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ABSTRACT. A 5.50 m thick interval of fossiliferous intensely bioturbated heterogenous glauconiferous sand of the upper 
Miocene Diest Formation is documented from a very large temporary outcrop just southeast of Antwerp International Airport 
(northern Belgium), allowing to observe lateral variations over several hundreds of meters and to collect many vertebrate and 
invertebrate fossils. This paper documents observations on lithology, sedimentary and post-sedimentary structures, and discusses the 
results of the multi-proxy analyses of the sediment (granulometry, glauconite content, clay mineralogy, Fe content and Fe3+/Fe2+ 
ratios), the interpretation of the trace fossil assemblage and the sedimentary structures as well as of the large-scale samplings of micro-, 
meso- and macrofossils. We evidence that the Diest Formation in the Antwerp area consists of two different lithological entities, and 
that this twofold character can be extrapolated to all previously recorded Deurne Member outcrops. A revised lithostratigraphic 
scheme for the Diest Formation in the Antwerp area is proposed, with the new Borsbeek member at the base and a redefined Deurne 
Member at the top. 
 
KEYWORDS: Tortonian, glauconite, stratigraphy, fossils, Macaronichnus, óSables et gr¯s ¨ H®t®roc¯tesô, dinoflagellates, Dessel 

Sand Member.  

https://doi.org/10.20341/gb.2020.011     

1. Introduction 

In the course of the last two centuries, the subsurface of the 

Antwerp area has received a lot of attention from geologists and 

paleontologists who were attracted by the large number of 

glauconiferous marine sediments yielding incredibly high 

numbers of well-preserved fossils that could be documented, 

sampled and studied whenever construction works reached into 

its shallowly buried Neogene deposits. Unfortunately, 

construction works are always temporary in nature, thus creating 

major pitfalls for the research on these deposits. In far too many 

cases, important outcrops remained undocumented or were only 

observed by a too limited number of researchers, hampering the 

advance of the understanding of the stratigraphy, sedimentology 

and paleontology of the Antwerp area Neogene. 

Although the Miocene and Pliocene geology of the Antwerp 

area is relatively well documented, insights in the upper 

Miocene Deurne Member of the Diest Formation have largely 

been hampered by the low number of temporary outcrops 

reported in the literature, in particular since Glibert & de 

Heinzelin de Braucourt (1955a, 1955b) summarized a century of 

observations on their óSables de Deurneô. 

The current insights in the stratigraphy of the Antwerp area 

Neogene root for large parts in the works of four students of the 

KU Leuven Geology Lab in the late 60s and early 70s of the 20th 

century: Frans De Meuter, Piet Laga, Adolf Ringel® and Karel 

Wouters. The stratigraphic framework published by De Meuter 

& Laga (1976) still forms the base of the formal stratigraphy in 

use today. De Meuter & Laga (1970, 1976) redefined the 

óSables de Deurneô to the Deurne Member, adhered it to the 

Diest Formation, and placed it low in the Diest Formation 

sequence as the sole stratigraphic unit that occurs in the 

Antwerp area.  

The Deurne Member outcrops generally expose marginally 

thin sequences, ranging from 0.2 up to 1 m and exceptionally up 

to 2 or 3 m, thus considerably thinner than the Diest Formation 

sequences of the Campine and Hageland areas, where sequences 

of more than 200 m are known (Houthuys et al., 2020). The by 

far thickest ever described interval attributed to the Deurne 

Member was exposed in an outcrop of 5.60 m and described by 

Bosselaers et al. (2004) from observations made at the 

construction site of a new wing of the Maria Middelares 

(Monica) Hospital in Deurne in 2001, where, unfortunately, 

only the topmost 2.60 m could be studied and sampled. 

