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Aerial photograph 1: Wadden coast, Vlieland. Fata: KLM-Aerocarto 1983. 

Overview of the eastern part of the island of Vlieland, one of the barrier islands along the Wadden coast. See for the location Figure 1 on page 6. This coastal area in the 

northern part of the Netherlands consists of a chain of barrier islands, separated from the mainland by the Wadden Sea, a back-barrier tidal basin with extensive sandy 

tidal flats. 

The photograph views east, into the Wadden Sea at high tide. The upper left corner shows the Vlie Inlet, one of the main inlets in the Wadden Sea with a tidal prism of c. 

900 million m3, and the sandy south western beach of the island of Terschelling behind it. The sandy shoal in the upper righthand corner, called Righel, is a wave-swept, 

supratidal part of the flood-tidal delta landward of the inlet. 

The island consists of a belt of beaches and (forested) dunes, facing the open North Sea, and salt marhses at the leeward, Wadden-Sea side. The salt-marsh area of 

Vlieland, which is small when compared to the other Wadden Islands, is completely protected by dikes. Along the North Sea beach, a groyn field slows down the 

basinward longshore drift. Oost-Vlieland, the village in the foreground, is the only urban centre of the island. The houses near the beach are all holiday resorts: tourism is 

the island's main source of income. 
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Aerial photograph 2: Coast of Holland, near The Hague. Fata: Paul Paris 7994. 

This photograph shows the barrier coastline of Holland near the town of The Hague, looking northwards. See for the location Figure 1 on page 6. The barrier coastline is 
characterized by a continuous beach-dune system, interupted by man-made harbours (like the one of Scheveningen that is shown) and channels only. The orientation of 

the coastline changes from more or less SW-NE near The Hague, to N-S to the north. 

Originating as a series of transgressive barriers, this coastline started to built out seawards after the gradual closure of the tidal inlets since about 5500 BP onwards. This 

progression continued to about a thousand years ago, after which this coastline started to erode slowly and large dune ridges, called the Younger Dunes, were formed. 
The series of barriers and the dunes reach their greatest width more to the north, in the central portion of the coast of Holland. 

Near The Hague, the dunes range in width from less than 1 km to the south to c. 3 km to the north. The dune system's orientation shows a slight angle to the coastline, 

which results in it's complete absence more southwards due to coastal retreat. There, the sea defence consists of a sea dike. Coastal erosion has been counteracted with 

success by a groyn field (called "The Delflandsche Hoofden ") since about 1790; the here depicted strech south of the harbour was originally constructed in the second half 

of the 19th century. 

The beach in front of the seaside resort Scheveningen, with it's pier clearly standing out into the sea, has been kept in place by nourishments. The shoreline shows an 

offset when going northwards, in the direction of the dominant longshore drift. 
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Introduction: 

Ten papers on the coastal evolution of 
the Netherlands 

D.J . Beets 

M.M . Fischer 

W. de Gans 

1 This volume of the Mededelingen 

This volume of the "Mededelingen Rijks Geologische 

Dienst" is devoted to the Holocene development of the 

coastal plain of the Netherlands. It comprises results of 

geological research of the past 5 to 10 years carried out in 

connection with the systematic mapping program of the 

Geological Survey and in connection with the Dutch re

search project "Coastal Genesis". The latter project in

volves a co-operation of engineers, geologists, physical 

geographers and historians. It started in 1986 and aims at 

a better understanding of the behaviour of the coastal 

zone of the Netherlands. In this project many studies are 

executed, ranging in subject from the detailed mechanics 

of sediment transport processes to the long-term and 

large-scale Holocene development of the coastal plain. 

The contents of the present vo lume consists of ten 

papers. All authors have the Dutch nationality and most 

of them work at the Rijks Geologische Dienst (Geological 

Survey of the Netherlands). Eight articles contain detailed 

descriptions and interpretations of data collected in parts 

of the coastal area. The remaining two are of a more over

all nature and discuss respectively: the general influence 

of the Late Weichselian morphology on the development 

of the Dutch coastal plain (De Gans & Van Gijssel) and the 

influence of storm-surges and the like along the North 

Sea coast (Van Ma Ide). The latter two papers are the first 

in this volume. Thereafter the articles are geographically 

arranged (Figure 1), starting in the northeastern part (Van 

der Spek) and ending in the southwestern area (Ebbing & 

Laban). Especially the paper on sea-level rise of De Groot 

et al., based on data from the Frisian Islands, shou ld be 

mentioned here for its more than local importance. 

Complementary to the text a visual impression of the 

Dutch coast is given by three co loured aerial photographs 

(see for the locations Figure 1 ): respectively on page 2 

(frontispiece), 4 and 9. 

2 The present coast of the Netherlands 

The coast of the Netherlands is a barrier coast situated in 

front of a 50 to 100 km wide, low-lying back-barrier area 

of heavily populated, reclaimed and cultivated tidal flats, 

estuaries and marshes (Figure 1 ). In the south, beyond 

Belgium, the barrier is connected to the mainland of Cap 
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Blanc Nez of northwestern France. In the Netherlands it 

fo ll ows in main lines the morphology of the Pleistocene 

subsurface as it connects the watersheds of the Late 

Weichselian draining systems (de Gans & Van Gijssel , this 

volume). Although the present morphology of the Dutch 

coast is strongly modified by tides and waves, first order 

features, such as the change in strike from almost S-N in 

the west to almost W-E in the north, are completely de

fined by the Pleistocene morphology. Farther east the bar

rier continues in German territory. 

In the classification of Davis & Hayes (1984) the coast of 

the Netherlands is a mixed energy coast. The tidal wave 

enters the North Sea from the north and rotates anticlock

wise around two amphidromic points, one east of the 

coast of Norfolk (UK) and the other west of Denmark. 

South of Rotterdam the tides are also influenced by the ti 

dal wave from the English Channel. This complex pattern 

results in a strongly varying vertical tide along the coast 

from almost 4 m near Vlissingen (Flushing) in the south, 

decreasing to 1.50 to 2 m along the Holland coast, and in

creasing again to 2.50 m at the Frisian Islands, the barrier 

of the Wadden Sea (Figure 1 ). The prevailing wind direc

tions, based on records from 1700 to 1940, comes from 

the southwest (23%), followed by winds from the west 

(16%), east (13%) and northwest (12%) (Stalk, 1989). How

ever, the most intensive storms with la rge wind set-ups 

along the coast, come from northwestern directions. Ac

cording to Van Straaten (1961) the wave climate is closely 

related to the wind climate. The mean annual significant 

wave height varies between 1.1 m in the south (Kohsiek, 

1988) to 1.8 m in the north (Sha, 1989). 

On the basis of its morphology the present coast can be 

subdivided into three coastal subsystems (Figure 1 ), from 

south to north, the 'Zeeland' coast, the Holland coast and 

the Wadden Sea coast. 

- The 'Zeeland' coast - a part of Holland, south of Hoek 

van Holland and Rotterdam, included - consists of islands 

and peninsulas separated by estuaries, which , with the 

exception of the southernmost Western Scheidt estuary, 

have been closed off successively since 1952. The present 

morphology was established in post-Roman times by re

peated and often catastrophic flooding (Van den Berg, 

1986). The shoreline retreated since at least Roman time. 

The rivers Rhine and Meuse debauch in the northern estu

aries of the 'Zeeland' coast, the river Scheidt in the south

ern one. At present those rivers supply no sand to the 

coastal system. 

- The Holland coast between Hoek van Holland in the 
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barriers and their geolog ical setting are described by 

Van der Valk in his second contribution to this volume 

(Figure 1: no 8). They occur up to 10 km inland of the 

present shoreline on top of tidal flat and lagoonal depos

its. The NE-SW strike of this barrier ridge indicates that at 

that time the alluvial plain of Rhine and Meuse protruded 

seaward as a major headland, separating the back-barrier 

basins of Zeela nd and Holland. 

The development of the prograding barrier system of cen

tral-Holland during the Subboreal and Subatlantic is de

scribed by Van der Valk in his first contribution to this vol

ume (Figure 1: no 7). This study comprises an E-W run

ning section of the barrier sequence mainly based on data 

of eight continuously cored boreholes. 

Based on data of boreholes and cone penetration tests, 

Beets et al. document the closing history of the Bergen In

let, one of the main tidal inlets on the coast of Holland 

during the Atlantic and early Subboreal. 

The back-barrier basin of the Wadden Sea was separated 

from that of Holland by the Texel High, a headland formed 

because of a cu lmination in the Pleistocene surface. Sha 

et al. describe the offshore geology of this area. 

In contrast to the western part of the Netherlands, the 

back-barrier basin in the north, the precursor of the 

present Wadden Sea, remained open and its barrier re

ceded until this very day. Van der Spek in his paper on the 

sequences south of the island of Ameland, gives a de

tailed account of the geolog ical development of the east

ern part of the Wadden Sea during the Holocene. 

The Holocene evolution of Zeeland's onshore area will be 

extensive ly described in a separate volume of the Mede

delingen by De Vos & Van Heeringen (in prep.). In the 

present volume Ebbing & Laban give an account reaching 

back to the Eemian, based on data co llected in the off

shore area of the Western Scheidt. 

At the end of the Subboreal the marine influence in the 

coastal plain of the Netherlands is restricted to the east

ern Wadden Sea and the re latively small estuaries of the 

rivers Rhine, Meuse and Scheidt. Most of the coastal plain 

had changed into fresh-water marshes, peat cushions and 

lakes. However, renewed flooding starts in the Subatlantic 

and reaches its climax in medieval time. Although we as

sume that sand deficiency is the basic cause of the marine 

conquest, sma ll var iations in the rate of sea-level rise and 

in the frequency and relative force of storms are often 

considered to be the direct cause of the flooding. To study 

these phenomena, De Groot et al. present new data on 

sea-level rise during the past 2000 years, whereas Van 

Ma/de gives data on exceptional high sea-level stands in 

historic times. 
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Aerial photograph 3: Coast of Zeeland, near Zoutelande. Foto: Paul Paris 1993. 

This photograph shows coastal erosion due to the migration of a large tidal channel which is characteristic for the Delta region of the provinces of Zeeland and 

Zuid-Hofland. The channel shifts northwards and undermines the dike which wiff, if no countermeasures are taken, result in a cof/apse of the dike and the destruction of 

(part of} the viflage. The viflage shown here is Zoutelande, on the former island of Walcheren c. 10 km NW of Vlissingen, while looking to the NW The channel is 

the Oostgat, the northernmost channel in the Westerschelde outer delta. See for the location Figure 1 on page 6. 

The viffage is protected by a heavy sea dike and a series of dams constructed of basalt boulders with rows of timber poles on top. The dams keep the tidal currents away 

from the dike, thus preventing it's undermining. This results, however, in a steep slope of the shoreface. Coastal retreat resulted in the pronounced exposure of the dike. 

The picture shows clearly the narrow dune ridges on both sides of the dike. Longshore drift is from NW to SE (from top to bottom in the picture) as is shown by the offset 

in the waterline on both sides of the dams. The area of grey sand just NW of the viflage indicates a beach nourishment under construction. The transport pipeline, running 

paraflel to the dunes, is just visible. The picture was taken during an exceptionafly calm day. 
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The Late Weichselian morphology of 
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De Gans, W. & Van Gijssel, K., 1996: The Late Weichselian morphology of the Netherlands and 

its influence on the Holocene coastal development. - Meded. Rijks Geol. Dienst, 57, p. 11-25. 

Keywords: Late Weichselian relief, Holocene transg ression, river morphology, coasta l development, 

flood-basin storage capacity. 

Manuscript: received February 1994; accepted after revision January 1995. 

Enclosure: General map of the top of the Pleistocene deposits in the Netherlands 1 :500,000 

(Overzichtskaa rt van de bovenkant van de pleistocene afzettingen in Nederland 1 :500.000) 

Abstra ct 

An explanation is given of the enclosed 1 :500,000 contour map of the top of the Pleistocene 

deposits in the Netherlands. This map represents mainly the Late Weichselian land surface. 

The distribution of the covering Holocene marine deposits and of the Holocene erosional features, 

also shown on the map, are related primarily to the Late Weichselian morphology, since 

transgression of the sea followed the contemporary relief. The Late Weichselian morphology 

(elevation, slopes, valley widths) is described for four areas: the lower Rhine/Meuse area, the Vecht 

area I= Early Weichselian Rhine valley), the lower Scheidt area, and the Boorne/Hunze area. 

The extent and dynamics of coastal development during the Holocene transgression in each region 

were further controlled by the potential flood-basin storage capacity, river discharge, sediment 

input from the hinterland, subcrop and orientation, the latter in relation to tidal, wind, and wave 

conditions. 

During the Weichselian stage braided and, due to thermal erosion, very wide periglacial river flood 

plains developed, in a gently west- and northward sloping landscape. The surface of the interfluve 

areas was leveled and transformed into cryopediments. At the end of the Weichselian stage fluvial 

meanders were incised in the flood plains. The flood plains were subsequently inundated by the sea 

from about 7500 years BP (Atlantic). Transgression took place via the meanwhile partly infilled 

flu vial meander channels, which evolved into tidal channels. In the lower Rhine/Meuse valley, the 

lowest area at that time, the discharge and sediment load of the Rhine/Meuse river system impeded 

marine inundation. As a result, maximum intrusion of the sea took place in the Vecht area, a former 

glaciofluvial valley, because sediment input from the hinterland was lacking here. 

The extent and depth of the marine erosion increased during the course of the Holocene 

transgression, particularly in the post-Atlantic period. This erosion affected mainly the 

south-western coastal areas of the Province of Zeeland. 
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1 Introduction 

A systematic geo log ica l mapping of the Netherlands on a 

1 :50,000 scale is in progress at present. A major part of 

the mapping program in the densely populated coastal 

areas is concentrated on the geometry and composition 

of the Holocene marine sequence. Each map sheet is ac

companied by a subsidiary map (on a 1:100,000 scale) 

showing the depth of the surface of the Pleistocene 

sands. Thus far, 60% of the coasta l areas has been 

mapped. This information, combined with other source 

material on the shallow subsurface of the Netherlands, 

has been used to prepare a national map - on a scale of 

1 :500,000 - of the actual top of the Pleistocene deposits. 

This map should be considered as a revised and more de

tailed version of earlier publications (Pons & Bennema, 

1958; Zagwijn et al., 1985; Zagwijn, 1986). 

The present paper represents an explanation to the en

closed map (General map of the top of the Pleistocene de

posits in the Netherlands) and gives an assessment of the 

influence of the Late Weichselian morphology on the Hol

ocene (Flandrian) transgression and coastal development. 

In addition, the Holocene data are compared with evi

dence from transgressions during earlier Quaternary 

interglacial periods. 

2 Explanation of the map 

Data 

The enclosed map is a product of an inventory and com

pilation of published and unpublished maps and reports, 

which are based on borehole and cone-penetration (C PT) 

data from various sources. The majority of these data 

originate from the database of the Geological Survey of 

the Netherlands (RGD). The total number of data used for 

the map is estimated to be about 60,000 of which the CPT 

data count for about 10%. These latter are concentrated in 

the urban areas performed mainly for infrastructural pur

poses. 

The quantity and density of the data vary from region to 

region . In areas that have been recently mapped on a 

1 :50,000 scale, the average number of data points 

amounts to 5-10 per km 2. Urban areas may show a maxi

mum density of about 25 boreholes and/or CPT's per km 2, 

whe reas in more rural areas the data density may de

crease to less than 5 data points per km 2. In areas that 

have not been mapped yet, the number of data may even 

decrease to less than 1 per km 2. Because of this limited 

data coverage, a less detailed and reliable contour pattern 

has been attained for areas such as the Wadden Sea, the 

Frisian and Groningen coastal areas, the IJssel river 

mouth, the northern part of the Province of Noord-Hol

land and the tidal channels of the Province of Zeeland . 

Data information also decreases with the depth of the 

mapped surface. Within 10 metres below NAP (Amster

dam Ordnance Datum ), the number of data is relatively 
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high. This means that the topography of the pre-Holocene 

deposits is generally well known, as can be seen from the 

detailed contour image. Information becomes scarcer at 

depths greater than 10 metres below NAP (sometimes 

less than 1 borehole per km 2). The most comprehensive 

sources of regional information are indicated on the map 

index. Information on the distribution of the Holocene de

posits in the parts of the country whe re Pleistocene and 

older sediments crop out, have been derived, with some 

modifications, from the General geological map of the 

Netherlands 1:600,000 (RGD, 1975). Basic geographical in

formation on the Netherlands, including the height con

tours of the outcropping Pleistocene and older deposits 

has been partially derived from the 'Atlas van Nederland' 

(1963-1977) and was further obtained at the Topographi

cal Survey. 

