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ABSTRACT. Integration of new data in sedimentology, micropalaeontology and organic carbon isotope analysis of upper Ypresian
strata in central Belgium (Zemst hole) enables differentiation of a series of biotic events and carbon isotope trends, which are believed
to be associated with the 1.5-million-year-long period of global warming, known as the Early Eocene Climatic Optimum (EECO).
The relatively low values in §"*Corg (-26.5%o to -27.1%o) in the interval from the Panisel Sand to the Merelbeke Clay Members (upper
NP12-lower NP13) are shown to be coinciding with a fairly high frequency in Apectodinium (>3%, up to 14%) and a Discoaster-bloom
(16%-50%, essentially D. kuepperi). This is quite analogous, although less prominent, to what has been observed during the Paleocene-
Eocene Thermal Maximum (PETM: Apectodinium abundance of 75% at middle and high latitudes and Discoaster blooms in tropical
areas). The abrupt positive shift of up to 1%o in §"*Corg values at the base of the overlying Pittem Clay Member (mid-NP13, mid-chron
C22r), which is coincident with the virtual disappearances of Apectodinium (<0.1%) and Discoaster (<0.5%) seems to mark the end of
the EECO in the southern North Sea Basin. The Zemst data allow the identification of the NP12/NP13 boundary, virtually coinciding
with chron C23n/C22r boundary, at the depositional break between the Panisel Sand Member and the overlying Kwatrecht Member.
The new data also allow to substantially refine the calcareous nannofossil stratigraphy during Biochron NP15 (mid-Lutetian) at middle
latitudes. This is corroborated by additional data from Belgium, which furthermore reveal that the primary criterion for identifying the
base of the Lutetian (LO of Blackites inflatus), as adopted in the Gorrondatxe GSSP (Spain), cannot be applied in the North Sea Basin
s.s. (excluding the Paris Basin) and that there is an urgent need for defining appropriate substitutes for this boundary at these latitudes.
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1. Introduction .
Rutot Paniselian stage Anonym
Several cored boreholes have recently been drilled in strategic 1890 lithological description 1893
areas in order to generate and update the geological maps of -
Belgium. Most of these wells were designed to elucidate regional P2(bd) fossiliferous sand of Aalter P2
stratigraphic problems. P2a basal gravel (local)
The Zemst borehole (BGD 73E359; x =155.444,y=187.591; P1(d) grey plastic clay P1n
GPS-coordinates 50°59°54.52”N, 4°26°46.50”E; Fig. 1) was
P1d sand with sandstone P1d
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e Figure 2. Subdivision of the obsolete Paniselian Stage, used until the mid-
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FRANCE 1950 (e.g. Gulinck & Hacquaert, 1954) (grey shading = not identified).
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Paniselian”) and the overlying Aalter Sands (P2 or “upper

Boreholes & Paniselian”). It clearly postdates the P1m clay (Anonymous,
; ﬁ:g;:: 1893), before known as the basal grey plastic clay (“argile grise
3. Kerksken plastique schistoide de base”) or P1(a) (Rutot, 1890; Fig. 2), and

4. Steenh
5. Eneoinkeu'ze today as Merelbeke Clay.
6. Kallo

7. Woensdrecht

The present study aims at elucidating the stratigraphy of the
upper Ypresian and the lower Lutetian in the Zemst area (Fig. 3),
with special attention to the Ypresian-Lutetian transition. It
essentially focuses on the regional lithology and sedimentology,
the changes in calcareous nannofossil, microfossil and
dinoflagellate cyst assemblages, the geochemistry (i.e. the organic
carbon isotopes) and the general depositional conditions. It seeks
at integrating these data into a sequence stratigraphic framework.

50 km

Figure 1. Location of the Zemst borehole and additional borehole and
outcrop sections mentioned in the text.

executed in 2001 to evaluate the presence of the P1n clay in the
area between Aalst and Mechelen. This P1n clay, which figures

on the old geological maps of Belgium (Anonymous, 1893;
Fig. 2), was introduced by Rutot (1890) as part of the Paniselian
Stage (now upper part of Ypresian Stage; Steurbaut, 2006a,b) and
termed P1(d) or the grey plastic clay (“argile grise plastique™),
positioned in between the sandstone bearing P1d sands (“lower

A detailed palacoenvironmental study of the upper Ypresian
sediments of Belgium, including the Zemst borehole, is in
progress. The palynofacies results of Zemst are summarised
in Table 2, in order to support the interpretation of the organic
carbon isotope data (chapter 4.2).
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Upper Ypresian and Lutetian litho-
and chronostratigraphy in Belgium
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Figure 3. Overview of the upper Ypresian and Lutetian lithostratigraphy
of Belgium (after Steurbaut, 2006b), and its application in the Zemst
borehole (v = present; grey-shaded = missing; X = Tielt Fm present,
but member remains unclear).

2. Material and methods

The Zemst borehole was logged by Steurbaut & King in August
2001 (Fig. 4). Grainsize analyses have been carried out on 53
samples in the lower half of the borehole (27.80 m - 54.75 m), at
approximately 0.5 m spacing (Matthijs & Buffel, 2001, report)
(Fig. 5). Gamma-ray measurements were performed by TNO -
Delft (Fig. 5). Calcareous nannofossils and calcareous microfossils
(essentially foraminifera and ostracods) have been studied at high
resolution (at approximately 0.8 m spacing, increasing to 0.3 m in
the upper Wemmel Sand Member), following the preparation and
investigation procedures explained in Steurbaut & King (1994)
and in Steurbaut (2011). Abbreviations used in the present paper:
LO = lowest occurrence, LCO = lowest consistent occurrence
(practically permanent presence with frequency >1% of total
assemblage), HO = highest occurrence (the abbreviations FO
and FCO, used by Agnini et al., 2006 refer to first occurrence
and first common occurrence respectively). P is the percentage of
planktonic foraminifera in the total foraminiferal population (see
King, 1989). Nannofossil taxonomy is essentially from Perch-
Nielsen (1985), taking into account subsequent modifications by
Young & Bown (1997) and Aubry & Bord (2009). The nannofossil
samples, residues and slides are stored in the collections of the
RBINS (Brussels, Belgium). Six samples have been examined
for dinoflagellate cysts and other organic-walled microfossils
(positions shown on Fig. 4), following processing techniques
described in Heilmann-Clausen (1985). These dinoflagellate cyst
samples, residues and slides are kept (temporarily) at the Exxon
Mobil Upstream Research Company, Texas (USA).

Carbon isotope analyses were performed on 15 samples.
Organic matter of the sediments has been isolated, following the
procedure described in Storme et al. (2014). The 8"3C results were
normalized to the international PDB standard (VPDB, Vienna
Peedee Belemnite).

3. Stratigraphic interpretation

3.1. Tielt Formation: 55 m - 54.65 m

No calcareous fossils have been retrieved from the clayey silts at
the base of the borehole. The borehole was not deep enough to
allow a reliable gamma ray record (Fig. 5). The organic-walled
microfossil assemblage from this interval (Z1 at 54.80 m, Fig. 4),
essentially dinoflagellate cysts, is dominated by the Spiniferites
spp. - Achomosphaera spp. group (~24%) and Homotryblium
spp. (~13%). It is marked by high proportions of Lingulodinium
machaerophorum (~6%), Charlesdowniea coleothrypta (~5%),
Eatonicysta aff. ursulae (~5%) and Areoligera senonensis (~4%).
Such a combination of taxa indicates marine conditions on the
deeper parts of the inner shelf, possibly marked by abnormal (low
or high) salinity conditions (Dybkjer, 2004; Sluijs et al., 2005).