In 2014, a new temporary outcrop just south of Antwerp 

International Airport (AIA) located in the municipalities of 

Mortsel and Borsbeek (Antwerp Province, Belgium) exposed 

once more a thick Diest Formation sequence. This time, the 

entire 5.50 m thick interval of glauconiferous sand between the 

middle Miocene Berchem Formation and Pliocene shelly 

deposits could be studied in full detail across a length of several 

hundreds of meters in two elongated pits (LP1 and LP2, see Figs 

1 & 2) for the construction of a tunnel on the R11 road allowing 

the extension of the airportôs runway. The current paper 

describes and discusses observations on lithology, sedimentary 

and pseudosedimentary structures, as well as the results of a 

multi-proxy analysis of the sediment (granulometry, glauconite 

content and characterization, clay mineralogy and Fe content 

and ferric/ferrous ratios), the extensive samplings of micro-, 

meso- and macrofossils, the identifications of the observed trace 

fossils and a dinoflagellate age dating.  

2. Material and methods 

This paper is for a large part based on field observations of three 

teams (De Ceuster Group (DCG), Elasmobranch Research 
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Group Belgium (ERB) and Royal Belgian Institute of Natural 

Sciences (RBINS)) who intensively followed the progress of the 

AIA outcrop. Each group documented the stratigraphy of the 

outcrop and invested vast amounts of time in fossil collecting by 

either hand picking or by screen washing huge quantities of 

sediment (several thousands of 10-liter buckets throughout the 

section (DCG, RBINS) plus three big-bags of 1 m3 of layer 5b 

and two bulk samples of 30 m3 of the basal part of layer 5c 

(ERB). Already at a very early stage of the outcrop, a first 

(unpublished) draft of the stratigraphy made by Jef De Ceuster, 

subdividing the section into several numbered layers, was 

distributed amongst the participants of DCG, allowing them to 

document their finds into a refined stratigraphic context. The 

same numbering of the layers is applied in this paper, however 

with a further subdivision of layer 5 into 5a, 5b and 5c, the 

additions of layers 9, 4b and X, and a slightly different 

definition of layer 6 (Fig. 2). 

While this paper focusses on stratigraphy, sedimentology 

and relative dating, and integrates and discusses some 

paleontological results of the fossil collecting, additional papers 

are in preparation zooming in on specific parts of the collected 

material. A preliminary description of the site and some of its 

fossil content (with special focus on chondrichthyan fishes) was 

previously published by Hoedemakers & Dufraing (2015) 

(applying a similar numbering of the layers), some of the 

collected phocid remains were incorporated in Dewaele et al. 

(2017a), a physeterid cranium has been recently described by 

Alfsen et al. (in press), some early lab results were published in 

Adriaens (2015) and Adriaens & Vandenberghe (2020, this 

volume), detailed granulometry data and additional mineralogy 

data in Van Herck (2019, unpublished report of bachelor 

project) and some photos and a short description in Houthuys et 

al. (2020, this volume).  

All photos of the AIA outcrop in Figures 3ï14 are by the 

first author, unless otherwise stated. A more extensive collection 

of photographs of AIA taken by the first author was transferred 

to the Geology archives of the RBINS and can be consulted 

upon request. In addition, a reference sample set collected by 

the first author allowing future lithological and 

micropaleontological research was deposited in the Geology 

Collections of the RBINS (I.G. number 34210). A reference 

sample set of the Middelares Hospital section was retraced and 

Figure 1. Geography of the study 

area. A. Map of the Antwerp area 

(modified from GISel) with the 

indication of the localities 

discussed in the text. Yellow stars: 

Antwerp International Airport (AIA 

LP1 & LP2, this paper); red star: 

Middelares Hospital of Bosselaers 

et al. (2004); blue stars: temporary 

outcrops during construction of R1: 