Map preparation and map contents 

The data and map information selected up to 1992 on the 

(actual ) depth/altitude of the Pleistocene surface and the 

distribution of the Holocene cover have been compi led 

and (re)contoured on a set of topographical maps scale 

1:100,000. On the basis of this set of maps a genera lized 

draft map on a scale of 1 :250,000 was prepared, which 

was reduced to the 1 :500,000 scale. The relatively small 

map scale allowed of showing the major features and 

trends, despite the unequal and locally patchy distribu

tion of the data. 

In order to show the contours of the present Pleistocene 

surface and at the same time to give an indication of the 

Late Weichselian morphology and the effect of the Holo

cene transgression on this surface, the following features 

have been depicted on the map: 

altitude of the outcropping Pleistocene and older de

posits (relative to NAP) 

depth of the covered Pleistocene and older deposits 

(relative to NAP) 

distribution of the covering Holocene marine and flu

vial sediments and peat 

(i.e. Westland Formation, Betuwe Formation and Sin

graven Formation ) 

extension - and where possible depth - of the Holo

cene marine erosional features cut into the Pleisto

cene surface. 

These features, which constitute the 1 :250,000 draft map, 

have been digitized and stored as separate vector maps 

using the GIS Arc-Info. Accordingly, the required informa

tion can be combined and reproduced in a variety of ways 

and formats. The map enclosed with this paper, is a re

duction to the 1 :500,000 scale, for which some further 

simplification had to be accepted. 

Most attention has been paid to the coasta l areas where 

Holocene, predominantly marine elastic deposits and 

peat strata, overlie the predominantly sandy Pleistocene 
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Figure 1 

Patterns of Holocene tidal 

channels eroded in the 

Pleistocene deposits. 

sediments. The Holocene strata form a wedge-shaped 

sedimentary sequence of lagoonal, tidal flat, estuarine, 

fluvial, and swamp deposits protected from the sea by a 

belt of beach barriers (Westerhoff & Cleveringa, 1990). 

Lithostratigraphically, the onshore marine and perimarine 

deposits of the Netherlands are included in the Westland 

Formation. The extension of this formation roughly corre

sponds to the zero datum level (NAP). The contour inter

val for the base of the Holocene deposits below NAP is 

dependent on the data density, which is related to the 

depth-range: a 2-metre contour interval has been chosen 

where the base lies between 0 and 10 metres below NAP, 

a 5-metre interval had to be adopted where it lies deeper 

than 10 metres below NAP. In areas with a base-Holocene 
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cene formations. Farther inland the peat on top of the 
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Pleistocene deposits is of Atlantic or Subborea l age and 

here it is assigned to what is cal led Hollandveen (Holland 

Peat). 

Using the general assumption that the presence of a basa l 

peat bed indicates a non-erosional Holocene/Pl eistocene 

co ntact, a distinction has been made between areas 

roughly representing the unmodified Late Pleistocene 

(Late Weichselian) topography and the eroded Pl eisto

cene surfaces. The absence of such a marker horizon 

causes appreciable problems for determination of the 

depth to the base of the Holocene deposits. The Holocene 

sand-rich sediments (beach and dune sands, tidal and flu

vial channel deposits). for example, generally consist of 

reworked Pleistocene deposits. Since the depth of the 

Holocene/Pleistocene transition cannot be easily inferred 

from these sand/sand contacts, other stratigraphic criteria 

had to be used, including changes in the litholog ica l co rn-

Geo logi ca l tim e sca le 

Hol ocene 

Weichselian * 
Late 

Eemian 

Saalian • 

Holst einian 

El steria n• 
QJ 

Middle 
c 

~ 
QJ 
u 

Cromerian 
"' .8 c (/) complex•• 
~ 

~ QJ 

"' c:: 
:::J 

0 Bavel ian •• 

M enap ian* 

Waa lian 

Early Eburoni an* 

Tigli an 

Praetigli an* 

Cold stage Hb Holsteinian beds 

Compl ex unit Crb Cromerian beds 

position, the presence of shells and other fossils, and the 

CaC03 content. Holocene erosion of the pre-existing Pl eis

tocene relief was predominantly effected by marine and 

fluvia l channel systems (Fi gure 1 and enclosed map). The 

depth and position of the ma in channels and gull ies are 

indicated on the 1:500,000 map where known. Marine ero

sion has been particularly intense and complex in the 

southwestern part of the coastal zone (Province of Zee

land); here the depth contours below 20 m -NAP are lo

ca lly not further indicated (gray color on the map). 

In the inland part of the Netherlands, where the Pl eisto

cene and older deposits crop out, a contour interval of 10 

metres or more was selected. For practical reasons only 

the distribution of the Holocene fluvial deposits along the 

present rivers Rhine, Meuse, and IJssel (Betuwe Forma

tion) and the brook deposits (Singraven Formation) has 

been given. The local occurrences on the higher grounds 
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Figure 2 

Stratigraphv of the Ouaternarv deposits in the Netherlands. After Doppert et al. (1975). 
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Figure 3 

Simplified map of the top 

level of the Pleistocene 

deposits in the Netherlands. 

After the herewith enclosed 

1 :500,000 map and after 

De Gans et al. 11993). 
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of Holocene aeolian sands (Kootwijk Formation ) and peat 

deposits (Griendtsveen Formation) are neglected (Fig

ure 2). In addition, the course of the fluvial channel 

systems that eroded the Pleistocene surface have been in

dicated. Their precise erosional depth is not depicted. 

Pleistocene deposits are missing in the greater part of the 

Westerscheldt tidal inlet (Province of Zeeland: area repre

sented by a special boundary line) and locally in the east

ern and southern borderlands of the Netherlands. Be

cause of the scale, the latter pre-Pleistocene sediments 

cou ld not separately be indicated on the present map. 

3 Late Weichselian relief 

Apart from the Holocene marine erosion, the enclosed 

map depicts mainly the Late Pleistocene (Late Weichse

lian) relief in the Netherlands. The Pleistocene land sur

face gently slopes in a westward and northward direction 

from about 50 metres above NAP in the borderland with 

Germany to roughly 20 metres below NAP along the 

present coastline (Figure 3). Due to the low sea level, the 

southern North Sea region formed part of an extensive 

land area in northwest Europe that was controlled by in

tense periglacial conditions during the Weichselian stage. 
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The sediments at the Late Weichselian surface consisted 

mainly of unconsolidated sand, clay and till. These Middle 

and Upper Pl eistocene sediments comprise (see Figure 2): 

the Weichselian continental periglacial and aeolian de

posits (Twente Formation) , fluvial deposits of the Rhine 

and Meuse river system (Kreftenheye Formation), and 

glacial and fluviog lacial deposits of Saalian age (Drente 

Formation) and Elsterian age (Peelo Formation). Lower 

Pleistocene, Tertiary, and older deposits are locally en

countered in the Saalian push moraines and further at or 

near the surface in the eastern and southern border areas 

of the Netherlands. 

In the central and northern parts of the Netherlands the 

Late Weichselian relief continued to be dominated by the 

Saalian morphological features, such as push moraines 

(up to 100 m above NAP in the centra l Netherlands), ti ll 

plains, and originally (fluvio)glacial valleys as of the 

Hunze and the Vecht. The expanded river systems in th is 

area flowed in a braided, often multi-channelled form, fol

lowing closely the modern river course in the Nether

lands. A main water divide was al igned, running from 

Texel towards the southeast and further east (Figures 4 

and 5) . This divide separated the drainage basin of the 

Lower Rhine in the south from the Ems (Weser-Elbe) 

100 km 
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Figure 4 

The main fluvial systems in 

the southern North Sea area 

during the Early Holocene. 

Modified after Gibbard (1988) 

and Zagwijn (1986). 



Figure 5 

Outlines of the Weichselian 

drainage basins in the 

Netherlands, superimposed 

on the top-Pleistocene map 

{see Figure 3). 
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drainage basin in the north. Towards the west the divide 

possibly extended across the North Sea towards the coast 

of Norfolk (Figure 4). This land bridge between the conti

nent and the United Kingdom existed until the Late Bo

real, when it was submerged by the rising water leve l of 

the North Sea (Zagwijn, 1986). The drainage basin of the 

Lower Rhine extended during the Late Weichselian south

westward towards the Straits of Dover (Gibbard, 1988). 

Within this drainage area three subsystems can be distin

guished as follows (Figure 5): 

The Rhine/Meuse system, following the present and 

Late/Middle Weichselian course of the Lower Rhine; 

the river Meuse, coming from a southern direction, is 

incorporated into the same general route from Nijme

gen to the Rotterdam area 

The Vecht system, through wh ich the Rhine followed a 

northward course during the Eemian and Early Weich

selian, but has a Saalian (fluvio-)glacial origin 
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The lower Scheidt system in the southwest, which was 

confluent with the Rhine/Meuse system west of the 

present coast. The divide between the lower Scheidt 

and Rhine/Meuse systems was however, very flat and 

is difficult to trace. 

North of the main water divide there were two small, 

northward running river systems (the Boorne and Aa/
Hunze systems), wh ich we re the Weichselian upstream 

parts of tributaries of the Ems (Weser/Elbe) drainage ba

sin in northern Germany. 

The flood plains of the river systems in the southern part 

of the North Sea region formed the lowest areas at the 

onset of the Holoce ne transgression. All of them are char

acterized by their specific morphology (width , elevation, 

gradient, slope), sediment load, discharge, and flood-ba

sin storage capacity. As a consequence the marine facies 

development in the lower reaches of each river basin dif

fered considerably during the Holocene transgression. 
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Figure 6 

Weichselian flood-plain gradients and Late Weichselian / Early Holocene meander valley depth in the Rhine/Meuse area, Vecht area 

(Early Weichselian Rhine system), lower Scheidt area, and Aa/Hunze area. (In the Aa/Hunze area and especially in the Vecht area the 

ground level was considerably raised before the end of the Weichselian, by aeolian sedimentation and by other periglacial deposits.) 
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4 Regional development and history of 

the valley systems 

Rhine/Meuse area 

The Late (/Middle) Weichselian Rhine/Meuse flood plain is 

clearly visible on the map. In this text it is also briefly re

ferred to as the Rhine Val ley. The depicted Late Weichse

lian alluvial plain consists of coarse sand and gravel (Kref

tenheije Formation) and gently sloped towards the west 

with a gradient of ea. 20 cm/km. It is often capped by a 

Late Weichselian (Early Holocene) back swamp clay bed 

(about 1 dm to 1 m thick) which is not incorporated into 

the depicted flood-plain elevation on the 1 :500,000 map. 

Near the present coastline the flood plain was up to about 

25 kilometres wide, where its position, (although strongly 

eroded), is estimated to have been at about 22 m below 

NAP (F igure 6). River dunes covered the Late Weichselian 

alluvial plain along the main channels. On the southern 

slope of the val ley, there were secondary stream val leys, 

which seem to be absent along the northern slope. 

Verbraeck (1984) suggests that the Rhine was forced to 

fol low its present westward course off Arnhem since the 

maximum extent of the Saalian glaciation, beyond the 

margin of the Saalian push moraines. Van de Meene & 

Zagwijn (1978) suggest however a Middle Weichselian 

(Plenig lacial) origin for the Rhine valley, an assumption 

which is followed in this paper. In our view, the Rhine 

shifted towards a shorter, more westerly course by cap

ture of the Meuse system. This fluvial event is tentatively 

dated to the transition from the Early to the Middle Weich

selian on the basis of data on small river systems pre

sented by Cleveringa et al. (1988). 

The more than 25 kilometres wide val ley and its relatively 

small sediment thickness (about 20 metres) relative to its 

age (50-70 ka) is tentatively related to the occurrence of 

permafrost during the Middle Weichselian. Th is perma

frost was discontinuous and is estimated to have had a 

maximum thickness of 20 metres in the central part of the 

Netherlands (Cleveringa & De Gans, in prep.). It is sug

gested that 'thermal ' erosion of the permafrost in and be

low the val ley sides gave rise to va lley widen ing and ag

gradation by the braided river system. At the same time 

periglacial slope processes caused the interfluve areas to 

become flattened by cryoplanation into cryopediments, 

as suggested by De Gans (1991). The cryopediments are 

covered by aeolian and slope deposits of the Twente For

mation. 

During the Late Glacial the transition from a braided to a 

meandering system led to the cutting of channe ls into the 

val ley floor. At the position of the present coast line these 

attained a depth of over 40 metres below NAP. Measured 

from the then surface, this channel had a depth of about 

20 metres (Figure 6). 

At the onset of the Holocene transgression the Rhine/

Meuse drainage system included the on ly rivers with an 

extra-regional discharge and sediment load. Sedimenta-

tion as a consequence of sea level rise forced the mean

dering fluvial system of the Rhine to change into a anas

tomosed fluvial system (De Groot & De Gans, this vol

ume). As a consequence the marine erosion was 

impeded. At the end of the Boreal , with a sea level at 

about 25 metres below NAP, the meanders were already 

completely infilled by sediments. However, the marine 

erosion channels protruded into the Rhine flood pla in as 

far as about 25 ki lometres landinwards. The tidal chan

nels follow the fluvial meanders and the flood plain orien

tation. Near the present coastline the marine erosion at

tained a depth of up to 25 metres below NAP (Van 

Staalduinen, 1979), which is far less deep than the depth 

of the fluvial meanders. 

Farther north near Haarlem, in the interfluve area between 

the Rhine valley and the Vecht valley, the presence of a ti

dal channel system with a southwestern orientation has 

been demonstrated. The inland intrusion of the channels 

in the interfluve area, increases in a northerly direction 

from about 10 to 25 kilometres with a depth up to 20-25 

metres. The channels date from before 5000 BP (Van der 

Va lk, 1992 and this volume). The south-west orientation of 

these channels is tentatively related to pre-existing 

stream val leys. 

Vecht area (Early Weichse/ian Rhine system) 

The main part of the so-called 'Vecht valley system' or 

'Vecht area' lies westerly of the present-day river Vecht 

(see Figure 5). Initially, the east-west orientated lower part 

of the valley, now largely filled in with marine sediments, 

was formed by Saalian ice-marginal meltwater erosion. It 

probably functioned as a spillway for ice-dammed lakes 

and was used subsequently by the main stream of the 

Rhine, which had adopted a northward course through 

the Oude IJssel val ley and the Saalian IJssel basin (Van 

de Meene & Zagwijn , 1978; Van den Berg & Beets, 1987). 

During the Eemian this low area was inundated by the 

sea. After withdrawal of the Eemian sea, the Rhine re

sumed this course through the lower Vecht area, until, in 

the beginning of the Middle Weichselian, the Rhine 

shifted its course westward over Arnhem and Rotterdam 

(enclosed map, Figure 4). The Vecht val ley remained a 

drainage basin of local importance nourished by the 

upper Vecht (present Vecht system) and (Oude) IJssel and 

further by small tributaries such as the Eem, Beiler

stroom, and Linde. The present river IJssel, as a branch of 

the Rhine, did not develop its northward course unti l 2000 

years ago, when it flowed into the former Zuider Sea. 

The altitude of the flood plain in the lower IJsselNecht 

area before the shift of the Rhine in the Middle Weichse

lian, is estimated to have been at 27-28 metre below NAP 

near the modern coastline (data from: Westerhoff et al ., 

1987; De Gans, 1991; Zagwijn, 1983): see Figure 6. This 

level is more than 5 metres below the level of the Late 

Weichselian flood plain in the lower Rhine/Meuse area. 
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The lower leve l may be the product of differences in re

gional subsidence (De Gans, 1991 ), or a high aggradation 

rate in the younger Rhine valley. An alternative explana

ti on cou ld be that the Early Weichselian Rhine took a 

course to the north instead of running to the Strait of 
Dover (Figu re 4) . 

The Early Weichselian Rhine Va ll ey was about 10 kilome

tres wide near Alkmaar, half the width of the Late Weich

selian Rhine Valley near Rotterdam. This difference in val

ley width is probably related to the absence of 

contemporary permafrost during the Early Weichselian 

and hence the absence of lateral thermal erosion. 

During the Middle and Late Weichselian, slope and aeolian 

deposits (Twente Formation) accumulated in the flood 

plain and cryoplanation flattened the interfluve areas. The 

orig inal flood plain morphology was partially obl iterated: 

instead, a large basin with weak grad ient slopes and a 

maximum depth of about 20 metres below NAP remained 

when the sea invaded the downstream area in the Holo

cene (some 8000 years BP: Borea l/Atlantic). 

Similar to the situation in the Late Weichselian Rhine/

Meuse Va lley, fluvial meanders were formed and cut into 

the western, downstream part of the lower IJssel/Vecht 

area (Westerhoff et al., 1987). In the coasta l areas they at

tained a depth of about 35 metres be low NAP (Figure 6), 

which corresponds to a cha nnel depth of 8 metres. Tidal 

channels in the same area, re lated to the Holocene trans

gression, eroded as deep as about 40 metres below NAP 

into the Pl eistocene substrate. This is about 5 metres 

deeper than the meander depths within the river valley. 