The assemblage is furthermore characterised by rare
Cerebrocysta bartonensis, Cleistosphaeridium polypetellum,
Homotryblium deconinckii, Ochetodinium romanum,
Pentadinium laticinctum and Turbiosphaera galatea, and
by the absence of the Charlesdowniea columna-group and
Glaphyrocysta? spineta. Apectodinium is extremely rare (only
a few specimens of A. homomorphum encountered). Because of
the presence of Charlesdowniea coleothrypta and the absence
of Areosphaeridium diktyoplokum it is attributable to the DS
dinoflagellate zone of Costa & Manum (1988), which is rather
short-ranging within the middle of the Ypresian (52.1 Ma -
50.5 Ma, according to K&the, 2012). Similar assemblages with
few Apectodinium (1% or less), abundant Homotryblium spp.
(over 10%) and Areoligera senonensis (over 5%) have been
identified in the Steenhuize-Wijnhuize borehole (Vanhove &
De Coninck, 1992: sample ST2 at 8.5 m depth) and at Kester
(Steurbaut, unpubl. information). They were recorded in a clayey
silt unit, which is part of the Tielt Formation. These similarities
allow to conclude that this silt unit is also present at Zemst.

3.2. Panisel Sand Member (upper Hyon Sand Formation):
54.65m - 46.25 m

3.2.1. Lithology

This unit is separated from the underlying Tielt Formation by a
deeply Thalassinoides-burrowed omission surface (contact Cz1,
Table 1). It shows a coarsening-upward trend (Fig. 5), grading
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Figure 5. Grain-size variation (Matthijs & Buffel, 2001) and gamma-ray
signature of the Ypresian deposits in the Zemst borehole.
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from glauconite-rich sandy silt, with coarser base and small
siliceous concretions, to silty fine sand with sparsely dispersed
molluscs and, further upward (49.0 m - 46.25 m), to silty fine
to medium-grained sand with dispersed shell debris. It shows a
progressive decrease in gamma ray count rate (from 70 to 40 cps)
(Fig. 5). The lithofacies of this unit is comparable (glauconitic
clayey to silty sand with siliceous concretions) to that of the
Panisel Sand Member in its type locality (Geets, 1992), although
presents a much higher silt fraction in its lower two thirds.

3.2.2. Calcareous microfauna and macrofauna

The lowest part (up to ca. 54 m) is decalcified. Above this,
benthic foraminifera are abundant, but of low diversity. The
assemblage is dominated by Cibicidoides proprius and associated
with Asterigerina bartoniana, Cancris subconicus, Elphidium
laeve, Cribroelphidium hiltermanni, Nonion commune and

polymorphinids. Planktonic foraminifera (Muricoglobigerina
sp.) occur rarely but consistently, with a maximum abundance
(P ca. 2%) in the lowest calcareous sample (53.5 m). Ostracods are
relatively rare, including Cytheretta decipiens, Pterygocythereis
cornuta and Leguminocythereis bicostata. Small molluscs
are rather sparsely dispersed. Anomia cf. primaeva occurs
consistently throughout. Callista sp., Lutetia sp. and Venericardia
sp. are common at 46.5 m. Similar benthic foraminiferal
assemblages are recorded from the middle and upper Ypresian
poorly sorted glauconitic sands and sandy clays in western
Belgium (Kaasschieter, 1961; King, 1990). Most of the ostracods
have a similar distribution. L. bicostata has not previously been
recorded in Belgium. It was described from the middle part of the
London Clay Formation in England (Keen, 1978; King, 1991).
The microfaunal and macrofaunal assemblages indicate an inner
neritic environment.
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Omission surfaces and special events with high correlation potential in the Eocene of the Zemst borehole 73E 359
. . . Sequence | Age
- ) Underlying / Overlying unit ) .
Code Depth Nature of contact Additional features Hiatus ying ying stratigraphic | (Ma)
inm (Members) 2 .
position (*) (x)
Cz9 | 16.61 interburrowed abrupt coarsening minor Ursel Clay / Onderdale Sand base of L-BY
Cz8 | 19.56 | highly interburrowed M glauconite minor Wemmel Sand / Asse Clay base of L-BX
cz7 | 22.00 | diffusely interburrowed | 1 9lauconite (* coarser)| gy within Wemmel Sand 2
frequent N. wemmelensis
cz6 | 27.70 sharp gravelly sand with negligible within Wemmel Sand wiithin L-B3
abundant N. variolarius
Cz5 | 28.25 sharp dispersed quartz granules minor Lede Formation / Wemmel Sand | base of L-B3
Cz4 | 37.55 | highly interburrowed abrupt coarsening major (~3.7 myr) | Merelbeke Clay / Lede Formation| base of L-B2 | 46.25
quartz granules at base
Cz3 | 41.13 | strongly bioturbated abrupt fining negligible/minor Kwatrecht / Merelbeke Clay within Y-22
cz2 | 46.25 | diffusely interburrowed | Mfiux small molluscs minor Panisel Sand / Kwatrecht base Y-22
(Nucula, Venericardia)
Cz1 | 54.70 deeply Thalassinoides abrupt coarsening moderate Tielt Formation / Panisel Sand base of Y-21 | 50.70
-burrowed (0.2 myr)

Table 1. Characterization of the major breaks in sedimentation and associated events in the Zemst borehole section. (*) : the naming of the Lutetian

sequences is tentative; (x) : the ages are according to the 2012 GTS.

3.2.3. Calcareous nannofossils

Nannofossils are consistently present, except in the basal part
(0.6 m), which is decalcified. They are only present in low
numbers (generally <10 specimens/field of view at x1000) and are
mostly poorly preserved. Species diversity is moderate (between
15 and 20 taxa), with a maximum of 30 in the uppermost sample
(46.50 m). The assemblages are dominated by Discoaster kuepperi
(between 38% and 50%). They also contain high numbers of
small Prinsiaceae (10%-28%) and Pontosphaera pulchra (up
to 10%), and in the uppermost sample (46.50 m) also common
Micrantholithus spp. (13%). The composition of the assemblages
points to inner neritic conditions, becoming coastal towards the
top (abundance of Micrantholithus spp.). Small to medium-sized
(5 to 8 um) subcircular densely packed diamond-shaped calcitic
bodies of unknown relationship (tentatively named “inc. sed. sp.”)
are also frequently occurring (up to 5%). The assemblages are
furthermore characterised by the co-occurrence of Tribrachiatus
orthostylus, Discoaster lodoensis, Chiphragmalithus armatus,
Discoaster cruciformis and Nannoturba robusta, indicating zone
VIIIb of Steurbaut (1998), which corresponds to the topmost
part of zone NP12 of Martini (1971). Similar assemblages have
been recorded in the Panisel Sand Member in the Kester and the
Kerksken boreholes (Steurbaut, unpubl. information).

3.2.4. Organic-walled microfossils

Sample Z2 at the top of the unit (46.87 m) is also dominated by the
Spiniferites spp. - Achomosphaera spp. group (~22%). Compared
to Z1 it is much richer in Cleistosphaeridium diversispinosum
(~9%) and Apectodinium homomorphum (3.4%), but poorer in
Homotryblium spp. (~5%) and Areoligera senonensis (~2%). The
increase in Apectodinium may indicate an increase in sea surface
temperatures, the high numbers in C. diversispinosum a more
open, less restricted sedimentation regime (Sluijs et al., 2005).
The assemblage is marked by a series of first records, among
which are these of Areosphaeridium diktyoplokum (very rare)
and Impletosphaeridium kroemmelbeinii (rare), the presence of
Eatonicysta ursulae and by the absence of Impletosphaeridium
cracens and Phthanopteridinium comatum, supporting the
presence of the Panisel Sand Member at Zemst (Steurbaut,
Heilmann-Clausen & Van Simaeys, in prep.). On the basis of
this dinoflagellate cyst combination it has to be classified into the
D9a dinoflagellate zone of Kdothe (2012), which is fairly long-
ranging in the late Ypresian (50.5 Ma - 48.0 Ma, according to
Kothe, 2012).

3.2.5. Organic carbon isotopes

The 8"*Corg values, which are quite negative (-27.1%o), remain
very constant throughout most of the unit. There is a 0.5%o return
to more positive values in the topmost meter.

3.3. Kwatrecht Member (lower Gentbrugge Formation):
46.25m -41.13 m

3.3.1. Lithology

This unit is separated from the underlying and overlying units
by interburrowed omission surfaces (Fig. 4). It is marked by a
coarsening-upward trend (Fig. 5), grading from glauconite-rich
sandy silt, with frequent small molluscs, to a diffuse alternation of
thin sandy silt and clay layers and lenses, disturbed by bioturbation,
and further upward to bioturbated glauconitic silty sands. The
gamma ray record is marked by small fluctuations, although
remains fairly constant (between 70 and 80 cps). The lithofacies
of this unit is comparable (especially the alternation of thin silty
sand layers and clay layers) to that of the Kwatrecht Member in
its type area Melle-Kwatrecht (De Moor & Geets, 1974) and in
the Kerksken borehole (Steurbaut, unpubl. information).