Borsbeeksepoort (I BP & II BP), 

Stenenbrug (I SB), Borgerhout 

Rivierenhof (VII BR, XIB BR) and 

Antwerpen Schijnpoort (V AS) of 

De Meuter et al. (1976), Borgerhout 

Foorplein (XV BR) of Ringel® 

(1974). Dots: localities listed by 

Glibert & de Heinzelin de 

Braucourt (1955a); yellow dots: 

temporary exposures of óSables 

vertsô described by Cogels (1874), 

Mourlon (1876) and Van den 

Broeck (1878), localities 37 and 40-

47 of Glibert & de Heinzelin de 

Braucourt (1955a); green dot: 

Muggenberg sewer of Van Straelen 

(1920), locality 58 of Glibert & de 

Heinzelin de Braucourt (1955a); 

red dot: Waterbouwkundig Labo 

(this paper), locality 38 of Glibert 

& de Heinzelin de Braucourt 

(1955a); light blue patch: localities 

described by van den Bosch 

(1967a, 1967b, 1967c); green line: 

ósables vertsô in profiles of Dejardin 

(1862); orange line: ósables grisô in 

profile of Dejardin. B. Google 

Maps Satellite view of the 

surroundings of the AIA site, with 

localization of the LP1 and LP2 pits 

and the tunnel segment in-between, 

in which for safety reasons, we 

were not allowed to enter.  
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officially deposited in the RBINS Recent Invertebrates 

Collections (I.G. 33969).  

Analyses of the granulometry (LS 13-320 Laser diffraction 

Particle Size Analyzer from Backman Coulter), mineralogy (by 

X-ray diffraction (XRD)) and Fe-content (by a combination of 

Ultraviolet-Visible Double-Beam Photo Spectrometer and 

Flame-Atomic Absorption Spectrometer) were executed on a 

subset of 31 samples of the reference sample set in the 

analytical facilities of the laboratory of the Department of Earth 

& Environmental Sciences of the KU Leuven by Elvira 

Vassilieva, Nancy Weyns and Michiel Van Herck. Pelletal 

glauconite contents and the roundness and sphericity of the 

quartz and glauconite grains were estimated by Michiel Van 

Herck through visual inspection (optical microscopy, point 

counting) of 22 thin sections made by Herman Nijs (KU 

Leuven). The raw data of the lab analyses can be accessed in the 

supplementary material.  

Dinoflagellate cysts and other marine palynomorphs were 

recovered from another subset of the reference sample set 

collected by the first author and processed at the Paleontology 

and Paleoenvironment Group at Ghent University by Stephen 

Louwye. The samples (LP1-13, LP1-15, LP1-19; 40.36, 40.35 

and 40.49 gr respectively) were macerated following the 

standard palynological maceration technique described in 

Louwye et al. (2004), involving subsequent acid treatments with 

HCl and HF for the removal of carbonates and silicates. The 

organic residues needed prolonged ultrasonication (30 s) for a 

better dispersal of the amorphous organic matter. The organic 

residues were strew mounted on slides with glycerine jelly and 

covered with a cover slip. The microscopic analysis was carried 

out on an AxioImager A1 transmitted light microscope. A target 

count of minimum 250 specimens, in non-overlapping traverses, 

was attempted under 200x and 400x magnifications. The 

nomenclature used is after Williams et al. (2017). The 

abundance of marine palynomorphs in sample LP1-13 was low 

and the targeted count of 250 specimens in a single slide could 

not be attained. Their preservation was rather poor. The 

abundance and preservation of marine palynomorphs in samples 

LP1-15 and LP1-19 was slightly better and the slides from both 

samples yielded enough specimens for a count of 250 

specimens. All three samples hold a substantial amount of 

amorphous organic matter, hampering to a considerable degree 

the identification of palynomorphs. Reworking of pre-Neogene 

species was negligible in the three samples. The slides and 

residues were deposited within the repository of Ghent 

University.  

All sites discussed in the text for which exists an archive at 

the Geological Survey of Belgium (GSB) and/or the Databank 

Ondergrond Vlaanderen (DOV) are listed with their codes in 

Table 1. 