The marine erosion of the Pleistocene subsoi l extended 

as far as 35 kilometres inland along the val leys of the 

Vecht area. The exact age of the maximum channel ero

sion is uncertain. However, the ori entation of the chan

nels suggests that they are related to the fina l stages of 

the so-called 'Bergen Inlet' (Westerhoff et al., 1987; Beets 

et al., this volume) and hence can be dated between 5000-

3500 BP. 

Between the island of Texel and the North Holland main

land, a subrecent tidal channel (the Marsdiep) with a 

depth more than 50 metres below NAP has formed. The 

development of this channel is, however, mainly infl u

enced by human activity. 

Lovver Scheidt area 

The map shows that the Late Weichselian relief and valley 

morphology of the downstream area of the Scheidt River 

has been disturbed by marine erosion as well. Neverthe

less, the course of the Scheidt Va ll ey is partially visible on 

the map; a detailed reconstruction was made by Vos & 

Van Heeringen (1991 ). It is assumed that the Late Weich

selian Scheidt was confluent with the Rhine/Meuse river 

just west of the present-day shore line, near the former Is

land of Goeree-Overflakkee. 

A tentative Late Weichselian flood plain gradient was con

structed (F igure 6) using the limited evidence presented 
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by Vos & Van Heeringen (1 991 ) and Kiden (1991 ). The as

sumed gradient is 17 cm/km. 

Du ri ng the last part of the Late Weichselian, fluvial mean

ders were cut into the contemporary flood plain. Kiden 

(1989, 1991) has published a longitudinal section of the 

Scheidt Valley showing the Late Weichselian/Early Holo

cene fluvial meander level (tha lweg). The gradient of th is 

level extends towards the assumed confluence with the 

Rhine/Meuse (Figure 6) where the meander depth is esti

mated at about 40 metres below NAP. 

The marine erosion in the Lower Scheidt area was very 

complex and intense. A depth of up to 45 metres has been 

recorded for the Atlantic (Van Rummelen, 1970). This 

value is 5 metres deeper than the fluvial meander channel 

depth. During the Subatlantic, erosion depths increased 

up to 60 metres below NAP; these deeper incisions are, 

however, partly man-induced as a consequence of large

scale embankments. 

Boorne/Hunz e area 

The till plain in the northern part of the Netherlands has 

been dissected by two post-Saalian, NNW- running 

stream va ll ey systems: the Boorne and the Drentsche Aa/

Hun ze. A third and larger stream valley, the Ems, devel

oped just eastward of the Dutch-German border. During 

the Weichselian stage, the Boorne and Hunze valleys 

formed the upstream parts of tributaries of the Ems drain

age basin. 

The Drentsche Aa/Hunze system has been selected as 

representative for the northern Netherlands stream va l

leys because it is well documented. The altitude of the 

Middle Weichselian flood pla in at the present North Sea 

coastline must have been about 18- 19 m below NAP (Fig

ure 6) , which can be deduced from the data of the De 

Gans (1981) and Bosch (1990). This is based on a gradient 

of about 30 cm/km in its lower part. 

The Middle Weichselian Aa and Hunze valley flood plains 

near the city of Groningen were about 2 kilometres wide 

(De Gans, 1981; Bosch, 1990). The Aa/Hunze valley is esti

mated to have had a width of about 4 kilometres near the 

present coast line. The valley slopes were flattened by two 

major phases of cryoplanation, one at the onset and the 

second at the end of the Middle Weichseli an substage. 

However, the regiona l slope and valley morphology re

mained more pronounced than in the lower Rhi ne/Meuse, 

Vecht, and Scheidt areas. 

From the end of the Middle Weichsel ian, the flood plain 

became covered by slope and aeolian deposits with thick

nesses of more than 2 metres. This implies that the Late 

Weichselian elevation of the Aa/Hunze flood plain was 

about 16-17 metres be low NAP near the modern coast

line. 

Similarly to the va ll eys of the Rhine/Meuse drainage ba

sin, fluvia l meander channels were formed in the Aa/

Hunze val ley at the Weichselian/Holocene transition. The 

base of the cha nnels reached a depth of 25-30 metres be-
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Figure 7 

Increase in potential 

flood-basin storage capacity 

of the Rhine/Meuse, 

Vecht and Aa/Hunze areas. 

low NAP near the present coastline and these channels 

were formed by headward erosion (De Gans, 1981). 

Subsequent marine erosion of the meanders extended as 

far as 35 kilometres inland. The depth of the marine ero

sion in the Aa/Hunze flood plain amounts to up to 30 me

tres below NAP. Since this depth is approximately equal 

to the fluvial meander depth, marine erosion did not ex

ceed the vertical fluvial erosion. 

5 Relation of the Late Weichselian 

morphology and the Holocene coastal 

development 

The Weichselian relief in the coastal areas of the Nether

lands was characterised by a series of low-g radient, wide 

river systems separated by interfluve areas which we re 

flattened by cryoplanation processes. With the exception 

of the braided river valley of the Lower Rhine/Meuse/

Scheidt, the other flood plains subsequently became cov

ered by cold-climate aeolian and slope deposits. These 

sediments partially obliterated the morphology and in

creased the elevation of the alluvial plains. At the end of 

the last glaciation a change to meandering river systems 

led to channel incision of the flood plains. 

The Holocene transgression invaded the downstream 

reaches of the flood plains in a sequence according to 

their altitude. The modern onshore Netherlands was in

vaded by the North Sea in the Atlantic. At first, the Late 

Weichselian Rhine/Meuse area and the Scheidt river 

mouth (about 22 metres below NAP) were inundated, fol

lowed by the lower Vecht area (about 20 metres below 

NAP) and the Boorne/Hunze area (about 17 metres below 

NAP). With reference to the time-depth diagram of the sea 

level rise (Jelgersma,1961; Van de Plassche,1982) the 

combined Rhine/Scheidt/Meuse flood plain was inun

dated at about 7700 years BP, the Vecht area at ea. 7500 

years BP, and the northern flood plains at about 7200 

years BP. 
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The intruding sea-water initially followed the fluvial 

meander channels that had deve loped in the flood plains 

and partly reworked and evolved them into tidal chan

nels. The depth of these tidal channels increases during 

the further course of the Holocene, with a maximum of 

about 45 metres below NAP in the Province of Zeeland. 

The depth of the tidal channels exceeds the fluvial mean

der depth in the Scheidt and Vecht areas, is of the same 

order in the northern stream va lleys and of minor impor

tance in the lower Rhine/Meuse area were it was impeded 

by the discharge and sediment load of the river.The actual 

depths of the subrecent Marsdiep (south of Texel and 

over 50 metres below NAP) and the Westerschelde (Prov

ince of Zeeland and over 60 metres below NAP) are partly 

man-induced and attributable to the construction of dikes. 

For evaluation of the regional coastal development in 

time, estimates for the increase in potential flood-basin 

storage capacities (the areas that potentially could be 

flooded by the transgressing sea during a time interval, 

disregarding sedimentation and peat growth) for each re

gion are inferred on the basis of the enclosed map and 

the time/depth diagrams of the relative Holocene sea

level rise of Jelgersma (1979). The assumption has been 

made that the 20 metres below NAP contour of the non

eroded Pleistocene surface on the map represents the 

maximum extension of the sea at about 7700 years BP, 

the 10-metres-below NAP contour represents the 6400 

years BP extension, the 4-metres-below NAP contour is 

thought to represent the 4800 years BP level , while the 

0 metre contour represents the actual situation. 

As Figure 7 shows, the relative increase of potential flood

basin storage capacity of the Rhine/Meuse area equals 

that of the Vecht area. The large fluvial discharge and sed

iment input into the Rhine flood plain was, however, able 

to keep pace with the rising sea level . A deficit in sedi

ment supply therefore led to intrusion of the sea far into 

the IJssel/Vecht basin. A lake/swamp area remained when 

further sediment supply was impeded by the formation of 

the beach barriers along the present coastline between 

4800 and 3500 years BP (Westerhoff et al., 1987). 

The relatively small increase in potential flood-basin stor

age capacity of the Hunze/Aa area is related to the steeper 

Late Pleistoce ne relief and the more pronounced valley 

morphology. Marine erosion is mainly restricted to the 

downstream va lley flood plains. The coastal development 

of the Boorne/Hunze area may be related to this morphol

ogy, the insufficient sand supply from the hinterland, and 

the outcrop of tills (Drente Formation) and glaciolacus

trine clays (Peelo Formation). 

6 Late Quaternary interglacial coastal 

development 

Due to its position at the southern margin of the North 

Sea basin, the Late Quaternary sedimentary sequence in 

the Netherlands is one of the most complete and continu-
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ous in northwest Europe. A cross section following the 

present coast of the Netherlands (Figure 8) shows the 

Late Quaternary sequence. Fluvia l, marine and glacial se

quences overlie each other disconco rdantl y. The pattern 

of the marine transgressions during each interglacial pe

riod led to regional differences in coastal development, 

depending on the effects of preceding glaciations, the 

cou rses of the va lleys of the main rivers and neotectonics 

in the North Sea basin. Palaeogeographi ca l reconstruc

tion 's of the coastlines during the Cromerian, Holstei nian 

and Eemian interglacial stages have been published by 

Zagwijn (1979) and De Gans (199 1). 
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In the Netherlands the subsequent Elsterian and Saalien 

glaciations caused major drainage diversions and land

scape remodeling. Interglacial coastlines we re therefore 

strongly influenced by river valleys and glacial basins 

created in the preceding glacial stage. Most of the inte r

glacia l fluvial and marine sequences deposited in the va l

leys and basins, have been removed by erosion during 

subsequent glacial periods. Generally, only the basal 

parts of the marine sequences have been preserved, i.e., 

the tidal chan nel deposits. Some of the remains of these 

older marine beds (Cromerian beds, Holstei nian beds, 

and Eem Formation) are ind icated. 
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Section of the Late Quaternary sequence following the present coast of the Netherlands. Modified after De Gans (1991 ). 
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The Holocene coastal development of the Netherlands 

can be seen as the latest transition from (peri )glacial to 

interglacial conditions. The depicted Late Weichselian 

surface (Figure 3 and enclosed map) represents the con

tinued leveling of the Saalian relief by Eemian marine 

erosion and aggradation and Weichselian periglacial de

nudation (gelifluction and cryoplanation) in interfluve ar

eas and contemporary aggradation in the valleys. During 

the Holocene transgression further relief levelling oc

cured mainly as a consequence of deposition of marine, 

fluvial and organic sediments in the valleys and coastal 

lowlands. Erosion of the Late Weichselian surface took 

predominantly place via marine and fluvial channels. 

At the Saalian-Eemian transition a similar relief leveling 

can be demonstrated. The glacial morphology in the cen

tral and northern Netherlands was modified by fluvial and 

marine processes during the Eemian transgression, of 

which only the basal parts of the deposits have been pre

served. 

In the south-western part of the Netherlands the Saalian

Eemian transition is more similar to that of the Weichse

lian-Holocene because th is area is wel l beyond the limit 

of glaciation. Here the Eemian and older (Holsteinian/Cro

merian) marine deposits seem to follow older valleys of 
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the Rhine/Meuse system. These marine deposits are com

posed of coarse sands with marine shells or shell frag

ments and some gravel. The absence of a basal peat stra

tum and the lithology suggest that these beds are channel 

lag deposits in tidal gullies comparable with their Holo

cene equ ivalents. 

It can be concluded that in a next glacial episode which is 

predicted within 20-60 ka years (Berger, 1980) most of the 

present Holocene marine deposits (Westland Formation) 

are due to be eroded with exception of the basal part of 

the deposits in the tidal gullies. 

7 Conclusions 

Based on a large number of data, a map on a scale of 

1 :500.000 of the relief of the top level of the Pleistocene 

deposits in the Netherlands - for the greater part formed 

prior to the Holocene transgression - has been prepared: 

see enclosure. 

The map shows that at the onset of the Holocene marine 

transgression the relief of the Netherlands was character

ized by a series of low-gradient valley systems and low

relief interfluve areas in between. These varied in 

morphology (elevation, width, slope), discharge and sedi

ment load. The hydrologic and morphologic characteris

tics are responsible for divergent Holocene marine facies 

developments in each compartment. This is also evident 

from the differences in the increase in the potential flood

basin storage capacity, as can be inferred from the map 

(cf. Figure 7). 

The Rhine/Meuse flood plain was the lowest area in the 

Netherlands at the end of the Weichselian. Due to the 

heavy sediment load of the Rhine the inland intrusion of 

marine deposits was impeded. Instead the maximum in

trusion of the sea took place in an older Rhine valley, in 

the so-called 'Vecht area'. 

Erosion by tidal channels followed the pre-existing relief 

of flood plains and fluvial meanders. The vertical erosion 

of these channels increased during the Holocene in rela

tion to a declining increase in the potential flood-basi n ca

pacity. The maximum erosion of recent gullies up to 50-60 

metres below NAP was reached as consequence of human 

interference with the coastline during the last centuries. 

Comparison of the present contour map and the occur

rence of older marine interglacial deposits in the Middle 

and Late Pleistocene coastal sequence, suggests that 

interglacial marine deposition is followed by regional ero

sion during subsequent glacial periods. Generally, only 

the basal parts of the marine sequences are preserved. 
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Abstract 

Historical extraordinary water movements along the coast of the Netherlands are described. 

For an explanation of the sea-level movements caused by earthquakes a wider area is taken into 

account: North Sea, France, Belgium, Germany and England. The oldest data used are from 

the 15th century; however, the greater part of the historical facts are from the 16th century and 

the period thereafter. Storm surges, seismic seiches and the like are reported. 
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1 Very high storm-surge levels 

To the people of the Netherlands the storm surge of 1953 -

during which the south-western part of the country was 

flooded and 1835 people lost their lives - is not just a his

torical event, but rather a relevant and striking example of 

the risks of living in a delta area. To this should be added 

though that on that occasion the storm-surge levels were 

not remarkably high in the northeastern part of the coun

try, whe re - accord ing to the official storm-surge table of 

Ri jkswaterstaat, starting in 1825 - the highest tida l-water 

levels recorded were those of the storm surge of 4-2-1825, 

a historical event indeed! Anyhow, the question may be 

raised whether the storm-surge levels concerned were ex

tremely exceptional or wh ether in one way or the other we 

know of comparable or even higher storm-su rge levels in 

the past. This question wil l briefly be discussed here. For 

locations mentioned in the following text, see Figure 1. 

In the Low Countries the eldest comparative storm-surge 
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levels (at Rotterdam: 1421 , 1446 and 1468) have been la id 

down in 1468 in an official chronicle of the town, but so 

far as is known this is an iso lated case. Later such com

parisons were more generally and frequent ly made, start

ing with the sto rm-surge levels of 1530 (Antwerp) and 

1552 (coasta l area of Holland). In most cases the conver

sion of such comparative leve ls to centimetres related to 

the national reference level NAP (Amsterdam Ordnance 

Datum) is, for a variety of reasons, not a simple matter. As 

for the coast of Holland and of the north eastern part of 

the country we fortunately are on reasonably so lid 

ground with the storm-surge-level data of some of the 

most severe historical storm surges. 

The eldest reliable old storm-surge levels concern the All 

Saints Flood of 1570, one of the most disastrous floods that 

ever ravaged the Netherlands (Figure 2). Of two inundated 

villages the depth of water inside the firmly founded 

church cou ld be related to NAP. Due to this the storm-surge 

level concerned at Scheveningen, situated by the sea, was 

established to have reached NAP+ 400 (or 415) cm (the two 
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The Netherlands with 

locations mentioned in 

the text. 



Figure 2 

The All Saints Flood of 1570. 

After Gottschalk (1975). 

sources differ 6 inches). At Metslawier, a Frisian polder vil

lage, the water level was NAP + - 365 cm; accounting for a 

loss of head the actual local storm-surge level outside the 

dikes will have been at least NAP+ 375 cm, probably even 

higher. Furthermore it was reported that in a then rather 

new polder near Petten the inundation water was 13 feet 

deep; in view of factors like the drainage system, sea-level 

rise, some loss of head and others, a storm-surge level of 

NAP+ 350-375 cm seems a fair guess. 

These levels were 10 or 25 cm (Scheveningen) to 0-25 cm 

(Petten) higher than the 1953 levels, for all we know the 

highest local storm-surge levels occurred since 1570. Off 

Metslawier too the 1570 leve l was extraordinary high but 

a comparison with later very high levels in this region is 

not possible. In Amsterdam the level claimed (NAP+ 225 

cm), probably lowered by the numerous dike breaches in 

its vicinity, was surpassed (up to 25 cm in 1825) by 10 

storm-surges in the following 255 years. Lastly: according 

to an official contemporary report of this disaster the 

storm-surge levels along the southern part of the coast of 

c=J Flooded areas 

~ Storm-surge level in cm above NAP 

Holland were 2 ft higher than in 1552. 