3.3.2. Calcareous microfauna and macrofauna

Theupper part (above ca. 43 m) is decalcified. Benthic foraminifera
are abundant, dominantly Anomalinoides nobilis, Cibicidoides
proprius, Cibicidina mauricensis, C. tendami, Cribroelphidium
hiltermanni, Spiroplectammina deperdita and polymorphinids.
Rare planktonic foraminifera (Muricoglobigerina sp.) also occur
(P<1%). Ostracods are uncommon, but there is a relatively diverse
assemblage, including Cyamocytheridea mourloni, Eucytherura
hyonensis, L. bicostata and P. cornuta. Spinarcella, a microfossil
taxon of unknown systematic position (Bignot, 1989), is also
present. Small molluscs are frequent, but partially decalcified,
including Nucula sp., Lutetia sp., Venericardia sp., and
Trigonodesma lissa. The bryozoan Lunulites sp. and the solitary
corals Turbinolia sp. and Sphenotrochus sp. also occur. Similar
benthic foraminiferal and ostracod assemblages are recorded
from the mid and upper Ypresian poorly sorted glauconitic sands
and sandy clays in western Belgium (Kaasschieter, 1961; King,
1990). The microfaunal and macrofaunal assemblages indicate an
inner neritic environment.

3.3.3. Calcareous nannofossils

Nannofossils are consistently present below 43.5 m, although in
low numbers (generally ~5 specimens/field of view at x1000)
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and are poorly preserved. Species diversity is moderate (between
20 and 25 taxa). The assemblages are dominated by Discoaster
kuepperi (29%-27%) and small Prinsiaceae (28%-14%), and in
the lowermost sample (46.10 m) also by Micrantholithus spp.
(20%). Inc. sed. sp. (see above) is also common (around 10%).
The assemblages indicate a clear palacoenvironmental shift from
coastal (common Micrantholithus spp. at the base) to inner neritic
conditions. They also present a high diversity in Discoastertaxa (up
to 7 taxa) and are furthermore characterised by the co-occurrence
of Discoaster lodoensis, Discoaster cruciformis, Imperiaster
obscurus s.s. (2x3 long-rayed form) and Nannoturba robusta, and
by the absence of Tribrachiatus orthostylus. This indicates zone
IX of Steurbaut (unpubl. information) which corresponds to the
basal part of zone NP13 of Martini (1971). Similar assemblages
have been identified in the Kwatrecht Member in the Kerksken
borehole (Steurbaut, unpubl. information).

3.3.4. Organic-walled microfossils

Samples from the base (Z3 at 46.15 m) and the top of the unit
(Z4 at 42.40 m) present similar dinoflagellate cyst assemblages,
in terms of species diversity (Z4 somewhat less diverse) and
occurrences, although differ in their relative proportions. Z3 is
dominated by the Spiniferites spp. - Achomosphaera spp. group
(~25%), Apectodinium spp. (14%), Homotryblium spp. (11%)
and Cleistosphaeridium diversispinosum (~11%), whereas Z4 is
dominated by C. diversispinosum (33%) and Homotryblium spp.
(19%). The Spiniferites spp. - Achomosphaera spp. group is less
abundant in Z4 (11%), while Apectodinium spp. reach minimum
values (<1%), suggesting substantial palacoenvironmental
changes during the deposition of the unit. Areosphaeridium
diktyoplokum 1is relatively frequent (up to 3%) in both
assemblages, while E. wursulae is also persisting, indicating
dinoflagellate zone D9a of K&the (2012). The highest occurrence
(HO) of Areoligera senonensis is in Z3. Impletosphaeridium
cracens first occurs in Z4. Identical dinoflagellate cyst
assemblages dominated by the Spiniferites spp. - Achomosphaera
spp. group (14%) and Homotryblium spp. (~10%), and marked by
frequent A. diktyoplokum (between 2% and 3%), the progressive
disappearance of A. senonensis and the rare first records of /.
cracens have been recorded in the Kwatrecht Member in the
Melle-Kwatrecht area (Van Simaeys, unpubl. information).

3.3.5. Organic carbon isotopes
The 8"*Corg values are fluctuating between -26.6%o and -26.0%o.

3.4. Merelbeke Clay Member (middle Gentbrugge Formation):
41.13m-37.55m

3.4.1. Lithology

This unit is separated from the underlying and overlying units
by interburrowed omission surfaces (Fig. 4). It consists of clayey
fine silt to silty clay (75%<16 um; 15%<2 pum), glauconitic at
the base, with an increased number of coarse silt partings and
thin coarse silt lenses in the uppermost meter. Dispersed pyrite
is present throughout. The highest gamma ray values have been
observed in this unit (Fig. 5). They present a decreasing trend
(between 100 and 80 cps), with a maximum of 106 cps in the
lowermost 0.5 m. This fine-grained lithofacies-type has been
associated with the Merelbeke Clay Member, although its clay
content (fraction <2 pm) is much less than in the type area (De
Moor & Geets, 1974).

3.4.2. Calcareous microfauna and macrofauna

Samples from this unit contain pyritic moulds of formerly
calcareous fossils. These comprise small benthic molluscs,
planktonic molluscs (pteropods) and rare benthic foraminifera.
The benthic molluscs are mostly specifically indeterminate, but
include the bivalve Varicorbula globosa and the gastropods
Adeorbis sp., Euspira sp., ? Ringicula sp. and a rissoid.
The pteropods comprise Camptoceratops priscum, and two
undescribed species of Limacina, a relatively globose and low-
spired form (Limacina aff. taylori) and a higher-spired and more
clongated form (Limacina aff. tutelina). C. priscum is a very
short-ranging taxon, widespread in the southern North Sea Basin.
It has also been recorded in the Aquitaine Basin and the USA Gulf
Coast (Cahuzac & Janssen 2010), and in Uzbekistan (Janssen,

King & Steurbaut, 2011) and Khazakstan (King et al., 2013),
always within upper Zone NP12 and lower Zone NP13.

A very similar faunal assemblage, with the same taxa of
pteropods, has been recorded previously from the Merelbeke Clay
in the Knokke and Kallo boreholes (King, 1990, with Limacina
aff. taylori recorded as Spiratella sp. nov. A). The Merelbeke
Clay is probably within the youngest part of pteropod zone 9.
Pteropods are more common in this clay unit than at any other
level in the Eocene of Belgium. These planktonic molluscs are
characteristic of environments open to oceanic water circulation,
but do not necessary indicate great water depths. It suggests a mid
to outer neritic environment.

3.4.3. Calcareous nannofossils

This unit contains no calcareous nannofossils because of
decalcification, which probably took place during early
diagenesis.

3.4.4. Organic-walled microfossils

The dinoflagellate cyst assemblages from the lower part (Z5 at
40.15 m) and the top of the unit (Z6 at 39.90 m) are dominated by
the same taxa, but show substantial differences in species diversity
(52 taxa in Z5 versus 35 taxa in Z6). Both contain very high
numbers of the freshwater green algal taxon Pediastrum sp. and
the marginal marine dinoflagellate cyst taxon Homotryblium spp.
(see Dybkjer, 2004; Sluijs et al., 2005 for palacoenvironmental
interpretations), but with different proportions (Pediastrum: 30%
in Z5 and 53% in Z6; Homotryblium: 28% in Z5 and 21% in
76; note that these are percentages of the total organic-walled
microfossil assemblage and not of the total palynomorph
assemblage, as shown in Table 2). This witnesses the transgressive
character of the unit, through which lakes or marshes, were flooded
and eroded updip, allowing their freshwater remnants to enter the
marine deposition system. The highest occurrence of common
Apectodinium spp. (essentially 4. homomorphum) is recorded
at the top of this unit (7.5%). The assemblages are furthermore
marked by the presence of Impletosphaeridium cracens and the
absence of Phthanopteridinium comatum. Similar assemblages
are known from the type-locality of the Merelbeke Clay Member
(Van Simaeys, unpubl. information) and in the interval 239 m -
237 m in the Kallo borehole, except for Pediastrum spp. which is
less frequent (3%) in the latter (De Coninck, 1976).