The Pliocene sequence exposed at AIA is detailed in 

Wesselingh et al. (2020, this volume). 

3. Field observations at Antwerp International 

Airport (AIA) 

3.1. Berchem Formation  

3.1.1. Kiel Sand Member (layer 9) 

The lowermost part of the temporary outcrop revealed the 

presence of at least 3 m of greenish light gray glauconiferous 

sand without observable macrofossils or large sedimentary 

structures that differed somewhat in color from the overlying 

Antwerpen Sand (Figs 2, 5A). This unit could only be observed 

in two small pits (northeastern corner of LP1, southwestern part 

of LP2) (Fig. 5A), in which unfortunately, for safety reasons, 

sampling or detailed observations were not possible. Their 

lithology allowed to refer this sand to the Kiel Sand Member of 

the Berchem Formation, based on the descriptions by De Meuter 

& Laga (1976). A similar change in color between the Kiel and 

Antwerpen Sand Members was clearly documented by 

Hoedemakers & Dufraing (2018) at Posthofbrug (Antwerp).  

3.1.2. Antwerpen Sand Member (layers 8, 7)  

The Antwerpen Sand Member was studied in several sections 

along the faces of the temporary outcrop (Figs 2, 3, 4, 5A-E). It 

was characterized by dark gray glauconiferous sand with shell 

beds containing Glycymeris baldii Glibert & Vandepoel, 1965 

as the dominant fossil. None of the sections revealed a 

completely identical succession. The thickness, number and 

lateral extent of the shell beds were highly variable over 

relatively short distances. Nonetheless, the upper shell bed 

(layer 7) was always the thickest (50 to 60 cm) in every studied 

section, and all other shell beds were considerable thinner (5ï15 

cm). Some of these shell beds displayed a lenticular character, 

others had a wavy lateral extension (see Figs 2 & 5A-B). At one 

spot in LP1, about halfway the upper shell bed, a lenticular sand 

body devoid of shells occurred.  

The by far highest concentration of Glycymeris shells was 

observed in the upper shell bed, where hundreds of thousands of 

single valves were stacked on top of each other, or imbricated, 

mostly with their convex side upwards, with only a little sand 

between the valves. Convex-side-up was also the most 

occurring orientation of the shells in the lower beds (layer 8). 

Here however, the shells were less densely stacked and a bit 

more randomly distributed. Specimens with both valves 

articulated were far less common than at the Posthofbrug 

temporary outcrop described by Louwye et al. (2010). 

Friable fragments of the gastropod Turritella eryna 

(dôOrbigny, 1852) were only observed in the uppermost shell 

bed of layer 8 (see Fig. 2, ñTò in section LP 1-D), thus in a 

stratigraphic position similar to that at Posthofbrug. 

Phosphatic concretions were observed in several levels of 

the Antwerpen Sand Member and did not seem to have a 

uniform stratigraphic distribution. While in one section, 

phosphatic concretions were mostly encountered in the top half 

of the upper shell bed, in yet another section these occurred at 

10, 30 and 50 cm below the top of the upper shell bed, and in 

the Turritella bed (ñTò). 

3.2. Diest Formation - Unit 1 

3.2.1. Basal gravel and erosional surface (layer 6 & base of 

layer 5c) 

The Diest Formation started with a coarse basal gravel of 

dispersed phosphorites and flint pebbles (Fig. 2). The 

phosphorites were dark gray to black, irregularly shaped and 

several centimeters in diameter. Some of them preserved 

internal molds of Glycymeris shells, indicating that these were 

most probably reworked from the underlying Antwerpen Sand. 