From the northern provinces of the Netherlands no other 

storm-surge levels from before 1800 could be related to 

NAP. However the German hydrologist Rohde (1977) did 

derive four historical storm-surge levels at Emden. Of 

these the first one is related to the All Saints Flood, which 

also inundated nearly the whole of East-Friesland in Ger

many. A flood mark in the tower of Suurhusen, a village 

5 km north of Emden, corresponds with the level NN 

+ 448 cm. The other storm-surge levels refer to storm

surges in the 18th century. A careful study of all the rele

vant information led to some corrections of Rohde's lev

els, resulting in the following stages for Emden, to which 

the known level of February 1825 has been added: 

1-11-1570 ~ NN +470 cm 

14-12-1717 NN+475cm 

15-11-1775 NN +388 cm 

21-11-1776 NN +451 cm 

3/4-02-1825 NN +465 cm 

50 km 
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In 1570 and 1717 many dike breaches occurred in Easte rn 

Fr iesland. NN (Normal Null) is the German national refer

ence level, approximately equal to NAP. 

It may be assumed for the time being that these levels at 

Emden did not differ more than about 10 to 15 cm from 

those at Delfzijl, where in 1825 NAP + 460 cm was 

reached; for a fair comparison th is la tter stage actually 

should be raised by say 10 cm owing to overflowing of 

the sluice and to a nearby breach in a dike. 

The storm-surge leve ls at Delfzi jl of 1806, 1807, 1809 and 

1824 are known for some ti me now as are most likely all 

such levels thereafter. The level at Delfzijl, recorded in 

1825, appears not to have been surpassed ever since; 

stages comparab le to it (i.e. not more than 15 cm lower) 

did only occur in 1901 , 1906, 1944 and 1962.1 

Conclusion: the 1570 storm-surge caused along the Dutch 

30-12 - 1943 

Hoek van Holl and 

NAP 

Den Helder 

NAP 

10 12 14 16 18 

coast between Scheveningen and Den Helder the highest 

storm-surge levels known. Off the northern provinces and 

the adjacent German coast the storm-surge levels were 

ve ry close to the highest ones having occurred ever since. 

2 "Flash surges" 

For the Netherlands storm-surges are caused particularly 

by northwesterly storms. Quite often they are accompa

nied by secondary long waves, as are storms and gales 

from all directions. The periods of these waves are 

between several minutes to over an hour, their risi ng up 

to 6 dm and even more. They are generated by meteor

ological effects and their directions of propagation differ 

from normal to parallel to the coast; waves of the first 

type generate more or less local effects (Figure 3), waves 

of the second type manifest at quite a coastal stretch (Fig

ure 4a ); they are ca lled (Wemelsfelder, 1960) squall oscil-

31 - 12 - 1943 

20 22 

Figure 3 

Squall oscillations December 1943. After Wemelsfelder (1960). For locations see Figure 1. 

1 Under the present circumstances all these events would cause higher levels than occured, due to mean sea-level rise etc. 

(paragraph 3). Thus now the 1825 gale would cause a storm-surge level of NAP+ ~500 cm, being 20 cm higher than the second highest 

(1901) would reach. 
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Figure 4 

a. Gust bump 

(after Wemelsfelder, 1960); 

b. Flash surge. 

For locations see Figure 1. 

lations and gust bumps respectively (in Dutch: "bui-oscil 

laties" and "buistoten "). It is rather likely, by the way, that 

the storm-surge level at Scheveningen in 1570, was influ

enced by some secondary long wave of short duration. 

From historical record s some cases of excessive rising 

are known; so on 26 April 1924, a day of unstable weather. 

With the wind southeast a maximum rising occurred near 

Petten (130 cm in 5 minutes at the gauge; 160 cm accord

ing to labourers at work on groynes at some distance 

from the gauge, who stood there in peril of death). To
gether with the subsequent fall (of 110 cm) the phenome

non did not take more than a quarter of an hour; it may 

have been caused by a wave of the second type travell ing 

northwards at the time (Figure 4b), coi nciding locally with 

a wave of the first type. A few simi lar cases of such "flash 

su rges" have been chronicled both in the Netherlands 

and in England (Van Riel , 1924; Van Malde, 1990). 

Some tidal events are not easy to explain though as is the 

b 

case with another phenomenon which occurred near Pet

ten. According to the annual report of the dike board con

cerned (meeting of 6 May 1830) "the sea, with a moderate 

west-north-westerly breeze, rose in the early morning of 

10 January 1830 all of a sudden to the most extraordinary 

level of 4.75 m (= 16 local feet) above Vo lzee (=the then 

loca l reference level), causing ve ry considerable damage " 

to the dike and the groynes in front of it. Most extraordi

nary indeed: the said level equa ls NAP + 513 cm i.e. al 

most 475 cm above mean high wate r! Dutch newspapers 

of January 1830, reporting th at both the Zuiderzee and 

the entrances to the North Sea were covered with com

pact thick pack ice, specified the level 27 cm lower - still 

"incredibly" high - and the time as from 3.45 a.m. to 

nearly 6 a.m . Available Dutch meteorological data offer 

no lead for exp lanation. An external surge seems to be an 

obvious supposition; however, no comparab le informa

tion of any other tidal region in the Netherlands is known. 
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Figure 5 

Rise of mean sea level 

in the Netherlands. 

See Figure 1 for locations. 



Figure 6 

Rise of mean annual levels 

at Vlissingen (Flushing). 
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Though it all happened at night time this lack of addi

tional information is peculiar in view of the extreme rise 

and the great damage near Petten. The occurrence no 

doubt deserves further (laborious!) investigation. 

3 Sea-level rise and increase in mean tidal 

range (TV) 

That the relative mean sea level Z is slowly rising is com

mon knowledge nowadays; for tidal stations in the Neth

erlands this rise amounts to 15 to 20 cm/centu ry over say 

the last 100 years. Figure 5 shows the graphs for the 

mean annual value Z at the various stations (for locations: 

see Figure 1 ). Thi s figure will not be discussed here at 

length; just a few remarks: 

All water levels in the Netherlands are related to the 

national reference level NAP; as small vertical move

ments of this reference datum may not be excluded 

changes in Z are relative. 

Apparently there is a general rise of Z, but it is far 

from constant. Most remarkable in this respect are: 

cm 
200 

190 

180 

170 

160 

150 

140 

130 

120 

110 

The considerable drop between approx. 1877 and 

1887: some 13 cm at Vlissingen (=Flushing), 9 cm 

at IJmuiden and nearly everywhere else present; 

The oscillations from year to year, caused mainly 

by natural variations in wind set-up and set-down, 

prevail ing air pressure and sea water density (de

termined by water pressure and salinity). However 

other factors like human activities and astronomi

cal cycles may be of influence too. 

Harling en 

Den Helder 

In simi lar graphs of the mean tidal range TV most of the 

influences, determining the oscillations of Z, are elimi

nated, but those of the astronomical cycles will be en

larged. Of these cycles the most important one is the no

dal cycle with a period of 18.6 years; its influences may be 

quantified by computing regression lines, which as a first 

approach are assumed to be in all cases a straight line 

plus a sine with a period of 18.6 years, formularized: 

Y = At + B sin~ · 2rr + C 
18.6 

Y is the quantity concerned (Z , TV etc. ) 

t is date (year) 

k is a constant 

A, B, Care coefficients to be optimized 

From astronomical conside rat ions it follows that the 

smallest value of k is -2 (years) and that B > 0 for HW and 
- -
TV whilst B < 0 for LW. 

The computations were made for 4 quantities: Z, TV, HW 

(= annual mean high tide) and LW (= annual mean low 

tide). As the rise of 15-20 cm/century in Z is small com

pared to the depth of the North Sea one would not expect 

a significant change in TV; however at most Dutch sta

tions this quantity is in fact increasing. The most rema rk

able example is Vlissingen (Flushing); from Figure 6 the 

following conclusions may be drawn for this station: 

The straight trend lines fit quite satisfactorily and the 

sines for TV even very well indeed. 

The "drop" of Z between 1877 and 1887 recurs in HW, 

100 -+--.---.--~~~~~~~~~~- ,~~~~~~~~-.---.--~~~~-1-~ l 

1830 1850 1870 1890 1910 1930 1950 1970 1990 
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Figure 7 

Tidal ranges of Harlingen 

and Den Helder, with 

"enclosed" Zuiderzee. 

Values before enclosure 

(7932) being adjusted. 



but definitely not in TV, be it that this quanti ty shows a 

deviation before 1875. (In July 1877 a recording gauge 

was installed at this station !) 

TV has increased, anyhow since 1875, the increase be

ing on the average 14 to 15 cm/century; this implies 
- -

th at HW rises considerably faster than LW. 

The rise of HW and the increase of TV are greatest for 

springtide (38.5 and 20.5 cm/century) and least for 
- - - -

neap ti de (26 and 6.5 cm/century); even HWD (= HW 

for neap tide ) rises more than Z (= 22 cm/century). 

These phenomena imply gradual changes in the astro

nomical tides and gradually increasing tidal currents. 

Their ca uses are not fully understood; important factors 

will have been the changes that occurred in the configura

tion of channels and banks in the mouth of the Western 

Scheidt and the dredging in this area (only since 1960, be 

it almost at once at a large sca le) . 

The next two stations considered here are Den Helder and 

Harlingen. Both were much affected by the enclosure of 

the Zuiderzee, completed in 1932, HW rising with 7 and 16 

cm respectively, LW dropping with 8 and 34 cm respec

tively. Their TV-g raphs of Figure 7 have been corrected 

for these changes (of 15 and 50 cm respectively); however 

around 1932 there still is a considerable irreg ula rity for 

each station. Both graphs show as from say 1950 an in

creasing TV, but it is also clear that at least at Den Helder 

long term changes occurred before 1930 as we ll ; these 

changes too will be connected wi th alterations in the con

figuration of channe ls and banks, which does not mean 

that these phenomena are fully understood though! In 

this context it is quite interesting that gauges along the 

German North Sea coast show a significant increase of 

TV since 1950 too. 

A more detai led discussion on the phenomena examined 

is given elsewhere (Van Malde, 1992). 

4 Water movements caused by earthquakes 

An earthquake generates va rious vibrations, some of 

which are propagated through the interior of the ea rth, 

others through the crust. Their ce lerities, though consid

erably different, are very high indeed (up to 50,000 km/h). 

Under ce rtain cond itions they may cause so cal led seis
mic seiches in surface waters. It will be clea r that such a 

phenomenon is a case of resonance. Moreover if 

a. the epicentral zone2 of an earthquake lies, at least 

partly, under the sea or ocean, 

b. the crustal movement has a considerable vertical com

ponent and 

c. the earthquake is strong enough, 

a very long wave may be generated in the water. The ve

locity of propagation of such a tsunami theoretically 

equals Vgd (d = depth of water), i.e . very much less than 

the celerities of the vibrat ions mentioned before. 

The possible occurrence of seismic seiches and tsunamis 

in the Netherlands in the past was subject of a compre

hensive search in old periodicals, old books and archives 

(Van Malde, 1990). The findings may be summarized as 

follows. 

On several occasions seismic seiches occurred in the 

Netherlands; worthwhile mentioning here are those of 

(for locations, see Figures 1 and 2): 

16 September 1692 in the IJ (then st ill a tidal inlet from 

the Zuiderzee westwa rd ) "where anchored ships 

moved as when sailing on the high sea" off Amster

dam; also in the river Amstel in Amsterdam. 

1 November 1755 in many harbours (f.i. Bois le Due, 

Rotterdam, Hoorn), in rivers (IJssel near Deventer and 

Zwolle; Hollandsche IJssel near Gouda; Nieuwe Maas 

off Rotterdam etc.) and possibly at the Zuiderzee (near 

Hoorn ). 

31 March 1761 in the harbour of Maassluis (halfway 

between Rotterdam and the North Sea). 

It is generally assumed that the epicentre of the first 

earthquake lay approximately halfway between Brussels 

and Maastricht. The second case was caused by the noto

rious Lisbon earthquake; in the third case the epicentre 

was also in the area west of Lisbon . The two latter earth

quakes produced tsunamis, which effected the southwest 

coast of England and the south coast of Ireland (heights 

there 6 to 8 ft, at Penzance in 1755 over 10 ft!); however 

there are no indications that these tsunamis penetrated 

into the North Sea3. 

As for the se iches in the Dutch waterways mentioned, 

their heights will generally not have exceeded 2 ft; on 

1 November 1755, when seiches occurred at many places 

in the Netherlands, greater heights (even up to 4 ft) have 

been reported for smaller waterways. 

In this context the earthquake of 4 April 1640 deserves 

mention too as according to some we ll-known cata logues 

it would have caused vehement movements of ships in 

harbours of Holland and Zeeland (Perrey, 1845: p. 31) or 

even would have made a seaquake felt along the Dutch 

coast (Sieberg, 1940: p. 60, 61). The French sources of 

Perrey could not be traced. Dutch chronicles consulted 

(published in 1657 and 1670) and a contemporary annota

tion, cal ling this earthquake "great and unusual ", do not 

mention these phenomena however, so their occurrence 

on th at occasion seems open to doubt. 

2 The epicentral zone is the area at the face of the earth right above the actual crusta l movement. 
3 It has been stated erroneously (Davison, 1936: p. 22) that on 1November1755 a tsunami penetrated into the Netherlands in the 

afternoon; however the water movements referred to were seismic seiches occurring in the morning. Moreover 4 of the 5 towns and 

villages mentioned in this respect had by then no direct access to the North Sea anymore. 
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Figure 8 

a. The earthquakes of 7382 

and 1580: epicentres and 

areas of damage 

{after Wood, 1983); 

b. The earthquake of 

6-4-1580: isoseismal map 

!MSK-scale) 

{after Neilson et al., 7984). 



Figure 9 

The earthquake of 18-9-1692: 

isoseismal map (MSK-scale). 

After Van Gils & Zaczek 

(1978). 

N.B. : A few other cases with minor seiches have been left 

aside. 

An earthquake is classified by both its magnitude M 

(which is proportional to the logarithm of the energy re

leased; this Richter scale has Mmax = 9 to 9))) and its inten

sities I (i.e. its effects on the earth's surface; I:::; XII). An 

isoseismal map represents the intensities in the area af

fected by the earthquake; its greatest intensity is the epi

central intensity 10. Just to give an impression: the charac

teristics for I= VII (MSK-scale) are: some damage at many 

a house, waves in ponds, church bells make noise etc. For 

a tsunami M > 5X to 6 is necessary, though by no means 

sufficient. The relation between M, 10 and h (=the depth of 

the actual crustal movement in km) may be expressed by: 

2 
M = - 10 + 2.3 log h - 2.0 

3 

However, the values of the coefficients and the constant 

vary to some extend in the literature (see f.i . Neilson et 

al., 1984) 

Earthquakes with the epicentral zone fully or partly under 

the North Sea have occurred several times. From the pe

riod before 1600 two cases are more or less established, 

both with the epicentre in or near the Straits of Dover 

(Figure 8). On 21 (?) May 1382 lmax was probably VIII, but 

the information is a bit incoherent. On 6 April 1580 the 

sea in the English Channel was much agitated, ships there 

were damaged or even sunk and the sea flooded into Ca

lais and Boulogne. These reports are indications for 

(though not a proof of) a tsunami . Dutch sources concern

ing the 1580 movements (eldest found : 1599) say that 

"the sea was lifted from beneath "; this and the fact that 

the Thames was agitated too (though less than the sea in 

the English Channel ) seem to imply that the epicentral 

zone extended into the most southern part of the North 

Sea. 

N.B.: Other earthquakes in or near this area occurred on 

28-11-1776 , 2-9-1896 and 23-3-1933, but they were all 

weak or rather weak. 

As already mentioned there was a rather severe earth

quake on 18 September 1692; its epicentre is generally as

sumed to have been in Belgium. There are however some 

indications that the epicentral zone was partly under the 

North Sea: 

The queer form of the isoseismal I= IV near England 

(Figure 9). 

A later description in a reliable Dutch yearbook (Ne

derlandsche Jaarboeken, Nov. 1755, p. 1010) of the ex

periences on board ships on the high sea on 18-9-1692, 

being an excellent account of the phenomena on 

board ships sailing over the epicentre of an underwa

ter earthquake4. 

The nature of the phenomena recorded for Amster

dam (including the seiche in the IJ) and Leiden (I= VI 

to VII) and for Alkmaar (I= V to VI); see Figure 10. 

Koblentz 

' Frankfurt / 

' Erfu rt 1 
• I 

/ 

200 km 

4 " ... people felt a movement, which shook the masts so much that their splitting was feared, while the guns were lifted from the 

mounts and the ship seemed to strike a rock or sandbank, though the water was too deep for the sounding lead and no unusual 

movement of the water was observed .. . " 
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It may not be ruled out that in 1580 and/or 1692 a tsunami 

reached the Netherlands but if so it was quite weak. 