3.4.5. Organic carbon isotope signature

The 6"Corg values present a zigzag pattern, the endpoints of
which are -27.0%o in the middle of the unit and -26.4%o slightly
higher up.

3.5. Lede Sand Formation: 37.55 m - 28.45 m

3.5.1. Lithology

This unit is also separated from the underlying and overlying units
by interburrowed omission surfaces (Fig. 4, Table 1). It consists
of well-sorted glauconitic silty very fine sand, which upward
include six generally thin sandstone levels (one thicker of about
55 cm in the upper half) and locally contain mollusc moulds,
oyster fragments, Nummulites variolarius (abundance peak
between 31.5 m and 29 m) and plant debris. Frequent millimetric
quartz granules are recorded at the base of the unit. The gamma
ray values are quite low and rather constant, fluctuating between
37 and 50 cps (Fig. 5). This lithofacies of homogeneous fine sand
with sandstone levels is very similar of that of the Lede Sand
Formation in its type-locality at Balegem and in the area from
Balegem through Lede to the north of Brussels (Fobe, 1986).

3.5.2. Calcareous microfauna and macrofauna

Samples from the Lede Formation contain abundant and
moderately diverse benthic foraminifera and ostracods, except in
the basal part which is decalcified. These assemblages have been
well-documented previously (Keij, 1957; Kaasschieter, 1961)
and are not analysed here in detail. Nummulites variolarius is
common to abundant throughout.

In the lower part of the Lede Formation (samples between
37.0 m and 31.5 m) the foraminifera Asterigerina, Lobatula,
Pararotalia and polymorphinids are common; miliolids occur
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in low numbers. A diverse ostracod assemblage is dominated
by Schizocythere. In its highest part, in samples at 30.5 m to
29.5 m, there is a major increase in the proportion of miliolids,
which comprise over 50% of the benthic foraminiferal
population (excluding Nummulites). Nine genera of Miliolidae
are represented. This influx is associated with the occurrence
of the “larger foraminifera” Fabularia bella, Alveolina sp. and
Orbitolites complanutus. Alveolina occurs only as rare abraded
fragments; Orbitolites is uncommon, but well preserved;
Fabularia is common.

Planktonic foraminifera occur consistently but very
rarely throughout the Lede Sand Formation, with P<2%.
Pseudohastigerina is dominant. Hooyberghs (1984a) records 13
species of planktonic foraminifera from this unit at Balegem, but
their relative abundance is not recorded. Here also, the dominance
of Pseudohastigerina is noted. As noticed by King (1989) this
indicates assignment to planktonic zone NSP7, characterised by
the dominance of Pseudohastigerina. In Belgium, this zone is
represented within the interval from the Aalter Sand Formation to
the top of the Ursel Member (NP14-NP16) (King, 1989).

Other faunal components include sporadic bryozoa (Lunulites)
and occasional calcitic molluscs (ostreids and pectinids). The
aragonitic molluscs have probably been destroyed by post-
depositional dissolution, as is typical for the Lede Formation.

The microfaunal assemblage indicates an inner neritic
environment with low sedimentation rates. The high proportion of
epifaunal foraminifera, including cibicidids, indicates extensive
algal (seaweed) or seagrass (Thalassia) cover; the fine plant
debris dispersed in some intervals may be seagrass remnants.
The miliolid-rich foraminiferal population (e.g. Quinqueloculina
carinata) in the upper Lede Formation indicates a very shallow,
warm environment with somewhat lowered salinity (Murray et
al., 1981, p. 244).

3.5.3. Calcareous nannofossils

The associations are poorly preserved and strongly overgrown
in the lowermost 3 m of the Lede Formation. Intact specimens
are rare (2 to 4 per field of view at 1000x magnification).
Species diversity is low (between 10 and 15 identifiable
taxa). The assemblages are dominated by small and medium-
sized Prinsiaceae (~55%), Coccolithus pelagicus (~16%) and
Zyghrablithus bijugatus (~12%), keeping in mind that their
composition is biased in favour of the most solid forms. Higher
up preservation is progressively improving and from ~30.50 m
upward the associations are fairly well preserved, with a normal
species diversity (maximum between 30 to 35 taxa and ~10
specimens/field of view at 29.50 m). In this upper part of the Lede
Formation the assemblages are dominated by small Prinsiaceae
and by Braarudosphaeraceae, with almost equal proportions
(~27%), and to a lesser degree by Lanternithus minutus (~15%)
and Zyghrablithus bijugatus (~15%). Braarudosphaera bigelowii
is the most common among the Braarudosphaeraceae (~15%).
This change in nannofossil composition indicates a shallowing
of the depositional system from inner neritic to almost coastal
with probably hyposaline high-energy conditions (Giunta et al.,
2003). Braarudosphaeraceae are again decreasing at the top of
the unit (28.5 m) (11%, with B. bigelowii up to 4%), alongside
with decreasing species diversity (20 to 25 taxa) and general
abundance (5 to 10 specimens/field of view).

The assemblages of the Lede Formation are marked by the
co-occurrence of Blackites gladius, Braarudosphaera stylifera
and an undescribed species of Nannoturba. This, in association
with the absence of Discoaster sublodoensis, Blackites inflatus
and Nannotetrina fulgens, indicates the lower part of nannofossil
zone NP15, although not the very base. Identical associations
have been recorded in the Lede Formation at its type-locality
Balegem (Steurbaut, unpubl. information), Oosterzele (Smith
et al.,, 2004), Mont-des-Récollets (Vandenberghe et al., 1998
and Steurbaut, unpubl. information) and in unit ZL2 of the Lede
Formation at Zaventem (Herman et al., 2000) (Fig. 1).

3.6. Wemmel Sand Member (lower Maldegem Formation):
28.45m-19.56 m

3.6.1. Lithology

Four subunits can be identified (Fig. 4). The lower, tentatively
named Wemmel Sand W1 (28.45 m - ca. 27.68 m) consists of
silty glauconitic very fine sands, rather poorly sorted, with
thin layers of quartz granules at several levels (highest level at
27.72 m - 27.68 m) and frequent specimens of N. variolarius
and of a flattened Nummulites sp. of the prestwichianus group.
The base of this unit and, thus, of the Wemmel Sand Member,
is marked by dispersed small quartz granules and concentrations
of Nummulites variolarius, Ditrupa and fish otoliths. The second
subunit (Wemmel Sand W2: 27.68 m - ca. 22 m) is represented by
clayey silty fine sand, with common N. orbignyi and increasing
clay content in its upper three meters, while the third (W3: 22 m
- 20 m) is a darker coloured (dark green), somewhat coarser,
clayey fine sand with abundant coarse glauconite and frequent
N. orbignyi. The topmost 0.5 m (Wemmel Sand W4) is very
heterogeneous, consisting of two distinct, partly calcite-cemented
Nummulites beds, separated by clayey to silty sand.

3.6.2. Calcareous microfauna and macrofauna

There are substantial differences in microfauna between the basal
meter of the Wemmel Sand Member (W1) and its main body
(W2-W4). In the lowermost meter, this fauna is characterised by
abundant N. variolarius, associated with frequent specimens of
a highly flattened Nummulites sp. of the prestwichianus group.
The latter does not appear to have been recorded previously in
Belgium. The foraminiferal taxon Fabularia is frequent, and
occurs commonly associated with abraded fragments of Alveolina
and Orbitolites in the highest quartz granule bed (27.70 m). It is
probable that a portion of the microfauna, particularly the ’larger
foraminifera’ has been reworked from the underlying Lede Sand
Formation. Planktonic foraminifera occur in low abundance, but
at 27.7 m index P is around 5%, the highest value recorded in the
Wemmel Sand Member of Belgium.