The flint pebbles were well rounded and flattened, showed a 

high degree of small pits and cracks related to impinging, and 

were generally between 1 and 3 cm in diameter, but pebbles up 

to 5 cm were also observed (Fig. 14A). Remarkably, the flint 

pebbles displayed a large array of colors. Some were white 

patinated, others were blue or black, and some displayed shades 

of green or even two or three colors. The white ones were very 

flat, round to elongated pastille shaped, and several of them 

have light blue spots. The bluish-colored pebbles were in 

general thicker, up to 1 cm, those with shades of green were 

more irregularly shaped. Some pebbles clearly were broken in 

half during transport. A small number of shark teeth were found 

amongst the basal gravel, some of them reworked from the 

underlying Berchem Formation, but with the majority of them 
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being pristine and showing no signs of reworking, although 

some lacked their root or the apex of their crown. 

In the southern part of the LP1 outcrop, an additional body 

of sand (layer 6) was preserved between the (eroded) top of the 

upper Glycymeris bed of layer 7 and the base of layer 5 (Figs 2 

& 5C-D). This layer 6 was 10ï20 cm thick and characterized by 

grayish glauconiferous clayey and silty sand devoid of 

phosphatic concretions, gravel and fossils. Layer 6 was not 

observed in the northernmost part of LP1 or in LP2, where the 

base of the Diest Formation overlaid directly the top of the 

upper Glycymeris bed. The erosional surface at the base of layer 

6 was very peculiar and did cut irregularly through the top of the 

Glycymeris beds, in small troughs, strikingly also through 

individual Glycymeris shells (Fig. 5C-E). Layer 6 also showed a 

lower degree of cementation than the upper Glycymeris bed. In 

one spot, some of the bioturbations of layer 5 reached the 

topmost centimeters of layer 6. The lower degree of cementation 

and the erosional cutting into the top of the Antwerpen Sand, 

combined with the results of the granulometry and glauconite 

content (see Fig. 15 and section 5) confirmed the field 

hypothesis that layer 6 belongs to the (base of the) Diest 

Formation.  

3.2.2. Green glauconiferous sand (layers 5c, 5b, 5a) 

A maximum of 4.30 meters of green-colored fine-grained 

heterogenous glauconiferous quartz sand with the near absence 

of carbonate particles and shells was found between the top of 

the Antwerpen Sand Member and the base of Unit 2 (Figs 2, 3, 

5B-H & 6A-G). The green color is one of the main characters to 

set layer 5 (and especially layer 5c) apart from all other deposits 

exposed in the outcrop. The variable size of both glauconite and 

quartz grains was readily recognizable in the field with a hand 

lens. Dark-colored flint pebbles up to several cm in size 

occurred isolated and floating in the lowermost meter of layer 5, 

the majority of these were observed between 30 and 65 cm 

above the base of layer 5. 

A clay and silt fraction was present throughout layer 5, but 

was more readily observable in its lower half, called layer 5c. 

Here, on freshly exposed mechanically dug semi-vertical walls, 

the sediment displayed a ómottledô appearance, characterized by 

alternating patches of more or less clay-rich sand which were 

somewhat horizontally structured (Fig. 5F). Along the borders 

of these patches, the clayey fraction was frequently somewhat 

smeared out along the semi-vertical walls, while the same 

smearing was much less observed along subhorizontal cuts 

Table 1. List of localities 

mentioned in the text for which 

there exist records in the archives 

of the Geological Survey of 

Belgium (GSB) and the Databank 

Ondergrond Vlaanderen (Database 

Subsurface Flanders; DOV), with 

their name, alternative name and 

GSB and DOV codes. 
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through this interval (compare Fig. 6B with Fig. 5F). Careful 

scraping off the semi-vertical walls with hand tools failed to 

identify sedimentary structures such as layering that could be 

responsible for this ómottled appearanceô. 