An important event in the North Sea, known as the Dagger 

Bank earthquake, occurred on 7 June 1931. Though M = 6 

and 10 = VIII (estimated) and though ships sailing over or 

near the epicentre experienced much agitation of the wa

ter, no tsunami was reported on that occasion. The location 

of the epicentre of this rather recent earthquake would 

match with a continuation of the Dutch band of the Lower 

Rhine Graben, which was marked on the seaward side 

most recently by two weak submarine earthquakes (on 9-9-

* 1931 

Estimated upper limits of possible Mercalli - intensities 

I ::y _-,'I i VI I DO c:wo 

Earthquakes (MSK - intensities): 

1850 off Noordwijk, a vi llage some miles north of Katwijk, 

and on 17-3-1883 off Zandvoort); see Figure 10. On the ba

sis of the location of its epicentre and of other facts, the 

1931 event might represent an extension of the band men

tioned; if so, some problems stil l rema in to be solved 

(Wood, 1983: p. 41). The suggestion makes it tempting to 

suppose that in 1692 there was indeed an underwater epi

central zone too, laying somewhere between the region of 

IJmuiden and the Dagger Bank. It wou ld make understand

able the phenomena in the northwestern part of the Neth

erlands on that occasion, as described in contemporary 

and somewhat younger Dutch sources. 

100 km 

6 - 4 - 1580 lo (estimated)· VIII-IX epicentre Englisch Channel 
6"" 18 - 9 - 1692 "6 I : V - VI recorded for Alkmaar 
·:: I . VI - VII recorded for Leiden I Amsterdam 

9 - 9 - 1850 lo (estimated I: Ill - IV epicentre off Noordwijk 
17 - 3 - 1883 lo (estimated)· IV - V epicentre off Zandvoort 

7 - 5 - 1931 lo (estimated I: VIII epicentre Daggers Bank 

lf- Ep icentre 
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Figure 10 

Upper limits of possible 

Mercalli-intensities in the 

Low Countries and adjacent 

Rhine area, with data of 

some earthquakes added. 

Mercalli intensity map after 

Ahorner et al. (1975): 

in Van Gils (1983). 



In connection with this suggestion it should be noted that 

the isoseismal map of the 1580 event (Figure 8b) implies 

an extension of the southern band of the Lower Rhine 

Graben as reproduced in Figure 10. The small differences 

between the Mercalli-scale, applied in Figure 10, and the 

MSK-scale (see Neilson et al., 1984) are of no conse

quences for these conclusions. 

Other North Sea underwater earthquakes occurred in the 

Skagerrak (3-4- 1841; M " 5ll) , near Harwich (22-4-1884; 

M " 5ll; only a minor part of the epicentre underwater?) 

and in the Oslofjord (23-10-1904; M = 6 to 6ll); from none 

of these earthquakes was a tsunami recorded. 

A more seismic sea area is situated north of the North 

Sea - however this area is beyond the scope of this dis

cussion. 
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Abstract 

Over a hundred cored boreholes form the basis for a reconstruction of the Holocene depositional 

history of the Dutch Wadden Sea south of the island of Ameland. 

The general stratigraphic sequence shows basal peat grading into reed clays and mud-flat deposits 

of Atlantic age, erosively overlain by Subatlantic, sandy channel-point-bar deposits. Radiocarbon 

dating of the peat shows that the area has been below mean sea level since 7100 BP Subboreal 

deposits were completely eroded by shifting Subatlantic channels. However, an almost complete 

sequence of mud and peat, deposited in the distal part of this tidal basin, ranging in age from Late 

Atlantic to Late Subatlantic, has been preserved onshore, in the present-day province of Fries/and. 

An idealised channel-point-bar sequence was constructed from 14 box cores. It shows cross-bedded 

to parallel-laminated sands that grade upwards into ripple-bedded sands with intercalated flaser 

bedding. Comparison of this reference sequence with the channel deposits in the cores from the 

boreholes shows that the sequences found in the latter are incomplete. 

A gradual lateral transition from marine sandy deposits to brackish muddy deposits existed in the 

Atlantic. In the present-day Wadden Sea this gradient no longer exists. The parts of the basin at the 

landward side have been reclaimed and the dikes form abrupt boundaries between land and sea. 

Net deposition of fine-grained sediments is limited to a small part of the area. 
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1 Introduction 

This paper describes the Holocene sedimentary se

quences found in cores from boreholes in the Dutch Wad

den Sea south of the island of Am eland (Figure 1 ). Previ

ous studies in the present Dutch Wadden Sea 

concentrated mainly on the present-day tidal flats and 

barrier islands. Important sedimentological studies of the 

Dutch Wadden Sea have been published by Van Straaten 

(e.g. 1950, 1954, 1961 ), Van Straaten & Kuenen (1957, 

1958) and Postma (1954, 1961 , 1981 ). Most sedimentolog

ical papers on the German Wadden Sea are not entirely 

applicable to the situation in the Dutch Wadden Sea. Ac

cording to Reineck (1972), the average mud content of the 

sediments in the German part of the Wadden Sea is 

higher than in the Dutch part. Sha (1989a,b,c,d, 1990), Sha 

& De Boer (1991 ) and Sha & Van den Berg (1993) give de

tailed analyses of the sedimentology and morphodynam

ics of the major tidal inlets and associated ebb-tidal deltas 

of the Dutch part of the Wadden Sea. Dune formation on 

the barrier islands is discussed by De Jong (1984). For an 

overview of the geology of the Dutch barrier islands, the 

Dutch Wadden Sea and the neighbouring onshore sedi

ments the reader is referred to Van Staalduinen (1977). A 

general overview of the development of the coastal plain 

of the Netherlands during the Holocene is given by Zag

wijn (1986). 

The present knowledge of the Holocene evolution of the 

Dutch Wadden Sea is mainly based on the study of ma

rine deposits in the northe rn parts of Groningen and 

Friesland, the most landward pa rts of the former Wadden 

Sea. These deposits consist predominantly of cl ay and 

interca lated peat layers. The time frame for the evolution 

of this area is established based on pollen analysis and on 

radiocarbon dating of the peat layers. For stratigraphic 

studies on this area the reader is referred to e.g. Wensink 

& Bakker (1951 ), Bakker (1954), Wensink (1958), Jelgers

ma (1961 ), Roeleveld (1974), Ter Wee (1976), Griede 

(1978), Griede & Roeleveld (1982) and De Groot et al. 

(1987). 

The sediments described in this paper were deposited in 

the mouth of the Boorne valley and east of it on the north

ward-trending spur of the Drenthe till plateau (Figure 2). 

The sed imentary cover of this spur was local ly not re

worked by migrating tida l channels and therefore pro

vides the most complete record of the Holoce ne deposi

tional history. 
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Figure 1 

Location map of the study 

area in the Dutch Wadden 

Sea near the island of 

Ameland. The cross-sections 

indicated (AA' etc.) are given 

in Figures 5, 7 to 9 and 17. 

The MSL-5 m contour 

represents the 1978 situation. 



Texel High 

Late Weichselian relief 

The Pleistocene landscape determined for an important 

part the Holocene evolution of the Dutch Wadden Sea. At 

the end of the Weichselian the northern Netherlands and 

the adjacent North Sea formed a sl ightly northward-dip

ping, periglacial landscape (Figure 2). The relief was domi

nated by two glacial-till outcrops dating from the Saalian 

glaciation. An ice-pushed ridge with a maxi mum elevation 

of 15 m above NAP (NAP= Amsterdam Ordnance Datum, 

which corresponds approximate ly with the present-day 

mean sea level) forms the core of the island of Texel and 

extends into the western part of the Wadden Sea (Figure 2: 

Texel High). A northward-sloping extension of the Drenthe 

glacial-till plateau is found in the centra l part of the Wad

den Sea near Ameland (Figure 2). The plateau is an almost 

flat, gently westward-dipping area bordered in the east by 

Boorne valley 

,--- 'IS _.,,- Depth contour of the top of the Ple istocene deposits 
in metres below NAP 

l<·:'.>·>:·>:J Top of the Pleistocene deposits higher than NAP 

Figure 2 

a northward-trending glacio-fluvia l valley (Ter Wee, 1962; 

Van den Berg & Beets, 1987). This depression has been 

filled in since the Late Saalian (Van Staalduinen, 1977; 

Bosch, 1990). In the Holocene, remnants of it stil l ex isted 

which are known as the Hunze va lley (Figure 2). A north

ward-flowing river, draining the western part of the plat

form, developed in the Saalian and Late Pleistocene (De 

Groot et al., 1987; De Gans & Van Gijssel , 1996). This river 

was the precursor of the Holocene Boorne and its medie

val successor the Middelzee (Figures 1 and 2). These va l

leys were the first parts of the Wadden Sea to become in

undated during the Holocene sea-level rise. The area west 

of the line Vlie inlet - Harlingen (Figure 2) was not sub

jected to tidal sedimentation until the early Subatlantic 

(Jelgersma & Ente, 1977), because locally, the Pleistocene 

surface was situated at a relatively high elevation. 

0 50 km 

General map of the early Holocene relief in the Northern Netherlands. The inset shows the study area. N.B. the depth contours are 

schematic, they correspond only roughly with Figure 4. After Zagwijn (1986). 
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Holocene sea-level rise 

Overall trend curves for the Holocene relative sea-level 

rise in the Netherlands, mainly based on the start of peat 

formation in the back-barrier areas, are given by Jelger

sma (1961, 1977, 1979) and Van de Plassche (1 982). These 

curves represent the rise in ground-water level in the 

coastal plain of the Netherlands. Contrary to Jelgersma 

(1979), Van de Plassche (1982) assumes small variations 

in rate and direction of sea-level movement after 5000 BP. 

These va riations, however, have not been confirmed as 

yet. Roep & Beets (1988) published a trend cu rve for the 

rise of the mean sea level at the coast of the western 

Netherlands since 5600 BP on the basis of sedimentary 

structures in the barrier sequence. Van de Plassche & 

Roep (1989) combined the peat and barrier curves into a 

more general framework encompassing possible varia

tions in the rate of sea-level rise . 

The rate of sea-level rise amounted to more than 0.75 m 

per century until about 7000 BP, 0.40 to 0.30 m per century 

between 7000 BP and 5500 BP and 0.15 m per century 

between 5500 BP and 3500 BP (Van der Spek & Beets, 

1992). Subsequently it started to decrease to an average 

rate of 0.05 m per century for the last 2000 years (Figure 3). 

Holocene substages 

The time boundaries of the Holoce ne substages on the 

basis of pollen datings used in this paper are: Atlantic, 

8000 BP to 5000 BP; Subboreal , 5000 BP to 2900 BP and 

Subatlantic, 2900 BP to present (Zagwijn , 1986). 

Methods 

This investigation is based on 108 continuously cored 

boreholes, most of which had a diameter of 0.07 m. The 

cores were taken by the Friesland Directorate of Rijkswa

terstaat and the Geological Survey of The Netherlands 

(RGD). Further lithologica l data on the barrier islands, the 

Wadden Sea and the Frisian mainland were derived from 

RGD's database. These were col lected during the past 

decades as part of a regional inventory study. Lithological 

data obtained from the area of land-reclamation works 

(Figure 1) were provided by the Flevoland Directorate of 

R i j kswate rsta at. 

The lithology of 15 cores was described in detail and me

dian grain sizes of the sandy deposits were estimated us

ing a grain-size comparator. Grain size is not shown in the 

litholog ica l logs of Figures 12, 13, 16, 21 and 22, since the 

estimated median grain sizes show little varation. Sedi

mentary structures were studied using lacquer peels. An 

idealized vertica l sequence for the sub- and intertidal 

point-bar deposits of the Dutch Wadden Sea was com

piled from a series of Reineck box cores. Clayey intervals 

were examined for pollen and diatom content by the RGD 

Palaeobotanical Department. Depositional ages were es

tablished by analysis of pollen assemblages and by radio

carbon dating of shell material. Fifteen carefully selected 

shell samples were radiocarbon-dated by Accelerator 
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Mass Spectrometry (AMS, see Van der Borg et al ., 1987, 

for a description of the method) at Utrecht Un iversity. 

Juvenile specimens that had an unabraded habitus and a 

complete periostracum were selected. These specimens 

are assumed to have been transported for a short period 

only and over a short distance before deposition, since 

transportation over longer distances would have worn the 

shell. These shells are therefore likely to provide an accu

rate indication of the age of the deposits that contain 

them . Moreover, the radiocarbon datings have been 

cross-checked against pollen information to preclude er

rors introduced by selecting shell material that is older 

than the host sediment. 

2 The Wadden-Sea sequence 

2. 1 Framework 

The Holocene sediments in the Wadden Sea form part of 

the Westland Formation, a un it that consists mainly of 

Holocene coastal, marine, lagoonal and tidal deposits 

(Zagwijn & Van Staa ldu inen, 1975). The Holocene se

quence consists of a basal peat which grades into humic 

and root-bearing clay, overlain by bioturbated, muddy 

silts and fine-grained sands (subunit 1 ). A thick sequence 

of predominantly sandy point-bar and intertidal deposits 

(subunit 2) forms the top of the Holocene sequence in the 

study area. 

The base of the Ho locene sequence in the study area is 

found at depths ranging from about NAP on the Frisian 

mainland to more than 30 m below NAP beneath the island 

of Ameland (Figure 4). A Pleistocene 'core ', which could be 

the continuation of the Drenthe plateau, has not been 

found below the island of Ameland (Figures 2, 4 and 5) . 
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Trend curve for the relative sea-level rise in the coasta l plain of 

the Netherlands. The curve shows a strong decrease in the rate 

of sea-level rise between 6000 BP and 5500 BP. 

After Jelgersma (1979). 
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4-6 

Pleistocene basement 

Outcrops of Pleistocene sediments occur on the Fris ian 

mainland, in the area elevated above NAP, see Figure 2. 

Where the top of the Pleistocene sediments has not been 

eroded in the study area, it consists of Late Weichselian 

deposits. These Weichselian deposits include eolian cover 

sands and fluvial loamy sands of the Twente Formation 

(Zagwijn & Van Staalduinen, 1975; Figure 6). They overlie 

the Saalian glacial till of the Drenthe Formation (Figure 6) 

in part of the area. Eemian marine sands and cl ays are 

found between the Weichselian and Saalian deposits in 

the central part of the study area (Figures 5 to 7) . 

In the Boorne valley, south of the inlet between the is

lands of Terschelling and Ameland, and in the Wadden 

Sea south of Terschelling, the top of the Pleistocene se

quence has been eroded (Figures 4 and 8). Below Ame

land, erosion has cut down into the stiff glacio-lacustrine 

Potclay and associated fine-grained sands of the Peelo 

Formation which were laid down during the Elsterian gla-

ciation (Zagwijn, 1973; Ruegg, 1975; Figures 5, 6 and 9). In 

the Boorne Valley the top of the Pleistocene is formed by 

a thin layer of washed-out gravel and stones and rem

nants of cover sand, overlying Saalian glacial till (cross

section CC', Figure 8). 

2 .2 Subunit 1: 

Fine-grained deposits and peat 

Basal Peat 

Where not eroded by Holocene channels, a podzolic soil 

with vertical root traces is found at the top of the Pleisto

cene deposits. It is overlain by a thin, dark-brown to black, 

strongly compacted peat, sometimes with thin, interca

lated clay layers and frequently containing wood remains . 

The lower part of this Basal Peat is often sandy. Towards 

the top the peat becomes clayey and usually grades into 

organic-rich clay (see below). Loca lly, the Basal Peat is di

rectly overlain by sandy point-bar depos its. The peat con-

Ameland 

Terschelling 

,,-------
' ' ' 

//:; 

r---
' ' ' ' ' ' ' ' ' 

Boorne Valley 

\~',, ''--~ . ' ____ , 

10 km 

,,' Top Pleistoce ne and overlying Basal Peat not erod ed __ ,o-' Depth contour, position uncertain 

Depth contou r of the top of the Pl eistocene deposits 
in metres below NAP 

Figure 4 

Detailed map of the depth of the base of the Holocene deposits south of Terschelling and Amel and. The Basal Peat and overlying 

fine-grained Atlantic deposits are missing where younger channels scoured into the Pleistocene subsurface, e.g. in the mouths of the 

former Boorne Valley and the Middelzee (Figures 1 and 2). The map is based on unpublished information of the Geological Survey of 

The Netherlands and the Fries/and and Flevoland Directorates of Rijkswaterstaat and on data collected by Griede (1978). 
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Figure 5 

Cross-section AA' through the Holocene and Pleistocene deposits from central Amel and to the Frisian mainland. Location of the cross

section is shown in Figure 1. The Holocene succession consists of Atlantic peat and clay that is overlain by a thick wedge of Subatlantic 

cross-bedded sands in the Wadden Sea. Subboreal deposits are missing here due to erosion by migrating tidal channels. On the 

mainland of Fries/and a more complete sequence of clays and peats is found. The cores 2C.137, 2C.141 and Ternaard 14 are shown in 

detail in the Figures 16, 12 and 22 respectively. See Figures 10, 11and15 for more information on the radiocarbon-dated shells and 

peats. The mainland part of this cross-section was published by Jelgersma (1961 ). 
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Figure 6 

Simplified stratigraphic table 

of the Mid and Late 

Pleistocene and Holocene 

deposits in the study area. 

sists of Alnus fen wood peat grading into Phragmites 

peat. The maximum total thickness of the peat layer is 

0.45 m. In the Wadden Sea south of Ameland the Basal 

Peat occurs at depths ranging from 4.5 to 16 m below 

NAP. Figure 4 shows the distribution of the Basal Peat. 