A diverse benthic microfauna has been observed in
the main body of the unit (W2-W3). This has been well-
documented previously from other sections in Belgium (Keij,
1957; Kaasschieter, 1961) and is not analysed in detail here.
Nummulites orbignyi is common throughout. Anomalinoides
affine, Asterigerina bartoniana, Cibicidoides proprius and
polymorphinids are common. Planktonic foraminifera occur
throughout, but in low abundance (P<2%). Pseudohastigerina
is dominant, as noted previously by Hooyberghs (1984b).
The ostracod assemblage is dominated by cytherideids,
Leguminocythereis and Thracella. Molluscs are sparse and
mostly partially decalcified. In W4 the microfauna seems to be
similar, although difficult to identify due to secondary growth of
calcite overgrowths.

The microfauna of the Wemmel Sand Member, except for
its basal meter, indicates an inner neritic environment, probably
somewhat deeper than the Lede Sand Formation. The highest unit,
the nummulite coquina, is indicative of an abrupt shallowing, as it
is apparently a current-sorted accumulation.

3.6.3. Calcareous nannofossils

The assemblages are poorly preserved and strongly overgrown in
the lowermost m of the Wemmel Sand Member (W1). They are
moderately rich (10 per field of view at 1000x magnification),
and present a moderate to high species diversity (around 30
taxa). Rhabdosphaeraceae (24%), Prinsiaceae (22%) and
Discoasteraceae (16%) are dominant. B. bigelowii is less frequent
(4%). There is substantial reworking from the Cretaceous (4%)
and to a much lesser degree from the Lede Formation (e.g. a
few specimens of Braarudosphaera stylifera). The assemblages
are marked by Blackites gladius, and the lowest occurrence of
Sphenolithus furcatholitoides and Naninfula deflandrei.

Subunit W2 shows an increase in nannofossils, in species
diversity (between 30 and 35 taxa), as well as in number of
specimens (15/field of view), which are furthermore much better
preserved. The assemblage is dominated by Prinsiaceae (27%),
Rhabdosphaeraceae (around 20%), L. minutus (around 15%)
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and Z. bijugatus (around 10%: co-occurrence of rectangular
and triangular forms). Discoasteraceae are less well represented
(<2%). It is furthermore marked by a series of first appearances,
in ascending order these of Blackites trochos and Blackites
pseudomorionum (from 27.60 m onward), followed by these of
Reticulofenestra aff. umbilica (Dmax<13um) and Pontosphaera
formosa (both at 24.50 m).

The assemblages in W3 are quite similar to these in the upper
part of subunit W2, in terms of general nannofossil abundance,
species diversity (30 to 35 taxa) and preservation. The most
dominant groups throughout this unit are also Prinsiaceae,
Rhabdosphaeraceae, Lanternithus minutus and Zyghrablithus
bijugatus, although with slightly fluctuating proportions. B.
bigelowii is fairly frequent (4%) throughout the unit. Nannotetrina
fulgens and Dictyococcites onustus are first recorded in W3,
although only very rarely. Similar assemblages are recorded in
W4, although with a major decrease in Braarudosphaeraceae.
The base of W4 is marked by the first record of Sphenolithus
cuniculus. The co-occurrence of B. gladius and N. fulgens allow
their attribution to the middle part of NP15.

3.7. Asse Clay Member (lower Maldegem Formation): 19.56 m
-18.00 m

3.7.1. Lithology

The highly glauconitic and highly burrowed sandy silt and sandy
clays, overlain by fossiliferous (essentially Lentipecten corneum)
silty clays, between 19.56 m (diffuse junction marked by deep
glauconite-filled burrows, which begin at 19.56 m and end at
19.45 m; Cz8 in Table 1) and 18.00 m depth are attributed to the
Asse Clay Member.

3.7.2. Calcareous microfauna and macrofauna

The diverse benthic foraminiferal assemblage includes common
to abundant Asterigerina bartoniana, frequent Loxostomum
teretum and Neoeponides karsteni, and rare Lenticulina
gutticosta and Uvigerina farinose. There is an increase in the
proportion of planktonic foraminifera at the base of the Asse
Clay Member. P = ca. 3% at 19.30 m, increasing to ca. 25%
at 18.7 m. Muricoglobigerina is dominant in this sample, but
Pseudohastigerina is also common. The ostracod assemblage is
similar to that in the Wemmel Sand Member. The pectinid bivalve
L. corneum, characteristically abundant in the Asse Member at
other localities, is here abundant between 18.8 m and 18.3 m, and
occurs more rarely up to ca. 18.1 m.

The benthic microfauna of the Asse Clay Member indicates
somewhat deeper water than during the deposition of the Wemmel
Sand Member. This is also indicated by the steadily increasing
proportions of planktonic foraminifera. High proportions of
planktonic foraminifera were also noted in the Asse Member in
the Knokke borehole (King, 1990). This indicates an increase in
water depths from the base of the Asse Clay Member.

3.7.3. Calcareous nannofossils

The assemblages are only moderately preserved, but highly
diverse (~35 taxa) and quantitatively rich (between 20 and 25
specimens/field of view), especially in the lowermost meter.
They are dominated by Prinsiaceae (~50%). Rhabdosphaeraceae
(~15%) and Coccolithus pelagicus (~13%) are also common;
Pontosphaera spp. (~6%), L. minutus (~5%) and Z. bijugatus
(~5%, exclusively triangular forms) are frequent. From 18.50 m
and upwards the assemblages become progressively impoverished
because of increasing decalcification.

The assemblages of the Asse Clay Member are marked by a
series of lowest occurrences, among which these of Nannotetrina
pappii, Dictyococcites callidus and Discoaster martinii. This,
in association with the presences of B. gladius and N. fulgens,
indicates the upper part of NPI5 (see Steurbaut, 1986 and
Steurbaut in Schuler et al., 1992).

3.8. Remainder of the Maldegem Formation: 18.00 m - 11.66 m

The Asse Clay Member is abruptly passing into the overlying
Ursel Clay Member without any interruption in sedimentation.
The latter, which consists of non-glauconitic silty clay, is

completely decalcified in the Zemst hole. An omission surface
is recorded at 16.61 m depth, separating the Ursel Clay Member
from the overlying non-calcareous Onderdale Sand Member and
the rest of the Maldegem Formation.

4. Discussion

4.1. The Zemst dataset and its impact on Belgian stratigraphy

Due to its strategic position halfway between Brussels and
Antwerp (Fig. 1), the Zemst borehole plays a crucial role in
understanding the lateral distribution of the upper Ypresian
lithostratigraphic units in Belgium, which were nearly all defined
in areas westwards of Zemst (Steurbaut & Nolf, 1986; Steurbaut,
1998, 2006b). A substantial hiatus of at least 0.2 myr has been
recorded between the Tielt Formation and the overlying Panisel
Sand Member at Zemst (Cz1 in Table 1; Fig. 4), because of the
absence of at least the Egem Sand Member and the Bois-la-Haut
Sand Member (probably other units as well). Both the Egem
Sand and the Bois-la-Haut Sand Members were deposited during
chron C23n.1n (Steurbaut, 1998, fig. 4 and unpubl. information),
of which the duration is about 0.21 myr (Vandenberghe et al.,
2012, p. 899). This magnetostratigraphic interpretation is a re-
calibration of data from Belgium (Ali et al., 1993), Denmark (Ali,
1988, unpubl. PhD) and North Sea borehole 81/46A (Steurbaut,
2011 and unpubl. information).

Comparison with the Mont Panisel area (Steurbaut & King,
1994), about 70 km southwest of Zemst and with the Kester area
(Steurbaut, unpubl. information) about midway between these
two, witnesses the progressive thinning of the Panisel Sand
Member in northeastern direction, from about 21 m at its type-
locality to about 8 m at Kester. It also shows a similar thickness
further northeast (e.g. ~8 m at Zemst) and northwest (e.g. ~9 m at
Kerksken). The identification of the Kwatrecht Member at Zemst
erases any doubts that might linger about its very existence. This
is its first undoubted record in Belgium, besides its initial record at
the type locality (De Moor & Geets, 1974). The Merelbeke Clay
Member is widespread in central Belgium, and is the youngest
upper Ypresian unit being deposited at Zemst and probably
further eastwards. However, this unit is rapidly thinning from a
maximum thickness of about 12 m (?15 m) in the Gent area (De
Moor & Geets, 1974) to about 3.6 m at Zemst.