Bioturbation was observed throughout layer 5c, with 

different types being present. The by far most apparent and 

abundant bioturbation structures were subvertical and 

subhorizontal cylindrical burrows in which the inner fill was 

lighter colored, due to a lower amount of glauconite, and the 

outer rim darker green or reddish-brown colored, resulting from 

a higher glauconite content. The display of colors made sub-

horizontal cuts through the middle part of layer 5c almost 

resemble military camouflage blankets (Fig. 6B). Bioturbation 

was much less intense in the lower 40 cm of layer 5c. Here, 

most of the observed bioturbation consisted of long subvertical 

burrows tunneling deep down from levels more than half a 

meter above (Fig. 5C-D, G-H). 

In this less bioturbated interval, about 10ï20 cm above the 

base of layer 5c, a single bed of shells was observed, in which 

thin-shelled and relatively small (<10 cm diameter) pycnodontid 

oysters occurred. The observed specimens were found 

articulated, with their inner valve being several times thinner 

than the outer valve. All shells were found lying next to each 

other, none were found growing on top of each other. This shell 

bed had a somewhat patchy distribution along the outcrop, and, 

only in LP2, Mimachlamys angelonii (de Stefani & Pantanelli, 

1880) was found to occur in this level. Apart from these beds, 

no shells were found in layer 5c. 

The lower part of layer 5c, especially between 60 and 100 

cm above its base, was extremely rich in marine mammal 

fossils; from isolated periotica to a few vertebrae in connection 

to nearly complete skeletons. Ichthyological remains were very 

common, mostly isolated vertebrae or other osteological 

remains of teleosts, but isolated teeth of elasmobranchs also 

occurred (see Hoedemakers & Dufraing, 2015, plates 1-2). 

Wood logs also occurred relatively abundantly within this 

interval. 

In the upper part of layer 5c, a 2ï3 mm thick óundulating 

clay drapeô was observed along the entire outcrop that slightly 

protruded from weathered and windblown walls at the AIA 

outcrop, with 20ï30 cm between the highs and lows and about 1 

m spacing between successive peaks (Fig. 6C-F). It occurred at 

slightly variable heights measured from the basis of layer 5, the 

latter not being even either (see Fig. 2). On freshly scraped-off 

Figure 2. Stratigraphic logs of 

the AIA outcrop with indication 

of their location, and with 

detailed positioning of the 

samples taken for sedimentological, 

mineralogical and 

micropaleontological analyses. 

Due to the absence of a single 

well accessible vertical wall 

along which the entire section 

could have been logged onto in 

all of its details, the section is 

represented by one major 

litholog drawn within a reduced 

sector of LP1 and supplemented 

by several additional partial 

lithologs spread across LP1 and 

LP2 in order to reveal the lateral 

variation of the thicknesses of 

individual layers and 

sedimentary structures, like the 

distribution of the Glycymeris 

beds in layer 8, the presence or 

absence of layer 6, and the depth 

of the erosional scouring of the 

base of Unit 2. In the absence of 

clear boundaries for the base and 

top of layer 5b, the different 

coloration of layer 5b was used 

as a guide. In addition, some of 

the pseudo-sedimentary 

structures, like e.g. the 

undulating clay drape (in green) 

and the sub-horizontal pseudo-

layering in the upper part of Unit 

2 in LP1-A (in gray) are also 

drawn onto the lithologs.  
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Figure 3. Observations at AIA outcrop (part 1). Large-scale stratigraphic framework of LP1. A-B. General overview of the middle and southern 

part of LP1. C. W wall of the middle and northern part of LP1, and tunnel entrance.  
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walls, this óclay drapeô exposed a vibrant green color, 

comparable to that of weathered glauconite (Fig. 6E), it ran 

through bioturbation structures (Fig. 6F). In addition, no 

difference in grain size or clay content was observed at this 

level. All these observations led to assume that the óundulating 

clay drapeô is a post-depositional weathering phenomenon, and 

not a primary sedimentary structure.  

At 2.30 to 2.50 m above the base of Unit 1, for an interval of 

about 40ï50 cm, the sediment had a slightly different color, 

being more whitish to yellowish-white on windblown walls or 

more reddish-brown colored when hand-scraped (Fig. 6G). On 

relatively freshly excavated walls, this interval did not seem to 

have a clearly marked base nor top, while on more weathered 

walls, its boundaries were more readily discernable and more 

easily traceable as a subhorizontal different colored band (Fig. 

