall (up to 50 m according to
Miller et al., 2005), followed by widening and deepening of the
channels as they were transgressed during the early Pliocene
sea-level rise. A similar mechanism was used to explain the even
larger channel system that developed during the latest middle
to earliest late Miocene in the Hageland area, southeast of the
study area by Houthuys (2014) and Vandenberghe et al. (2014).
The latter authors discuss how after the latest middle Miocene
sea-level fall with river drainage, early late Miocene marine
ingression into the fluvial or estuarine channels enabled their
further widening and deepening into a major gully system. In this
system, the upper Miocene Diest Formation was deposited. As is
the case for the Kattendijk Formation, the Diest Formation was
deposited by strong, tidal current activity at water depths of up to
50 m (Houthuys, 2014). The northwest shift of the gully systems
from the Hageland area to the Waasland area might be related to a
similar northwest shift of the delta systems that filled the southern
North Sea from the southeast. These delta systems restricted the
erosive marine currents, and the related marine gully systems, to
the area northwest of them. The middle Miocene delta system
was located just southeast of the Hageland area (green area on
Fig. 6A; Deckers & Munsterman, 2020; Louwye et al., 2020,
this volume), whereas the presumed latest Miocene delta system
was located northeast of the city of Antwerp, in the Campine area
(green area on Fig. 6B; Vandenberghe et al., 2014; Munsterman
etal., 2019).

As is the case in the Hageland area during the early late
Miocene, the Waasland area could have formed a narrow bay
during the early Pliocene, enclosed between the Brabant Massif
in the southwest and the proto-Rhine delta system in the northeast
(Fig. 6). The filling of the eastern sector of this bay with the
lower Pliocene sand of the Goirle Member (almost 40 m thick
in the Goirle borehole; Munsterman et al., 2019) could have
caused flow constriction and consequently very strong current
activity and erosion in the Waasland area (see earlier comparison
discussion; Fig. 6B). The resulting erosional gullies in the
Waasland area could have been filled during their formation by
the lower sequence of the Kattendijk Formation (up to 9 m thick
in the study area). During the subsequent transgression, the upper
sequence of the Kattendijk Formation (4-6 m thick in the study
area) and equivalent Tilburg Member (also 6 m thick in borehole
Goirle; Munsterman et al., 2019) were deposited in the wider
area. The transgression of wider areas leads to less constriction
and a reduction of the (erosive) strength of the marine currents,
resulting in the smaller gully complexes in the upper sequence of
the Kattendijk Formation such as those observed in the outcrop
near Kallo by Gaemers (1975; see above).

Seismic interpretations of gullies further north in the North
Sea Basin showed they must have resulted from strong submarine
current activity in the toes (base of slope) of major Mio-Pliocene
sedimentary prisms (Cartwright, 1995; Knutz, 2010; Kilhams et
al., 2011).
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6. Conclusions

An east-west correlation profile through the shallow subsurface
north of Antwerp based on CPTs shows the following architecture
of the lower Pliocene Kattendijk Formation:

- A basal gully incision of the Kattendijk Formation that
progressively cuts deeper into the Miocene sands in western
direction. Maximum incision down to 20 m is reached in the
west, where the Miocene sands are completely removed and
the base Kattendijk Formation incises the underlying Lower
Oligocene clays.

- Strongest incision coincides with increases in the thickness of
the Kattendijk Formation from its typical 4 to 6 meters in the
east towards a maximum of 15 m in the west.

- Correlations show that this additional thickness represents
a separate sequence of the Kattendijk Formation that first
filled the deepest gully prior to being covered by the second
sequence that was deposited in a larger gully system. This
larger gully system is located across the Waasland area.

- Both sequences of the Kattendijk Formation are interpreted
as being deposited during the progressive transgression of
the region after the latest Miocene sea-level drop. They show
basal transgressive surfaces with reworked material from the
underlying Lower Oligocene to Miocene clays and sands.

- The lower and upper sequences of the Kattendijk Formation
could correlate to the recently introduced Goirle and Tilburg
Members of the Dutch Oosterhout Formation northeast of the
study area. Contrary to their lateral equivalents, however, the
two sequences of the Kattendijk Formation are lithologically
identical.

- Deposition of the clinoforms of the Goirle Formation could
have caused submarine flow constriction to the marine bay
in the Waasland area. The constricted strong marine currents
could have possibly invaded and expanded existing fluvial
or estuarine gullies that developed during the former latest
Miocene sea-level low, thereby creating the deep gullies at
the base of the Kattendijk Formation. A similar mechanism
had been proposed for the development of late Miocene gully
system at the base of the Diest Formation further southeast.

- During subsequent transgression and deposition of the
uppermost sequence of the Kattendijk Formation (and
equivalent Tilburg Member), the strength of the marine
currents decreased. This could explain the past observations
of shallower gullies in the upper sequence of the Kattendijk
Formation.
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