This investigation throws also new light on the composition
and distribution of the Lutetian units in Belgium. At Zemst the
lowermost Lutetian unit is the Lede Formation, which is about
9 m thick. This is considerable (cf. ~6.80 m at Balegem: Nolf &
Steurbaut, 1990), but not exceptional (Kaasschieter, 1961, map
15: thicknesses over 15 m in the Leuven area). The overlying
Wemmel Sand Member is almost 9 m thick, and thus quite
expanded. Its thickness generally fluctuates between 2 m to 6 m,
east of Brussels, increasing to 14 m west of Brussels (Rutot,
1882). According to Kaasschieter (1961, map 5) its maximum
thickness is recorded SW of Brussels, reaching up to 18 m, if
this interval is correctly interpreted. At Zemst it is subdivided in
4 subunits, of which the lowermost consists of thin quartz gravels
beds, with considerable reworking from the underlying Lede Sand
Formation, and the two uppermost have never been recorded or
investigated in detail in Belgium (one uncertain, although possible
record by Rutot, 1887 at Ukkel: 2 m of oxidized and leached
fine sand below the Asse Clay). The Asse Clay and Ursel Clay
Members are both present in their typical form, although very
reduced in thickness (both around 1.5 m thick). The transition
between both units is sharp, without break in sedimentation,
and results from a sudden deepening of the depositional system.
Both the base of the Asse Clay and the top of the Ursel Clay are
separated from adjacent units through interburrowed omission
surfaces (Cz8 and Cz9 in Table 1 respectively).

The Zemst data contribute much in the understanding of
the nature and distribution of the third, fourth and fifth order
depositional sequences in the upper Ypresian and lower and
middle Lutetian in Belgium. Substantial evidence is available
now to believe that the Panisel Sand Member encompasses the
main body of a single depositional sequence, labelled Y-21, and
that the Kwatrecht Member and the Merelbeke Clay Member,
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respectively represent the lowstand and highstand systems tract
of an overlying sequence Y-22 (Steurbaut, unpubl. information).
The transgressive systems tract of the latter, at the base of
the Merelbeke Clay, is generally very condensed (10 cm of
glauconitic silty fine sand, Fig. 4). The bases of the Lede Sand
Formation, the Wemmel Sand Member, the Asse Clay Member
and the Onderdale Sand Member are marked by omission
surfaces, which all correspond to (probably third order) sequence
boundaries (Fig. 4).

4.2. Organic carbon isotope evolution in the upper Ypresian of
Belgium

The upper Ypresian carbon isotope record, as presented in
Vandenberghe et al. (GTS, 2012, fig. 28.11) is based on the
compilation of data from Cramer et al. (2009), integrating a
series of deep-sea cores from different latitudes and longitudes
in world’s major oceans (essentially Atlantic, Pacific and high-
latitude Southern oceans). Continuous high-resolution carbon
isotope profiles from single localities or palacoenvironmentally
uniform areas (e.g. sub-basins such as the Belgian and the Paris
Basins), and covering the entire upper Ypresian (52-47.8 Ma)
are very scarce. The high-resolution study of the Demerara Rise
stable isotopes (tropical western Atlantic), covering the entire
lower and middle Eocene, is one of the few exceptions (Sexton
et al., 2006). Mostly these records represent only parts of the
Ypresian (Schmitz et al., 1996: Denmark, middle Ypresian to
lower upper Ypresian; Arenillas et al., 1999: Possagno Italy, up to
lower Ypresian; Cramer et al., 2003, Lourens et al., 2005, Stap et
al., 2010, D’haenens et al., 2014: essentially Atlantic ODP holes,
up to middle Ypresian; Coccioni et al., 2012: Gubbio, Italy, up to
lowermost upper Ypresian; Zachos et al., 2010 and Westerhold et
al., 2011: up to lowermost Ypresian from southern Atlantic and
tropical Pacific respectively).

Although the carbon isotope record of the Zemst borehole
also covers only a small part of the upper Ypresian, it may help
in understanding the organic carbon isotope evolution through
the Early Eocene Climatic Optimum (EECO) in shallow marine
settings at middle and high latitudes. The EECO is a 1.5-million-
year-long global warming (from ca. 51.8 Ma to ca. 50.4 Ma),
expressed by low 8'30 values, which also seem to coincide with
a substantial decrease in 8'*C values (Zachos et al., 2001; 2008;
Sexton et al., 2006, fig. 9). It has been identified in different
environments, from continental (e.g. Smith et al., 2014, USA)
through shallow marine (e.g. Deprez et al., 2015, Kazakhstan)
to deep water settings (e.g. Sexton, 2006, Atlantic Ocean; Bijl et
al., 2009, Pacific Ocean; Shamrock, 2010, eastern Indian Ocean;
Luciani et al., 2015, Italy).

The upper Ypresian in the Zemst borehole and in the Egem
quarry (Fig. 4) consists of a series of units which were deposited
in relatively marginal marine conditions, although representing
various sedimentary facies. Palynofacies analysis reveals very low
rates of reworking, minor amounts of amorphous organic matter

(except for sample Z5 in the lower part of the Merelbeke Clay)
and a fairly constant influx of terrestrial derived organic matter
(around 55%, increasing to about 90% in the two uppermost
samples) (Table 2). The palynofacies composition of the upper
part of the Merelbeke Clay at Zemst (Z6) is very similar to that of
the lower part of the Pittem Clay at Egem, although the organic
carbon isotope values are quite different, while the two samples
from the Merelbeke Clay, which show different palynofacies
compositions present nearly identical organic carbon isotope
values (Table 2). This suggests that the organic carbon isotope
trends as recorded in the Zemst borehole and at Egem are not
likely to be substantially biased by variation in types of organic
matter.

In the Zemst borehole there is a 1%o negative shift in §°Corg
values from -26.1%o at the top of the Tielt Formation to -27.1%o
near the middle of the overlying Panisel Sand Member (no data
from the base of this member, Fig. 4). These organic carbon
isotope values remain fairly negative (around -26.5%o) in the
overlying Kwatrecht Member and the Merelbeke Clay Member
(with a minimum of -27.0%o in the middle of the Merelbeke
Member). They are quite negative compared to overlying units
(Noiret, unpubl. information), and consequently indicate that the
interval from the Panisel Sand Member up to the Merelbeke Clay
Member was deposited during the EECO. The deposition of the
Merelbeke Clay, which is within lower NP13 and in early chron
C22r (Steurbaut et al., submitted), probably took place during
its final phase. The 0.5%o to 1%o positive shift at the base of the
overlying Pittem Clay to about -26.0%o (as in the Egem quarry,
Fig. 4) marks the return to pre-EECO organic carbon isotope
values (as recorded in the Kortemark quarry, Noiret, unpubl.
information). A similar positive shift in §"°C values, coinciding
with a positive shift in 30O values, has been observed in deep-
sea profiles in the tropical western Atlantic (Demerara Rise) at
approximately 50.4 Ma, within the middle of chron C22r (top of
event ¢ of Sexton et al., 2006). It corresponds to the end of the
EECO.

4.3. Dinoflagellate cyst taxon Apectodinium as proxy for global
warming

Since Crouch et al. (2001) presented evidence that the
Apectodinium blooms during the PETM are expected to
be associated with exceptionally high global sea-surface
temperatures and/or an substantial increase in marginal-marine
surface-water productivity (enhanced nutrient input), many
additional records of these PETM blooms have been published
from all over the globe, including the North Sea Basin (Heilmann-
Clausen & Schmitz, 2000; Steurbaut et al., 2003) (see Sluijs
et al., 2008a and b, for overviews). Since these blooms lasted
many ten thousands of years, Sluijs et al. (2008a) suggested that,
besides temperature and nutrient availability, a third yet unknown
critical environmental factor, stimulating massive Apectodinium
production had to be involved.