Peat formation in the coastal plain of the Netherlands was 

mainly due to a rising ground-water table caused by poor 

drainage as a consequence of the rising sea level (Jelger

sma, 1961; Van Straaten, 1963). The resulting evolution of 

the vegetation is illustrated clearly by the composition of 

the Basal Peat in core 1H.108 (cross-section DD', Figure 

9). It consists of woody fen peat, which overlies 0.1 m of 

humic sand, and grades upwards into slightly clayey 

Phragmites-Carex peat. This succession indicates the re

placement of a temperate forest vegetation by a swampy 

forest vegetation and eventually by a reed vegetation as 

the rising ground-water table reaches the surface level . 

The increase in clay content in the peat, and the asso

ciated increase in Chenopodiaceae pollen indicate an in

creasing marine influence. 

The base of the Basal Peat in core 1H.108 (cross-section 

DD' , Figure 9; Figure 10) was radiocarbon dated at 7095 ± 

50 BP to 7025 ± 50 BP (Figure 11 : datings Molengat) . The 

top of the Basal Peat at the Grienderwaard, south of the 

island of Terschelling (Figure 10), was dated by Ente 

(1977) at 5290 ± 70 BP (Figure 11 ). Both radiocarbon dat

ings agree with the Atlantic pollen assemblages found in 

the Basal Peat from this part of the Wadden Sea. 

Humic and root-bearing clay 

A parallel-laminated, dark to blue-grey, organic-rich clay 

frequently overlies the Basal Peat. It contains very thin 

layers (less than 1 mm) of silt and also thin layers of (peat) 

detritus and/or plant remains. The organic content de

creases towards the top. However, humic intervals that 

sometimes grade into peaty clays are found locally (e.g. 

core 2C.141 , Figure 12, between 7.93 m and 8.10 m). Pen

etration by Phragmites roots occurs, although not directly 

above the Basal Peat. Occasionally, thick, woody roots are 

found (e.g. core 2C.141 , Figure 12, between 8.63 m and 

Geochronology Stratigraphy of the Wadden-Sea, south of Am eland 
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8.69 m). The clay has a maximum th ickness of 0.8 m and 

is erosively overlain by silts and sands. 

A root-bearing, grey clay layer that is less rich in organic 

material and contains intervals of mm-thick layers of very 

fine-grained sand overlies the humic clay in cores 2C.138 

and 139 (cross-sections AA' and DD' , Figures 5 and 9). 

The roots are very thin (not more than 2 mm in cross-sec

tion) and can be traced vertically over short intervals only. 

A similar root pattern is known from Salicornia, a short

living upper-intertidal to supratidal plant. Salicornia roots 

can be preserved during rapid clay sedimentation (D. de 

Jong, Rijkswaterstaat-RIKZ, pers. comm.). The probable 

occurrence of Salicornia in this clay is supported by the 

high percentages of Chenopodiaceae pollen (Cleveringa, 

pers. comm.). 

The humic clays were deposited in a fresh to brackish en

vironment dominated by reed vegetation . The upward de

crease in organic constituents reflects the decline of the 

vegetation in the area and the further rise of the (ground

)water table that eventua lly resulted in drowning of the 

Basal Peat. The clay must have been derived from the 

North Sea since no major fluvial sediment source existed 

in this part of the Wadden Sea. Intercalated reed peat (e.g. 

B 
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cross-section 
D-D' 

5m ' 
NAP 
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core 2C.141, Figure 12) indicate a lateral alternation of 

pond-like water bodies where clay deposition prevailed, 

and vegetated zones where reed peat was formed. Di

atom assemblages show elements of stagnant, shallow, 

fresh to brackish water bodies, salt marshes and (upper

intertidal) mud flats (RGD, unpublished data). This indi

cates deposition of the clays in an open environment 

comprising ponds and pools, alternating with zones 

where reed vegetation prevailed. Although there is no ev

idence of tidal influence, importation of marine clay is 

certain. Marine diatoms were introduced together with 

the clay. The facies can be characterized as a (temperate) 

coastal swamp. 

The clays containing Salicornia roots in cores 2C.138 and 

139 were, in contrast with the clays described above, laid 

down in a more open mud-flat environment. This is sug

gested by the (extremely) high percentages of Chenopo

diaceae pollen and relatively low percentages of Grami

neae pollen. The absence of bioturbation and the 

occurrence of pollen of Ruppia, a plant that thrives in low

energetic, shallow pools and can survive large fluctua

tions in salinity, point to a supratidal facies. The diatom 

assemblages indicate that clay deposition started in a 

mainly fresh-water, supratidal environment which be-
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Figure 7 

Cross-section 88', through the tidal flats north of Blija. Loca tion of the cross-section is shown in Figure 1. See Figure 5 for lithological 

legend. The section shows Atlantic Basal Peat overlain by Atlantic mud-flat deposits (bioturbated silts and fine-grained sands). In the 

southern part a continuous sequence of clays and intercalated peats is found. A thick layer of Subatlantic cross-bedded sands overlies 

the Atlantic deposits in the Wadden Sea erosively. Core 2C.148 is given in detail in the Figures 13 and 14. The base of the Holocene 

sequence follows the contours of Figure 4 where its position is not directly known from boreholes. See Figures 10, 11 and 15 fo r more 

information on the radiocarbon-dated shells and peats. The landward part of the cross-section is based on information of the Flevoland 

Directorate of Rijkswaterstaat and Ente (1977, fig. 3.2.3). 
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Cross-section DO' through the Holocene and Pleistocene deposits in the Wadden Sea. It trends parallel to the island of Ameland; the location is shown in Figure 1. See Figure 5 for lithological 

legend. The cross-section shows a thick sequence of sandy channel deposits overlying and cutting into Atlantic peats, clays and mud-flat deposits (bioturbated silts and fine-grained sands). 

No distinction can be made between Eemian and early Holocene marine deposits below Ameland. The base of the Holocene sequence follows the contours of Figure 4 wh ere its position is 

not directly known from boreholes. See Figures 10, 11and15 for more information on the radiocarbon-dated shells and peats. 
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came flooded gradually and evolved into an upper-interti

dal one (De Wolf, pers. comm.). This facies is probably 

the seaward continuation of the reed clay facies. 

The clays are Atlantic in age. Radiocarbon dates of inter

calated peat layers were published by Ente (1977). The 

base of a peat layer below the reclamation works near 

Blija (cross-section BB', Figure 7; Figure 10) was dated at 

5540 ± 40 BP to 5440 ± 60 BP (Figure 11 ). Clay deposition 

continued during the Subboreal below the present-day ti

dal watershed south of Ameland (cores 2C.139 and 

2C.141 ; cross-section AA', Figure 5) and the Griender

waard (Figures 4 and 10). The base of a reed peat that 

overlies 4.6 m of (sandy) clay in the Grienderwaard was 

dated at 3015 ± 35 BP (Figure 11 ). 

Bioturbated muddy silts and 

very fine-grained sands 

A strongly bioturbated muddy silt to very fine-grained 

sand (median grain size d50: 125 to 180 µm) erosively 

overlies the humic clay in some of the cores from the area 
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south of the island of Ameland (Figure 1: cross-section 

BB') . The sediment is dark to very dark (brown-)grey and 

alternates with intervals of mud-free, very fine-grained 

sand. ln -situ shells and fragments of Scrobicu/aria p/ana 

and Cerastoderma sp. are abundant. Burrows which con

tain mud mixed with peat detritus and shells of Peringia 

ulvae (formerly Hydrobia ulvae) are common . Occasion

ally, the sandy sequence has been bioturbated only partly 

and shows small -scale (cross-)bedding with mud-draping 

and escape structures. These intervals are up to 1 m thick 

and grade upwards into strongly bioturbated muddy silts 

and sands. The maximum thickness of the strongly-bio

tu rbated intervals is 0.5 m. The total thickness of this de

posit ranges from a few decimeters up to 3 m. In one case 

(core 1H.106; cross-section DD', Figure 9), the sediment 

grades into a heavy clay with humic spots. The unit is in 

all cases erosively overlain by cross-bedded sandy depos

its. The interval between 11.3 m and 10.8 m below NAP in 

core 2C.148 (Figures 13 and 14) is a good example of this 

deposit. It shows an upward transition from cross-bedded 

and mud-draped sand to an alternation of parallel lami-

Ameland 
Buurderduinen I 

I/ 
I ff 

11 // 
11 '1 

~--~,-:-:! {./ /~! 

1~;1 // 
I I V ,, ,, 

Dokkum
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10 km 

Location map of radiocarbon datings given in text, cross-sections and Figures 11 and 15. 
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Sample location Depth below Analyzed Stratig ra ph ic Age BP Analysis Reference Figure 11 

and name NAP(m) material position nr. Radiocarbon datings of peats 

from the central part of the 

cross-section AA', Figure 5; borehole Ternaard 14 (Figure 22) 
Dutch Wadden Sea. 

The dated peats were either 
Ternaard 4 3.58- 3.61 Sphagnum peat - top interca lated 2875±110 GrN-602 a Basal Peat or peat layers 

peat layer intercalated in the humic and 
Ternaa rd 3 4.29- 4.33 Phragmites peat - base intercalated 4300 ± 130 GrN-499 a root clays. 

peat layer Sample locations are given in 

Ternaard 2 5.91- 5.96 gyttja - top Basal Peat 4975 ± 170 GrN-601 a Figure 10. 

Ternaard 1 6.62- 6.65 Eriophorum peat - base Basal Peat 6295 ± 140 GrN-606 a References: 

a. Jelgersma 11961); 

cross-section BB', Figure 7; borehole RYP 18 
b. Ente (1977). 

Blija 1 7.77- 7.80 Phragmites/Carex peat - base intercalated 5540 ± 40 GrN-7748 b 

Blija 2 idem idem peat layer 5440 ± 60 GrN-8107 b 

cross-section DD', Figure 9; borehole 1 H.108 

Molengat 2 13.53-13.56 wood peat - base of Basa I Peat 7095 ± 50 GrN-18285 

Molengat 1 13.56-13.62 humic sand - base of soil below 7025 ± 50 GrN-18286 

Basal Peat 

location Grienderwaard: Figure 10 

Grienderwaard 2 1.80- 1.90 Phragmites peat - top intercalated 3015 ± 35 GrN-7291 b 

peat layer 

Grienderwaard 1 6.50- 6.55 Phragmites peat - top Basal Peat 5290 ± 70 GrN-7747 b 

Legend to Figures 12b, 13, 16, 21 and 22 Figure 12a 

Lithology 
Legend 

[]] Clay D Sand • Peat (j Muddy silt 

Oil Sandy clay [J Clayey sand D Clayey peat D Mud 

[I] Humi c to peaty clay Cl] Muddy sand D Sandy peat Gyttja 

B Over 50% shells 

~ No recovery 

Sedimentary Structures 

VJ/ Trough cross lamination VJ/ Flase rs " " Shells 

..LL ..LL Ripple lamination /»-. Mud-draped ripples /1' /1' Shell fragments 

/;>,.._ /;>,.._ 
Distinct ripples 0 Sand lenses () Bivalves in li ving position 

~ (Low-ang le) parallel lamination - Mud balls = Wood 

llZZ Mega cross-bedding = Clay layers <;J Plant remains 

f----+ Erosional boundary Sand layers \ Roots 

1 J1961±32 03 Radiocarbon-dated Detritus laye rs \S Burrow/esca pe structure 
interva l 

l l ~ Peat lump Bioturbation/disturbed sediment 
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Core 2C.141 (cross-section A A') 
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Detailed log of core 2C. 141 from the tidal watershed south of Ameland (cross-section AA', Figure 5). It shows Atlantic peats and root 

clays that are overlain by a very short interval of Subboreal sandy clays with an overall coarsening-up sequence of clayey and sandy 

Subatlantic channel deposits on top. Ages mentioned in the log are based on pollen assemblages. Both calcium carbonate (1) and 

organic carbon (2) from a Cerastoderma edule shell pair found at a depth of 6.62 to 6.69 m have been radiocarbon dated. The 

radiocarbon ages are given in the fog. See Figures 10 and 15 for more information on the radiocarbon-dated shells. 
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nae of sand and mud. The top is truncated by a shell lag. 

These mud-flat deposits formed during the Atlantic. This 

is supported by the radiocarbon age of a Scrobicularia 

plana shell pair, found in living-position in core 2C.149 

(cross-section BB', Figure 7) that was dated at 5640 ± 80 

BP (Figure 15: dating Suezkanaal ). 

The bioturbated muddy silts and very fine-grained sands 

are the earliest Holocene lower-intertidal to subtidal de

posits found near Ame land. The thin, cross-bedded sandy 

sequences are inferred to have been deposited by later

ally migrating tidal gullies. They grade upwards into an 

alternation of sand and mud laminae overlain by strongly 

bioturbated to completely homogenized muddy tidal-flat 

deposits. 

The large amount of preserved mud, the small-scale cross-

bedding in the gullies and the preservation of a thick, 

strongly bioturbated tida l-flat sequence (up to 0.5 m) indi

cate a quiet environment. These mud-flat deposits were 

formed in the sheltered, most-landward parts of the Atlan-

tic precursor of the Wadden Sea. This type of quiet envi

ronment is not found in the present-day Dutch Wadden 

Sea since such parts have been reclaimed by diking . Con

sequently, the present-day Wadden Sea is more turbu lent 

Core 2C.148 
(cross-section BB') 
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cross-bedded sand, 
with shel l and clay layers 

and most mud deposited on the tidal flats is sooner or -am _Lj_ 

l later removed by waves and currents. Moreover, preserva-

tion of intertidal deposits in the present-day Wadden Sea 

was reported to be rare because of reworking by laterally 

migrating tidal channels (Van Straaten, 1954, 1961 ). 

Summing up: the earliest Holocene deposits in the Wad

den Sea south of Ameland co nsist of a series of fine

grained sed iments and peat of At lantic age. These sedi

ments were formed in the most landward parts of the 

Atlantic Wadden Sea after 7100 BP. They show an upward 

transition from a fresh-water, mostly landward facies into 

a muddy tidal-flat fac ies. 

2 .3 Subunit 2 : Cross-bedded sands 

A package of ma inly cross-bedded sands erosively over

lies the At lantic sediments described above. Th is sedi

ment body wedges out towards the south. The Holocene 

sequence below the island of Ameland and in a large part 

of the Wadden Sea south of it consists entirely of these 

cross-bedded sands. 

This deposit includes fine-grained sands (d50 : 150 to 

210 µm) with intercalated clay- and shell layers. Basal lag 

deposits of medium- to coarse-grained sand, shells and 

gravel are common. Mega cross-bedding (expressed as 

foresets dipping at low to high angles in planar sections 

of the cores) alternates with ripple bedding. Occasionally, 

clay pebbles and peat detritus are found incorporated in 

the foresets. Bioturbation and mud-drapes are rare. In the 

upper part of the sequence large-scale cross-bedding is 

absent. Instead, small-scale cross-bedding and, in the 
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Figure 13 

~ - fine- grained sand with ripp les, 
grading into an inte rl ayering 
of muddy silt and fine-grai ned 
sand 

~ m uddy si lt , b ioturbated 

l 
- humic clay, roo ts 

Basal Peat 

cover sand, w ith roots 

Detailed log of core 2C.148 from a channel south of Ameland 

(cross-section 88 ', Figure 7). See Figure 12 for legend. The log 

shows thin Atlantic peat and root-bearing clay layers that are 

erosively overlain by Atlantic mud-flat deposits. The upper 11 m 

consists of Subatlantic sandy channel-point-bar deposits. Ages 

mentioned in the log are based on pollen assemblages. Figure 

14 shows a lacquer peel of part of th is core, from 10. 50 m to 

12.45 m below NAP 
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Figure 14 
Lacquer peel of core 2C.148 (cross-section 88 ', Figure 7), from 10.50 to 12.45 m below NAP The peels show, from bottom to top: 

Weichselian cover sand (1), Basal Peat (2) and laminated humic clay with roots (3), erosivelyoverlain by bioturbated muddy silts with 

shell fragments at the base (4). Locally, a complete Scrobicularia plana shell (a), partly disturbed (bioturbated?) small ripple bedding (b) 

and a burrow (c) can be seen. The bioturbated interval is overlain by ripple-bedded mud and very fine-grained sand with flasers (5) 

which grade into an alternation of muddy silts and very fine-grained sand and finally bioturbated mud (5a). This sequence of Atlantic 

age is erosively overlain by a shell lag and fine-grained sandy point-bar deposits of Subatlantic age (6). Compare with the detailed core 

log in Figure 13. 
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cores from Ameland, (low-angle) parallel lamination oc

curs. The bioturbation rate increases upwards. 
cross- to parallel lamination alternating with small-scale 

cross-bedd ing and flasers, grading upward into predomi

nantly small-scale cross-bedding. Shell lags at the base of 

the sequence may reach thicknesses of more than 1 m. 