6G). Some variation in thickness and of its distance to the base 

of layer 5 (Fig. 2) was observed. We assume that this post-

sedimentary discoloration resulted from a slightly different 

original lithology, and therefore termed this interval as layer 5b. 

Two shell beds about 15ï20 cm apart occurred within this layer 

5b (Fig. 6G-H). The fauna of both of these beds is dominated by 

pectinid bivalves (Figs 6H, 7). In the lower bed, the shells were 

more frequently articulated compared to the upper bed. Nearly 

all shells had some reddish sand encrusting and were stained red 

(Fig. 14D-E). The most abundant species in this bed is 

Mimachlamys angelonii.  

A maximum of 1.5 m of greenish heterogenous 

glauconiferous sand with yet another slightly different staining 

on weathered walls occurred above 5b (Fig. 3). In many parts of 

the outcrop, this layer 5a was absent, due to erosional scouring 

of the overlying Unit 2. Within the uppermost preserved half 

meter, some sand was lithified into a friable sandstone. 

Macrofossils were only rarely found. Amongst them were a few 

reddishly encrusted bivalve shells (?pycnodonts), and two large 

chondrichthyan vertebrae. Bioturbation was omnipresent, much 

as in layers 5c and 5b.  

3.3. Diest Formation - Unit 2 

3.3.1. Erosional basal gravel (layers 4, X) 

The base of Unit 2 is marked by an erosional surface, evidenced 

by its undulating nature and the presence of a basal gravel (layer 

4).  

The undulating nature relates to the presence of large, wide 

and asymmetrical (as displayed along the outcrop walls) 

troughs, sometimes cutting quite deep into the underlying Unit 1 

(Figs 2, 3A-C, 4, 8A-B, 9A-B & 10A). Along the majority of 

the outcrop, the base of the troughs did not descend below 

layers 5a and 5b, but in the southernmost part of LP2, near the 

tunnelôs entrance, the erosional base reached the top of the 

Berchem Formation, having removed the entire Unit 1. 

The basal gravel (Figs 10A & 14B-C) varied in thickness 

from nearly non-existent to up to 10 cm thick in the deeper parts 

of the troughs. Its pebbles were small-sized and sat in a sandy 

matrix just above the erosional surface. White-colored quartz 

pebbles ranging up to a few mm in diameter overwhelmingly 

dominated. These were well rounded and generally had an 

elongated shape. Most were milky white colored at their outer 

surface, while others were translucent. The latter ones tended to 

show less signs of transport and reworking. Yet another type of 

pebbles included eroded fragments of marine mammal bones 

and brachiopod shells, shark and ray teeth, most with obvious 

signs of some reworking, but still retaining a good physical 

preservation so that the transportation may not have been across 

considerable distances. Fragments of light gray to whitish-

colored friable sandstone rich in carbonate and clay also 

occurred.  

At the one spot near the tunnelôs entrance in LP2 where all 

of layer 5 was removed, an enormous concentration of shark 

teeth and marine mammal bones occurred at the base of the 

trough. This spot was marked by an óXô in Hoedemakers & 

Dufraing (2015, fig. 1A), and in accordance, the material 

collected at the base of this trough is marked here as from layer 

X. Most but not all the bones were somewhat damaged, with 

e.g. vertebrae missing their apophyses and especially the smaller 

tympanics showing signs of abrasion. Still, several pairs of 

periotics were found closely together, and the overall quality of 

most of the shark teeth was still very good to good, with pristine 

enamel and nearly perfectly preserved roots, indicating that this 

accumulation of vertebrate fossils may not have moved over 

long distances and must have originated from the local erosion 

of layer 5. One peculiar find was a large Otodus megalodon 

tooth (coll. Bert Gijsen) from which on one side a few mm was 

eroded away while the remainder of the tooth was in pristine 

condition. Further on, reddish-stained pieces of bivalves and 

brachiopods, echinoids, balanid cirripeds and bryozoans (rare) 

were found, plus one bone of a land mammal.  