Table 2. Palynofacies data
(% of the total palynomorph

Palynofacies data (in %) of upper Ypresian sediments in the Zemst borehole

assemblage) of the upper Palvnomorph cateqories and specifications Tielt | Pani- | Kwatrecht | Merelbeke | Pittem
Ypresian sediments in the y P 9 P Fm |[sel Sd Mb Clay Mb | Clay
Z hol he E. o
qj;‘:; b(‘fe: °S:n‘j;‘1i fhe Be8T | Code|  Origin Nature 71 | z2 [ z3 ] z4 | z5 | z6 |Egem*
m above the top of the basal | Marine Dinoflagellate cysts, acritar. | 41.6 | 45.8 | 26.5 | 41.7 | 23.2 | 2.7 | 47
sandstone of the Pittem Clay) palynomorphs | Foraminiferal test-linings 1137 10807 - - -
(the marine palynomorphs are Bisaccate pollen OB 05 y

i : - . - - -

dominated by dinoflagellate

cysts, but also include rare

Non-marine | Other pollen & spores pNA| 06 [ 0.3 | 0.8 [ 0.2 | 1.8 | 24 | 3.1
acritarchs; NA = non-aquatic; Il palynomorphs :
A = aquatic). Fungal remains - 05|03 ([02] 03 - -
Pediastrum (A) - 0.3 - - 114 | 5.2 -
) Cuticular fragments 372217 3171299239 (39.2| 349
Terrestrial
1 plant Brown lignite fragments 145|262 (378|236 275|489 | 517
Sl Black lignite fragments 36 |16 [ 1.3 14| 15 | 15 4.3

\Y Amorphous organic matter (AOM) 0.8 - 051] 12 (104 - 1.3
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If'sea surface temperature was one of the driving factors behind
the development of the Apectodinium blooms, these should also
be observed during subsequent periods of global warming, such
as the ETM-2 (Eocene Thermal Maximum 2), ETM-3 (Eocene
Thermal Maximum 3) and the EECO. 4pectodinium is generally
absent during the ETM-2 within the Arctic region (except for a
few specimens at the start), probably because sea surface salinity
dropped below tolerable values (Sluijs et al., 2009). Agnini et al.
(2009) recorded an Apectodinium bloom (20% to 50% of the total
assemblage) within the ETM-3 event (also known as X-event)
in the Farra d’Alpago section (NE Italy). Additional data on
dinoflagellate cyst distribution during ETM-2 and ETM-3 are
scarce because both periods of global warming have not been
unequivocally identified in many areas.

In the Wursterheide borehole (N Germany) Apectodinium
(essentially 4. homomorphum) is consistently represented with
respectable percentages (1% to 4%) in the lower part of the
Areosphaeridium diktyoplokum zone (Heilmann-Clausen &
Costa, 1989), which according to its position should correspond
to part of the EECO. The top of this Apectodinium interval is
nearly coincident with the HO of Cordosphaeridium biarmatum,
which in Belgium is located within the Merelbeke Clay (De
Coninck, 1977). Apectodinium (essentially A. homomorphum
and A. quinquelatum) is also present in SW Siberia (Iakovleva
& Heilmann-Clausen, 2010), where it has been recorded in low
numbers in the interval bracketed by the LO ofthe Charlesdowniea
columna-group and the middle part of NP13, which, in Belgium,
should approximately correlate to the interval from the base of
the Egem Sand Member to the top of the Merelbeke Clay.

In the Zemst borehole Apectodinium, merely represented by
A. homomorphum and A. quinquelatum, is rather frequent from
the top of the Panisel Sand Member (3.4%; the only dinoflagellate
cyst sample from the Panisel Sand Member at Zemst) up to the
top of the Merelbeke Clay (7.5%), with a maximum of 13.6% at
the base of the Kwatrecht Member. Similar distribution patterns
have been recorded in the Kallo borehole (De Coninck, 1976),
with the start of a substantial increase in Apectodinium (0 to
3%) at 268 m depth and a maximum of 20% at the base of the
Egem Sand Member (259 m). Moderately to high Apectodinium
percentages (>3%) seem to last up to the top of the Egem Sand
Member (242 m), followed by a decrease to 1% in the Merelbeke
Clay Member. Comparable increased frequencies (13%) are
known from isolated samples in the Panisel Sand Member at
Steenhuize-Wijnhuize, 44 km WSW of Zemst (Vanhove & De
Coninck, 1992). In the Woensdrecht borehole, located close to
the Belgian border ca. 18 km north of Kallo, substantial amounts
of Apectodinium (4%) have been recorded within the Merelbeke
Clay (De Coninck, 1977). This is followed in the Woensdrecht
borehole, as in all Belgian sections studied, by a major decrease
to less than 0.1% (generally only a few specimens) from the
base of the Pittem Clay onward (De Coninck, 1977 and many
unpublished data from Steurbaut et al.).

4.4. Fine tuning of the upper Ypresian - Lutetian calcareous
nannofossil zonation at mid-latitudes

Belgian sections have proved to be crucial for establishing a
high-resolution upper Ypresian to middle Lutetian calcareous
nannofossil zonation for mid-latitudes (Steurbaut, 1986, 1988,
1990, 2011; Damblon & Steurbaut, 2000; Herman et al., 2001;
Smith et al., 2004). The multidisciplinary investigation of the
Kysing-4 borehole in Denmark did clarify how these nannofossils
further evolved through the late Lutetian in these middle
latitudinal areas (Thomsen et al., 2012).

The nannofossil record of the Zemst borehole allows fine
tuning of the distribution patterns of important index taxa, which
are fundamentally altering or enhancing the resolution of the
existing zonation. Among the most relevant conclusions are:

1. The NP12/NP13 boundary coincides with the boundary
between the Panisel Sand Member and the overlying Kwatrecht
Member.

2. At mid-latitudes the topmost part of NP12 is marked by
the LO of Helicosphaera aff. lophota, as shown by its presence
at Zemst (46.50 m), Aktulagay, Kazakhstan (18.05 m) and

Albaekhoved, Denmark (Al-64 at 18.30 m) (for data other than
Zemst, Steurbaut, unpubl. information).

3. The associations in the Panisel Sand Member and to a
lesser degree the Kwatrecht Member at Zemst are dominated
by Discoaster kuepperi (between 30% and 50% in the former,
and 16% and 30% in the latter). “Inc. sed. sp.”, a small globular
calcitic body of unknown origin (see chapter 3.2.3) is also
frequent in that interval. In the North Sea Basin, the start of the
acme of D. kuepperi seems to coincide or is very close to the LO
of “Inc. sed. sp.” and the LO of Reticulofenesta spp. The latter,
which is marked by the popping up of very small Reticulofenstra
specimens, although initially in low numbers, defines the base
of subzone VIb of Steurbaut (1991, fig. 3; 1998). The LO of
Reticulofenestra spp. corresponds to the FO of Noelarhabdaceae
in Agnini et al. (20006, fig. 3). According to these authors this FO
slightly predates the first common occurrence of the taxon (FCO).
There is a major decrease in Discoaster kuepperi to less than
0.5% at the base of the Pittem Clay Member (Steurbaut, unpubl.
information).

4. The basal part of NP15 is missing in most parts of the
Belgian Basin, including Zemst. It has only been identified
at Zaventem (Herman et al., 2001), and is marked by the total
range of Nannotetrina alata, in association with the presence of
Blackites gladius.

5. The LO of Nannotetrina fulgens and the LO of N. pappii
are not coincident in the Belgian Basin, as previously thought
(at base of Asse Clay Member; Steurbaut, 1986). The Zemst data
indicate for the first time that N. fulgens appears earlier (at the
base of subunit W3 of the Wemmel Sand Member).

6. The data from Zemst and other Belgian localities (e.g.
Zaventem, Oosterzele, Stekene, and many others) reveal that 1.
Nannotetrina alata - Blackites gladius, 2. Nannotetrina quadrata,
3. Sphenolithus furcatholitoides, 4. Clausicoccus obrutus, 5.
Blackites trochos - Blackites pseudomorionum, 6. Nannotetrina
fulgens, 7. Sphenolithus cuniculus and 8. Nannotetrina pappii
- Discoaster martinii - Dictyococcites callidus constitute a
chronological sequence of appearances within the middle
Lutetian nannofossil zone NP15. Further subdivision can be
achieved using the HO of Braarudosphaera stylifera, which
occurs between event 2 and 3, and the HO of Blackites gladius,
which defines the upper boundary of zone NP15 (Fig. 4).