Cerastoderma edu/e, Macoma ba/thica, Mytilus edulis 

and Peringia (Hydrobia) ulvae, shells representing a typi

cal tidal-flat assemblage are found in layers or scattered 

throughout the sediment. 

This sequence is basically composed of point-bar depos

its of migrating tidal channels. In the Wadden Sea, these

quence has a maximum thickness of about 16 m. It grades 

upwards into a thin veneer of intertidal-flat deposits. The 

sequences near and below Ameland, which were formed 

by migrating inlet channels, are up to about 30 m thick. 

On the barrier islands the inlet point-bar sequences and 

intertidal deposits are overlain by salt-marsh deposits 

and/or eolian dunes. 

Point-bar deposits of 

migrating tidal channels 

In the cores, the sequence consists from bottom to top of 

basal shell lags, megaripple bedding and low-angle 

Sample locat ion Depth below 
and name NAP (m) 

cross-section AA': Figure 5 
Stuifdijk (2C. 135) +0.34-+0.84 

The sand was mainly transported by strong to medium ti

dal currents (depth-averaged, maximum current veloc

ities over 0.45 ms·1), as can be deduced from the sedi

mentary structures (cf. Terwindt, 1981). Wave influence is 

only evident in the top part of the sequence near the in

lets. Occasionally, in the present-day intertidal reach, the 

top consists of small-scale cross-bedding and flaser bed

ding, sometimes overlain by a complete ly homogenized 

Analysed species Stratigraphic Age BP 

position 

va rious dispersed 3330 :t 60 
Kooihoeve (2C.136) 1.32- 1.82 various shell layer 1930 :t 50 
Wantij 1.2 (2C.137) 12.80-13.02 Cerastoderma edule shell layer 1260 :t 40 
Wantij 1.1 (2C.137) 22.38-22.59 Cerastoderma edu/e base channel lag 4140 :t 40 

Wantij 3.1 (2C.139) 10.62-10.85 Cerastoderma edu/e top shell layer 3040 :t 60 
Wantij 4.2 (2C.140) 14.34-14.56 Cerastoderma edule shell layer 1930 :t 60 
Wantij 4.1 (2C.140) 15.55-15.71 Cerastoderma edule shell layer 4200 :t 50 

Wantij 5.2 (2C.141 ) 2.05- 3.05 Cerastoderma edule dispersed 700 :t 50 

Wantij 5.1 (2C.141) 6.62- 6.69 Cerastoderma edu/e channel base 2450 :t 50 
organic carbon idem 2790 :t 100 

cross-section BB': Figure 7 

Suezkanaal (2C.149) 8.98- 9.01 Scrobicularia plana top silt layer 5640 :t 80 

cross-section DD': Figure 9 

Hollumerbos (1H.105) 0.67- 1.67 Cerastoderma edule dispersed 1980 :t 50 

Westergrie (1H.104) 2.50- 3.50 Cerastoderma edule dispersed 1580 :t 50 

Zuiderspruit (2C.160) 11.14-11.36 Cerastoderma edule shell layer 1000 :t 40 

Wantij 3.1 (2C.139) see cross-sect ion AA' 

Wantij 2.2 (2C.138) 6.56- 6.81 Cerastoderma edule shell layer 460 :t 40 

Wantij 2.1 (2C.138) 11 .39-11.85 Cerastoderma edule channel lag 1040 :t 40 

Central Ameland: Figure 10 

Buurderduinen 3 (2C. 157) 0.5- 5.0 Spisu/a subtruncata dispersed 1290 :t 50 

Buurderduinen 2 (2C.157) 15.0-17.0 Spisula subtruncata shell layer 2110 :t 60 

Buurderduinen 1 (2C.157) 24.0-26.0 Spisula subtruncata channel lag 2490 :t 40 

West Ameland: Figure 10 

Hollumerduinen (1H.109) 19.00-19.75 Spisula subtruncata channel lag 2870 :t 50 

Figure 15 

Radiocarbon datings of shells collected from channel-point-bar deposits below the island of Amel and and the Wadden Sea south of it. 

See Figure 10 for sample locations. The age of sample Stuifdijk does not agree with its stratigraphic position. The samples numbered 

GrN-.. were dated conventionally. The samples numbered UtC-.. were dated using AMS (see Van der Borg et al., 1987, for more 

information). Ages are normalized to a delta-13 value of -25 per mi/. The datings were corrected for the reservoir age of the North Sea 

(which is 400 radiocarbon years). 
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Del-13 Analysis 

(per mil) nr. 

GrN-16267 

GrN-16268 

-.5 UtC-1817 

-.7 UtC-1816 

-.2 UtC-1820 

-.6 UtC-1822 

-1 .3 UtC-1821 

-.6 UtC-1825 

.1 UtC-1823 

-18.5 UtC-1824 

-3.2 UtC-1827 

GrN-16266 

GrN-16265 

.2 UtC-1815 

-. 1 UtC-1819 

.4 UtC-1818 

.2 UtC-1814 

.9 UtC-1813 

.2 UtC-1812 

-.4 UtC-1826 



Figure 76 

Detailed log of core 2C.137 

from the tidal watershed 

south of Ameland 

(cross-section AA', Figure 5). 

See Figure 12 for legend. 

The log shows stacking of 

three generations of channel 

deposits. The lower two 

generations start with a basal 

shell lag. The second channel 

deposit ends in a clayey 

interval, that probably 

represents infilling after 

channel abandonment. 

This clay fill is cut by the 

deposit of a third channel. 

Ages mentioned in the log 

are based on pollen 

assemblages. 

Radiocarbon ages are based 

on dated juvenile 

Cerastoderma edule shells. 

The date of 4140 ± 40 BP 

does not agree with the 

pollen ages of the overlying 

channel sands. 

Further discussion is given 

in text. See Figures 10 and 15 

for more information on the 

radiocarbon-dated shells. 

Core 2c_137 
(cross-section AA") 
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layer of brown, muddy sand. Deposits laid down on the 

upper-intertidal flat as described by Van Straaten (1954, 

1961 ), Reineck (1972) and Reineck & Singh (1980) are not 

found in the cores; drilling boreholes was only possible in 

the channels and on the lower intertidal flats (up to 0.6 m 

below NAP), because of operational limitations of the 

drilling vessel that was used for coring. 

The clay content of the sandy deposits increases with dis

tance from the inlets (see core 2C.141, Figure 12, and 

cross-sections AA' and CC', Figures 5 and 8). Loca lly, 

clayey channel-fills are found intercalated in the sandy 

point-bar deposits. The top of the second-generation 

channel in core 2C.137 (Figure 16: 7.6 m to 4.9 m - NAP) 

consists of 2.7 m of low-ang le cross-laminated clay with 

thin intercalations of sand and detritus. This clay was de

posited after a sharp decline in current ve locity, probably 

due to abandonment of the channel. Clay-rich intertidal 

deposits are found mostly in places where wave and cu r

rent energy are low, viz. in the most landward parts of the 

Wadden Sea and along the tidal watersheds. 

Pollen assemblages in the intercalated mud and clay 

layers indicate that the sandy channel deposits in the 

Wadden Sea were laid down during the Subatlantic (RGD, 

unpublished data). Locally, at the tidal watershed south of 

Ameland (cross-section AA', Figure 5), the base of the 

point-bar deposit has a Subboreal age (co re 2C.139; core 

2C.141: Figure 12). Juven ile shells, collected from cores 

2C.137, 139, 140 and 141 (cross-section AA', Figure 5) and 

2C.138 and 160 (cross-section DD', Figure 9) were dated 

(see Figure 10 for locations). The results range from 4200 

± 50 BP to 460 ± 40 BP (Figure 15: datings Wantij and Zui

derspruit). Cores which were dated at more than one 

level , we re all found to become younger upwards. How

ever, some of the radiocarbon dates are not in accordance 

with those on the basis of pollen. Datings Wantij 1.1 and 

4.1 (Figure 15) are considered too old. Apparently, the 

specimens that were selected for dating were too old, de

spite their 'fresh' appearance. Both samples were taken 

from thick basal shell layers and are apparently not repre

sentative for the overlying channel deposits. 

Datings Wantij 2.1, Wantij 5.2 and Zuiderspruit (Figures 10 

and 15) show that channels that had depths almost identi

cal to the current ones have existed at these locations 

since 1 OOO BP. 

Core 2C.137 (Figure 16; cross-section AA', Figure 5), col

lected directly south of the island of Ameland, nicely illus

trates the stacking of three 'generations' of channel de

posits . It starts with a 1-m-thick basal shell lag with peat 

lumps and gravel, overlain by 10 m of cross-bedded sand. 

The next interval starts at 13.05 m below NAP with a 

sandy shell lag followed by 5 m of cross-bedded sand and 

2.75 m of sandy clay. The third channel sequence starts 

on top of the clay interval, at 4.9 m below NAP. The upper 

metre of the core consists of mud with many in-situ mus-
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Series of box cores along a transect crossing a channel and adjacent point bar and tidal flat in the Wadden Sea south of Ameland. Location is shown in Figure 1, 

cross-section EE'. From the box cores an idealized vertical point-bar sequence has been composed (N.B. sedimentary structures in this idealized sequence are not to 

scale). The variation of lithology and sedimentary structures with depth shows up clearly. Interpretation of sedimentary structures is discussed in the text. The box cores 

were collected 3 days after neap tide, under very calm conditions. Mud deposits that are found in the channel floor and in local depressions are probably due to reduced 

tidal flow and prolonged conditions of fair weather prior to collection. The outer bank of the channel was too steep to collect box cores. Orientation of the box cores 

relative to the north was not recorded. 
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sel shells, overlain by 0.1 m of bioturbated brown-grey 

sand . Pollen analyses of intercalated mud and clay layers 

show that the whole sequence upwards from 21.6 m be

low NAP was formed after 700 AD. Apparently, the sedi

ment deposited by a 22-m-deep channel wa s, very soon 

after it was formed, eroded by a second channel of 10 m 

depth, since the age of 1260 ± 40 BP of dating Wantij 1.2 

(Figure 15) corresponds with 700 AD. The second channel 

was partly filled in with mud. This deposit was subse

quently eroded by a tidal gully. The radiocarbon date of 

the base of the core (Figure 16) yields an age of 4140 ± 40 

BP (Figure 15: dating Wantij 1.1 ). This does not agree with 

the age of the overlying cross-bedded sequence. Either 

the basal part of the shell lag is part of an older channel 

system or, unfortunately, reworked older mate rial was 

sampled for dating. 

Recent point-bar sequence compiled 

frorn box cores 

Although the analyzed cores consist mainly of point-bar 

deposits, the sedimentary structures were often incom

plete, poorly preserved or disturbed during sampling and 

are therefore difficult to recognize. Moreover, the pres

ence of several shell beds in the cores suggests that sev

eral point-bar sequences cut into previous ones. A series 

of box cores was collected from a recent point bar south 

of Ameland (Figure 1: EE') to estab lish a complete refer

ence sedimentary sequence that is representative for the 

Dutch Wadden Sea. This recent succession can be com

pared with the foss il point-bar deposits. 

Literature on channel deposits from the Wadden Sea is 

Figure 18 

limited. Van Straaten (1954, 1961) and Wunderlich (1978) 

give brief descriptions of the sedimentary structures and 

compositions of the sediments deposited on channel 

point bars and their transition to the adjacent tidal flats. 

The latter author also shows, on the basis of photo

graphs, a short sequence of sedimentary structures from 

shallow-subtidal and intertidal flats (also in Reineck & 

Singh, 1980: fig. 595). This information does not give 

much detail on the various sedimentary structures in the 

subenvironments of the point bar. Channel deposits de

scribed from the estuaries and tidal basins in the SW 

Netherlands (e .g. Terwindt, 1971, 1981; Nia et al., 1980; 

Van den Berg, 1982) formed in a different hydrodynamical 

setting. There, channels are usually much deeper, are oc

casionally invaded by North Sea waves and have a differ

ent orientation with respect to the direction of propaga

tion of the tidal wave. Consequently, these point-bar 

deposits differ from those in the Wadden Sea. 

Fourteen box cores were collected on a transect across 

the channel axis, point bar and adjacent shallow-subtidal 

and intertidal flat (Figure 17). Sampling took place around 

neap tide, under fair weather condi tions. 

The core from the outer bend of the channel (Figure 17: 

core a) shows an alternation of sandy mud and mud with 

sand lenses, formed by migrating ripples, and cut-and-fill 

structures with sand at the base, that mimic megaripple 

foresets. This muddy channel-fill is likely to be eroded by 

strong currents during high spring tides or winter storms. 

It is not a part of the point-bar deposits. The base of the 

point-bar sequence (Figure 17: cores band c; Figure 18) is 

formed by large-scale cross-bedded sets of shells and 

Lacquer peel of box core c (Figure 17) showing large-scale cross-bedded medium-grained sand with intercalated shells and shell 

fragments of predominantly Cerastoderma edule and mud balls (missing on the peel). The top of the sequence consists of 

ripple-bedded sand with mud flasers. The core was collected at the toe of a channel point bar in the Wadden Sea south of Ameland, 

at a depth of about 7.5 m below MSL. See Figure 17 for detailed log. 
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shell fragments and medium-grained sand, with very 

coarse quartz and chert grains and (armoured) mud balls, 

erosively overlying muddy sand or mud. Sets of low-an

gle, parallel-laminated fine-grained sand, interbedded 

with planar and trough-shaped cross-lamination, occur 

higher up on the point bar (Figure 17: cored; Figure 19). 

Occasionally, mud drapes are interca lated in the sand. 

Upwards, the parallel-laminated sets become thinner and 

finally disappear. The ripple lamination becomes more di

verse in orientation and structure (Figure 17: cores e to j; 

Fi gure 20). A loca l depression is filled with mud with thin 

intercalated laminae of sand and peat detritus (Figure 17: 

core k). Abundant sand-filled burrows are found in the 

mud. The shal low-subtidal and lower intertidal flat is 

characterised by ripple bedding with thin intercalated 

mud layers and flasers (Figure 17: cores I ton). 

The low-angle parallel-laminated sets, with thin mud 

layers intercalated in the mud-free sets (Figure 17: cored; 

Figure 19) are interpreted as the toe sets and bottom sets 

of megaripples and/or cross-sections of megaripple fore

sets (see Terwi ndt, 1971, fig. 4, for a clear illustration) . Re-

ineck (1978, fig. 31) also presented lacquer peels from 

cross-sections through a megaripple that show a similar 

parallel lamination. Other modes of formation of the par

allel-laminated sets were considered but eliminated . For

mation by wave oscillation is unlikely at a depth of 7 m 

below MSL since the average significant wave height and 

period in the areas sheltered by the barrier islands range 

from 0.2 m to 0.45 m and 1.8 s to 2.6 s respectively (We

melsfelder, 1957-1962, in Eysink, 1979; Koning & Kreuk, 

1974). The corresponding maximum depth of wave influ

ence wou ld be only 3 m below the surface of the sea. The 

maximum depth of sediment movement wou ld be even 

shallower. Moreover, the occurrence of parallel-laminated 

sets increases with depth, whereas the occu rrence of 

wave-generated structures would decrease with depth. 

Formation of parallel lamination in the upper flow reg ime 

is unlikely given the depth of occurrence, the low-angle 

inclination of the lamination and the intercalated thin 

mud layers. Moreover, local maximum current velocities 

in the channel, averaged over the upper 5 m of the water 

column, vary from 0.98 ms·1 during flood tide to 1.08 ms·1 

during ebb tide during spring tides (Hydrografische 

Figure 19 

Lacquer peel of box core d {Figure 17) showing sets of low-angle, parallel-laminated fine-grained sand, alternating with sets of ripple 

cross-lamination. Thin mud layers occur in the lower parallel-laminated set. The parallel-laminated sets are interpreted as toe sets and 

bottom sets of mega ripples. See text for further discussion. Box core from a lower point bar of a tidal channel, water depth about 7 m 

below MSL. See also Figure 17. 
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Dienst, 1987). The maximum current velocities near the 

channel bottom will be smaller. Finally, settling of sand 

from suspension after it had been stirred up by wave ac

tion on shoals (cf. Terwindt, 1971 , and Van den Berg, 

1981 ) is unlikely since thin mud layers are intercalated in 

the parallel-laminated sets. 