3.3.2. Troughs with foresets in heavily bioturbated bluish 

glauconiferous sand (layer 3) 

The troughs were filled with bluish-colored heterogenous 

glauconiferous quartz sand arranged in foresets of varying 

direction, inclination and thickness. Individual layers were a few 

Figure 4. Observations at AIA outcrop (part 2). I. Overview of the 

sequence exposed at AIA LP1, W wall, just south of section LP1-B (see 

Fig. 2). Photo credit Jef De Ceuster.  
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Figure 5. Observations at AIA outcrop (part 3). Abbreviations: Bi ï Bichordites, Oph ï Ophiomorpha, Pl ï Planolites, Sc ï Scolicia, Th ï 

Thalassinoides. Hammer measures 33 cm, pickaxe 65 cm. Scale bar (G-H) indicates 1, 5 and 10 cm. A. Lowermost part of the outcrop in the NE 

corner of LP1 exposing the lower part of the Antwerpen Sand Member (layer 8) and the underlying Kiel Sand Member (layer 9) of the middle 

Miocene Berchem Formation. About 3 m deep. B. Upper part of the Antwerpen Sand Member with thin Glycymeris beds (layer 8) and a thick upper 

Glycymeris bed (layer 7). Note that halfway layer 7, a lenticular body of sand occurs that seems completely devoid of shells, and that at the erosive 

contact between the Berchem and Diest Formations, layer 5c directly overlays the Antwerpen Sand. C-D. Erosive contact between the Berchem and 

Diest Formations along the W wall of LP1, with the presence of additional layer 6 between the top of the Antwerpen Sand (layer 7) and the gravelly 

base of layer 5c. The lower part of 5c is less intensely bioturbated, with deep burrows. E. Detail of the erosive contact figured on C-D. The boundary 

with the Antwerpen Sand is very sharp, and several Glycymeris shells are sharply cut through. F. Mottled appearance of layer 5c on a freshly dug semi

-vertical wall (E wall LP1, southern part). The hole represents the spot where a well-preserved skull of an Odontocete was discovered. G-H. Erosive 

contact between the Berchem and Diest Formations (G) and the lower part of layer 5c (G-H) at the tunnel entrance in LP1. Layer 6 is again absent, so 

that layer 5c directly overlays layer 7. The lower 30 cm of layer 5c is also lesser intensely bioturbated (G) than the higher parts of layer 5c (H).  
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Figure 6. Observations at AIA outcrop (part 4). Abbreviations: A ï Mimachlamys angelonii, Ms ï Macaronichnus segregatis, Msd ï M. 

segregatis degiberti, Sc ï Scolicia, Ta ï Taenidium. Scale bar indicate 1, 5, 10 and 20 cm. Pickaxe measures 65 cm, trowel handle (red) 10 cm, trowel 

metal blade 15 cm and finger 2 cm. A. Different types of bioturbation in layer 5c (LP1, northern part). B. Subhorizontal section through an intensely 

bioturbated layer 5c (LP2, southern part). C-F. Upper part of layer 5c with the óundulating clay drapeô, well visible as a thin óclayey layerô along 

windblown walls of LP1 and LP2 (C-D), or as a thin bright green-colored glauconitic band cutting through bioturbations on freshly scraped off walls. 

Trowel handle measures 12 cm. G. Upper part of layer 5c and layer 5b, with the brownish staining of the sediment of layer 5b. The small elongated 

white spots in layer 5b represent pectinid shells that are cut through. H. Pectinid bivalves and trace fossils in layer 5b, LP2, E-wall.  