4.5. Reflection on the Ypresian-Lutetian transition in Belgium

A close inspection of the Zemst borehole and many other relevant
outcrop and borehole sections in Belgium (Steurbaut, 2006b)
reveals that the Ypresian-Lutetian transition is very incomplete
in large parts of the Belgian Basin. This is due to non-deposition
or subsequent erosion of stratigraphic units, which in turn is
controlled by the geological outline of the area, the morphology
of the palaeocoastline and changes in eustatic sea-level and
in local tectonic behaviour, e.g. uplift of Brabant Massif in
response to remote plate tectonic movements. The most complete
successions are recorded in the Flemish hills (such as the Cassel
and Mont-des-Récollets hills), a series of geological outliers,
extending from central Belgium to NW France (Fig. 1). These
hills are capped by ferruginous sandstones, presumably of Late
Eocene age (Houthuys, 2014), which protected the hill-zone from
post-Eocene erosion and denudation, which in the adjacent areas
exceeded 100 m (Nolf & Steurbaut, 1990; Steurbaut & Nolf,
in prep.). At Zemst there is a major hiatus of about 3 to 4 myr
between the top of the Ypresian and the base of the Lutetian (Cz4
in Table 1), as shown by the absence of the upper Gentbrugge
Formation (from Pittem Clay to Aalterbrugge Members) and
the entire Aalter Sand and Brussel Sand Formations (Fig. 2).
Towards the east and southeast the stratigraphic gap between the
Ypresian and Lutetian tends to decrease strongly as the up to 70 m
thick Brussels Formation, the infill of a complex megachannel
structure, is interposing between the Merelbeke Clay and the Lede
Sand Formation (Houthuys, 1990, 2011; Damblon & Steurbaut,
2000). In westward direction (Gent and further NW to Aalter,
Steurbaut & Nolf, 1989) the Gentbrugge and Aalter Formations
are completely preserved, but only parts of the Brussel Formation
(e.g. off shore borehole Vlakte van de Raan, Steurbaut, 2011) and
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locally the Lede Formation have been identified. This brings us
to the main issue, the identification of the base of the Lutetian in
the Belgian Basin.

The base of the Lutetian has in the past been defined at the
“first occurrence datum’ of the planktonic foraminiferal taxon
Hantkenina at ca. 48.6 Ma (e.g. Luterbacher et al., 2004),
corresponding approximately to the base of calcareous nannofossil
zone NP14, but recent studies have shown this Hantkenina event
to be significantly diachronous. In April 2011 the International
Union of Geological Sciences ratified the proposal that the base
of the Lutetian is defined by the Gorrondatxe GSSP (NW Spain)
(Molina et al., 2011). This boundary is placed at the 167.85 m
level, corresponding to the lowest occurrence (LO) of the
nannofossil taxon Blackites inflatus. The latter is well known
from many low and middle latitude outcrop and borehole sections
worldwide (Southern USA: Siesser, 1983; Russia: Shcherbinina,
2000; off NW Australia: Shamrock, 2010, etc.), but seems to
be missing at higher mid latitudes, such as the North Sea Basin
(not mentioned by Perch-Nielsen, 1971; Bigg, 1982; Aubry,
1983; Steurbaut, 1988; Verbeek et al., 1988; Varol, 1998). The
most northern occurrence of B. inflatus in NW Europe is the
Paris Basin (Aubry, 1983), where it occurs in very low numbers
in the middle and upper part of the “Glauconie grossiere” (e.g.
at Margival, Steurbaut, 1988). The identification of additional
nannofossil events, coeval with the LO of B. inflatus, is part of
ongoing work, aiming at the exact positioning of the base of the
Lutetian in the North Sea Basin s.s. (excluding the Paris Basin,
home of the historical Lutetian stratotype).

5. Conclusions

High-resolution sedimentological, micropalaeontological and
organic carbon isotope investigations at Zemst have enabled
to gain new insight in the Ypresian-Lutetian transition in
central Belgium. Although the upper Ypresian succession is
very incomplete (upper half of the Gentbrugge Formation and
the entire Aalter Formation are missing), the Zemst data, and
associated cross-correlations, have allowed for the first time to
identify the NP12/NP13 boundary, and the nearly coincident
boundary between chron C23n and chron C22r, in the Belgian
Basin. These boundaries, which are dated at 50.63 Ma, fall
within the break in sedimentation between the Panisel Sand
Member and the overlying Kwatrecht Member. In terms of
dinoflagellate cyst distribution, they are bracketed between the
LO of Impletosphaeridium kroemmelbeinii and the LCO of
Areosphaeridium diktyoplokum below and the HO of Areoligera
senonensis and the LO of Impletosphaeridium cracens above.
This study also definitely proves that the term P1n clay, which was
used until recently, corresponds to the Merelbeke Clay and that
its introduction (Rutot, 1890) was erroneous, due to insufficient
knowledge of the Belgian upper Ypresian stratigraphy at the end
of the 19" century.

The relatively low values in 8*Corg (-26.5%o to -27.1%o) in the
interval from the Panisel Sand to the Merelbeke Clay Members
(upper NP12-lower NP13) are believed to correspond to the
1.5-million-year-long negative carbon isotope interval, recorded
globally between approximately 51.8-50.4 million years ago
and associated with global warming, known as the Early Eocene
Climatic Optimum (EECO). This is the first positive identification
of'the EECO in the North Sea Basin. The negative carbon isotope
values, which, according to the palynofacies data, are not likely
to be substantially biased by variation in types of organic matter,
are shown to be coinciding with a fairly high frequency of
Apectodinium (>3%, up to 14%) and a Discoaster-bloom (16%-
50%, essentially D. kuepperi). This is quite analogous, although
less strongly pronounced, to what has been observed during
the Paleocene-Eocene Thermal Maximum (PETM), the most
prominent global warming event of the Cenozoic (Apectodinium-
abundance, up to 75% at mid and high latitudes, e.g. Steurbaut et
al., 2003 and abundance peaks of Discoaster in tropical areas, e.g.
Discoaster spp. up to 35% of total assemblage in Indian Ocean
Site 213, Kahn & Aubry, 2004; D. salisburgensis, up to 12% in
Tanzania, Bown & Pearson, 2009). The abrupt positive shift of up
to 1%o in 8" *Corg values at the base of the Pittem Clay Member at

Egem (mid-NP13, mid-chron C22r), which is coincident with the
virtual disappearances of Apectodinium (<0.1%) and Discoaster
(<0.5%) is suggested to mark the end of the EECO in the southern
North Sea Basin.

The absence of the Brussel Formation also reveals that the
Lutetian is incomplete at Zemst. The Lede Sand Formation is
quite expanded and marked by the co-occurrence of the calcareous
nannofossil taxa Blackites gladius and Braarudosphaera stylifera,
indicating lower NP15, although not its basal part. Four distinct
units have been identified in the overlying Wemmel Sand Member
(middle NP15), of which the upper two, which are marked by the
LO of Nannotetrina fulgens and the absence of N. pappii, have
not been recorded before in Belgium. The Asse Clay Member
(upper NP15) and the overlying Ursel Member (decalcified),
which are part of a single depositional sequence, are reduced
in thickness (both around 1.5 m thick). The Zemst data and
addition outcrop and borehole data from Belgium reveal that 1.
Nannotetrina alata - Blackites gladius, 2. Nannotetrina quadrata,
3. Sphenolithus furcatholitoides, 4. Clausicoccus obrutus, 5.
Blackites trochos - Blackites pseudomorionum, 6. Nannotetrina
fulgens, 7. Sphenolithus cuniculus, and 8. Nannotetrina pappii
- Discoaster martinii - Dictyococcites callidus constitute a
chronological sequence of appearances within the middle
Lutetian nannofossil zone NP15. They also indicate that the
major criterion for identifying the base of the Lutetian (LO of
Blackites inflatus), as designated at the Gorrondatxe GSSP, is not
applicable in the North Sea Basin s.s. (excluding the Paris Basin)
and that the search for appropriate substitutes associated with this
boundary is needed to allow interbasinal stratigraphic correlation
during the Eocene at middle and high latitudes.
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