Summarizing it can be stated that a channel with a depth 

of about 8 m and a width of about 800 m in the Wadden 

Sea produces a point-bar sequence that consists of (large

scale) cross-bedded sets of (fragmented) shells and me

dium-grained sand, overlain by alternations of megarip

ple cross-bedding and planar and trough-shaped 

cross- laminated fine-grained sand. Megaripple cross-bed

ding dies out upward and ripple lamination becomes 

dominant. The top of the sequence becomes more 

muddy. This sequence is summarized in the depositional 

point-bar model of Figure 17. 

Comparison of this model with the point-bar deposits in 

the cores shows that complete point-bar sequences have 

not been preserved in the cores. The muddy upper point

bar to lower intertidal -flat deposits (the top part of the 

Figure 20 

model) have usual ly been reworked and replaced by de

posits of migrating tidal gullies. The obvious trend in the 

sedimentary structures as found in the box cores is fre

quently disturbed or missing in the cores from the bore

holes. Apparently, the cross-bedded sequences in the 

cores from the boreholes are the products of several cy

cles of erosion and deposition by migrating channels of 

different depth. 

Deposits of migrating inlet channels 

The sandy sequences found underneath the barrier is

land of Ameland reach thicknesses of about 30 m. These 

sands have been deposited by migrating inlet channels. 

The sequence generally sta rts with intervals of coa rse

grained sand (d 50 : 300 µm and coarser) and shell frag

ments and shells that have a maximum thickness of 3.5 

m. The fine-grained sand (d 50 : 145 to 165 µm) that over

lies the shell-rich lags at the base shows megaripple 

cross-bedding wi th thin intervals of planar small-ripple 

bedding. At a depth of 8 to 10 m below NAP the megarip

ple cross-bedding is gradually replaced by low-angle 

cross-bedding and parallel bedding formed by wave-as-

Lacquer peel of box core j (Figure 17) showing small-scale cross-bedding of various orientations and intercalated mud flasers. 

A parallel-laminated set occurs almost at the top of the sequence. The presence and thickness of parallel-laminated sets is considerably 

less than in cored (Figure 19). Box core from the upper point bar of a tidal channel, water depth about 3 m below MSL. See also 

Figure 17. 
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cillations, alternating with planar and trough-shaped 

small-scale cross-bedding. Wave-generated parallel bed

ding, with intercalations of ripple bedding prevails above 

6 to 8 m below NAP. Shells that occur in this interval are 

usually orientated with the convex side up. Shells, in 

layers and dispersed throughout the sediment, are abun

dant but they disappear towards the top of the sequence. 

Shells of littoral North-Sea molluscs such as Spisula 

spec. and Donax vittatus are present in the sediment. Ba

sal lags consist mainly of shells of Cerastoderma edule 

and Spisu/a, mixed with shells of Macoma baltica and 

Myti/us edu/is and reworked Pleistoce ne shells and 

sparse gravel (quartz, chert). The compositions of the 

shell layers change upwards, and Macoma, Cerasto

derma and Donax become the dominant species. The 

bioturbation rate is low; burrows are mostly found above 

10 m below NAP. On Ame land the inlet sequence is over

lai n by root-bearing, (very) fine-grained sa nd, with small

scale cross-bedding and para llel laminati on , alternating 

wi th clay layers, on top of which soi ls and eo li an depos

its occur. 

Distinct differences can be observed between sequences 

from the central part and the weste rn part of Ameland. 

Cores from central Ameland (Figure 1) show predomi

nantly large-sca le cross-bedding. Mud deposition and 

smal l-ripple bedding are rare, indicating strong current ac

tion.Wave-generated low-angle para llel bedding becomes 

dominant upwards from 10 m below MSL. This strong ly 

suggests deposition in a deep tidal inlet, open to high 

waves. The lower limit of the para llel-laminated interva l is 

found at progressively shallower levels towa rds the south 

(Figure 5). This reflects the breaking of penetrating North

Sea waves on shoa ls in or close to the tidal inlet. Thi s is an 

important difference with the po int-bar sequences from 

the sheltered Wadden Sea where the sma ll , loca lly gener

ated waves can at best produce combined-flow ripples. 

Small -r ipple bedd ing and mud interca lations are common 

in cores from western Ame land (e. g. co re 1H.104, Fi gure 

21 ). Parallel lamination occurs only in the most seaward 

cores, from 4.5 m below NAP upwards. These deposits 

must have formed under less energetic cond itions, shel

tered from strong wave acti on. Together with the compar

atively shallow channe l depths, 17 m below palaeo-MSL 

in core 1H.104 (Figure 21: 2nd generation channel), this 

points to formation in a channel directly landward of a ti 

dal inlet (e.g. comparable with the location of borehole 

1H.104 on the present-day SW coast of Ameland, Fig

ure 10: Westerg rie ). 

The inlet sequence described above roughly resembles 

the model of Kumar & Sanders (1974), although the Wad

den Sea sequence was formed in channe ls twice as deep 

and is overla in by an eo lian dune sequence. The fossil in

let sequences found below central Ameland are compar

able to the hypothetical seq uences produced by inlet mi

gration wh ich we re described by Sha (1989b, 1990) for 
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Figure 21 

Detailed log of core lH.104 

from the western part of the 

island of Ameland 

(cross-section OD', Figure 9). 

For legend see Figure 12. 

The log shows stacking of 

Late Subboreal and 

Subatlantic channel deposits. 

The latter shows a significant 

influence of wave action 

and must have been formed 

close to a tida l in let. 

The channel sequence is 

capped with sandy shoal and 

salt-marsh deposits, with 

eolian dune sand on top. 

Ages mentioned in the log 

are based on pollen 

assemblages. 

See Figures 10 and 15 for 

more information on the 

radiocarbon-dated shells. 



Figure 22 

Detailed log of core from 

borehole Ternaard 14 

(cross-section AA ', Figure 5), 

based on Jelgersma (1961). 

For legend see Figure 12. 

A peat layer that grades into 

root-bearing, humic clay 

overlies the Weichselian 

cover sand. Heavy and sandy 

clay in turn overlies this clay. 

The second peat layer 

indica tes silting of the area to 

supratida l level. A sequence 

of 4 m of (sandy) clay 

overlies this peat erosively. 

Phragm ites roots in the 

upper part of the oligotrophic 

peat (at NAP-3.5 m) show 

tha t the top of the peat is 

missing. See Figures 10 and 

11 for more information on 

the radiocarbon-dated peats. 
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Texel Inlet, about 60 km west of Ameland. However, the 

deposits of migrating marginal channels and wave-domi

nated shoals which were expected by Sha do not occur in 

the sequences from Ameland. 

Pollen samples taken from core 1H.104 were analyzed. 

Late Subboreal deposits (Figure 21: 1'1 channel genera

tion) are overlain at 18 m below NAP by Subatlantic de

posits, formed after 0 AD (Figure 21: 2nd channel genera

tion). This is in accordance with radiocarbon-dated shells 

from this interval (Figure 15: sample Westergrie). The 

upper 1.6 m formed after 700 AD. 

Radiocarbon-dated shells from other boreholes drilled on 

the island of Ameland set the time frame for the inlet and 

tidal -channel deposits. The radiocarbon ages of the sam

ples Buurderduinen (Figures 10 and 15) indicate the pres

ence of a 25-m-deep tidal inlet in central Ameland around 

2500 BP (N.B. depth relative to palaeo-MSL). A 16-m-deep 

inlet channel eroded this sequence around 2100 BP. Sam

ple Hollumerduin (Figures 10 and 15) suggests a 18-m

deep inlet channel in west Ameland around 2900 BP (Fig

ure 15). 

3 The mainland sequence 

The sand-rich facies sequence found in the Wadden Sea 

south of Ameland differs considerably from the predomi

nantly clayey sequences that are known from the main

land of Groningen and Friesland . 

The mainland sequence starts with Basal Peat (generally 

Phragmites and Carex peat) overlain by humic and heavy 

clays, peaty clays and sandy clays, grading into or ero

sively overlying each other. The sandy clays, in which the 

sand is sometimes arranged in thin layers, were generally 

deposited in and near channels and creeks (Griede, 1978). 

The sequence becomes more clayey in a landward direc

tion and away from the channels. Thin intercalations of 

Phragmites and Carex peat and roots are common. The 

sequence reaches a maximum thickness of up to 20 m in 

the large palaeo-channels (e.g. in the Boorne valley, Fig 

ure 4) and pinches out against the Pleistocene deposits of 

the Drenthe till plateau in the south (cross-section AA' , 

Figure 5). The average thickness of the sequence on the 

present mainland is about 6 m. 

The southern part of cross-section AA' (Figure 5, south of 

the former dike) was published by Jelgersma (1961 ). It 

shows a succession of oligotrophic peat, overlain by hu

mic and heavy clay (borehole Ternaard 14, Figure 22). The 

clay is overlain by a peat layer that can be followed to the 

south where it joins the Basal Peat (Figure 5). This peat 

layer is erosively overlain by a sandy clay with shell frag

ments that grades laterally into heavy clay and humic 

clay. Jelgersma (1961 ) dated the Basal Peat in core Ter

naard 14 (Figure 22) between 6295 ± 140 BP and 4975 ± 

170 BP and the upper peat between 4300 ± 130 BP and 

2875 ± 110 BP (Figure 11 ). 
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The Late Weichselian depression of the Boorne valley is 

filled with predominantly sandy Holocene channel depos

its, erosively overlying the Pleistocene (cross-section CC', 

Figure 8) . Towards the south the sand becomes more 

muddy and is predominantly very fine-grained. 

The Basal Peat started to form during the late Atlantic and 

early Subboreal, reflecting the rising Holocene sea level. 

The overlying clay deposits can be dated from early Sub

boreal to late Subatlantic (medieval period) onwards. 

The Basal Peat and the overlying clay deposits are equiv

alent to those found in the Wadden Sea. The Atlantic 

mud-flat deposits, which occur in the Wadden Sea, ex

tend below the land reclamation works (cross-section BB' , 

Figure 7). Further correrations wi th the sediments de

scribed by Griede (1 978) were not possible. The sandy de

posits along the mainland channels and creeks can be 

conside red the landward continuation of the channel 

sands in the Wadden Sea. 

It is clear that sediment reworking by migrating channels 

in the distal part of the Wadden Sea, which is now situ

ated on the present mainland, was not very intense. The 

Holocene sequence is more complete here than that in 

the Wadden Sea. 

4 Concluding remarks 

Holocene stratigraphy of the Wadden Sea 

south of Ameland 

In summary, an Atlantic sequence that consists of Basal 

Peat grading into humic clay, which is locally penetrated 

NNW 

North Sea barrier island 

by rootlets, overlain by subtidal to lower intertidal mud 

flats, is found in the Wadden Sea south of Ameland at a 

depth varying between 4 m and 16 m below NAP. It is 

overlain by a thick, predominantly sandy sequence of 

mainly Subatlantic channel point-bar deposits (Figure 23). 

These Atlantic deposits are found south of the central part 

of Ameland (Figure 4), on the northward-sloping exten

sion of the Drenthe till plateau. They are almost com

pletely absent south of the Ameland inlet (Figure 4), be

cause there they were eroded by migrating channels in the 

former Boorne valley and its successor the Middelzee (Fig

ures 1,4 and 8). Atlantic-age mud-flat deposits with thin 

rootlets, occur only below the present-day tidal watershed 

south of Ameland. Strongly bioturbated, sandy subtidal to 

intertidal mud flats are found at the same level, more 

westerly in the study area (cross-section DD', Figure 9). 

The Subatlantic channel deposits form the top layer in the 

Wadden Sea near Ameland. Subboreal deposits are 

scarce, probably because these were eroded by younger 

channels. Shells of Subboreal age, selected from thick ba

sal shell lags (Figure 15: datings Wantij 1.1and4.1), con

firm this. However, Subboreal deposits are common in 

the Grienderwaard, at the western boundary of the 

Boorne Valley (Figure 10) . Here, the top of the Pleistocene 

deposits lies at about NAP-7 m (Figure 4). Ente (1977) 

published the description of a core from this area. It con

sists of 4.5 m of (sandy) clay that is intercalated between 

a Late Atlantic and Late Subboreal peat. This clay must 

have been deposited mainly during the Subboreal. The 

sequence is capped with 0.5 m marine sand, which indi

cates that this area was not reworked by tidal channels. 

Wadden Sea mainland 

bea ch and shore~ eolian dunes 
face deposits 

salt-marsh 
deposits 

tidal -flat 
deposits 

salt -m arsh 
deposits 

sandy clay 

dike 

.MSL 

10 m 
humic and 
root clay 

20 m 

64 

tidal inlet 

Figure 23 

Hypothetical cross-section through the central part of the Dutch Wadden Sea and the Frisian mainland showing a sequence of 

Atlantic peats, clays and muds that grade into younger peats and clays below the mainland. This sequence is erosively overlain by a 

landward-thinning prism of Subatlantic channel-point-bar deposits. The recent Wadden Sea deposits are predominantly sandy. Clay 

settles in salt marshes sheltered by the barrier islands and in front of the dikes along the mainland. N.B. the tidal range has been 

exaggerated. 
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The Atlantic Wadden Sea 

During the Atlantic, the lateral facies sequence in the Wad

den Sea consisted, from land to sea , of peat swamps grad

ing into a more open area with clay deposition and reed 

growth. Sand was deposited along the channels that con

nected this area with the tidally dominated mud flats. The 

mud flats graded into sand flats and the Wadden Sea was 

most likely bounded by barrier islands with tidal inlets in 

between. Sediment composition varied from almost com

pletely sandy near the inlets to almost completely clayey 

at the landward boundary of elastic deposition. This is due 

to the active inward accumulation of suspended particles 

and the decrease in tidal energy with distance from the in-

let which favours clay deposition (Postma, 1954, 1961; Van 

Straaten & Kuenen, 1957; De Glopper, 1967). Water salinity 

in these environments ranged from almost full-marine in 

the tidal inlets to completely fresh in the marshy zones at 

the landward boundary. 

As sea level rose, the lateral facies sequence shifted land

ward and also upward along the Late Pleistocene relief 

(Van Straaten, 1975, fig. 3). This almost continuous land

ward shift stopped at the beginning of the Subboreal pe

riod in the Ameland area. The rate of relati ve sea-level 

rise had dropped to 0.15 m per century by that time and 

the accommodation space for sediment created by the 

rising level must have been filled with sediment (Van der 

Amel and 

Ferwerd 
0 
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0 

Depth of rewo rk ing by migrating tidal channels, 
in metres below NAP 

0 5km 
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Figure 24 

Map of depth and areal extent of sediment reworking by migrating tidal channels deeper than NAP-2.5 m in the Wadden Sea south of 

Am eland between 1831 and 1984, compiled from a series of sounding charts. The migrating channels reworked 47% of the surface area 
of 325 km3 of the flood basin during this period. 
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Spek & Beets, 1992). Subsequent expansion of the Wad

den Sea was no longer determined by the Pleistocene re

lief. The sea penetrated into local depressions formed 

e.g., by sediment compaction, surface subsidence result

ing from draining or peat digging. Most of these inun

dated areas were filled with sediment within a relatively 

short period. The Wadden Sea no longer expanded south

wards. The most landward facies belts aggraded on the 

spot and eventually developed into almost permanently 

dry land. The overall facies sequence in the Wadden Sea 

changed from transgressive to regressive. 

The present-day Wadden Sea 

The gradual transitions in both sediment composition and 

salinity no longer exist in the present-day Wadden Sea . 

Since about 1000 AD dikes have been protecting the pre

dominantly clayey deposits which resulted from siltation 

to above high-tide level from renewed tidal action. Conse

quently, the transition from a marine, mainly sandy sedi

mentary environment into a brackish to fresh environ

ment in which clay deposition prevailed, nowadays takes 

place over a short distance, in front of the dikes. More

over, the area in which suspended sediments settle per

manently, was strongly reduced. Mud is now deposited in 

the reclamation works in front of the dikes and on the ti

dal watersheds (Figure 1 ). Extensive quiet environments 

in which deposition of fine-gra ined sediment prevails, 

comparable with the Atlantic mud flats, do not exist any 

more. 

Migration of tidal channels and tidal inlets in the Wadden 

Sea and, consequently, reworking of Holocene deposits, 

continued on the seaward side of the dikes. Reineck 

(1958, in Reineck, 1978, and Reineck & Singh, 1980) states 

that 58% of the backbarrier of the German Wadden island 

of Wangerooge was reworked in 68 years by laterally mi

grating tidal channels. In the flood basin of the Ameland 

inlet, between the tidal watersheds south of Terschelling 

and Ameland (Figure 24), laterally migrating channels, 

deeper than 2.5 m below NAP, have reworked 47% of the 

surface area in the period between 1831and1984. The re

worked surface area decreases with increasing channel 

depth. The sediment volume (below NAP-2.5 m) reworked 

over this period amounts to 670 million m3, which is 4.4 

million m3 annually. The Holocene deposits are reworked 

to a depth of more than 20 m in and near the tidal inlet 

(Figure 24). The depth of sediment reworking decreases 

with distance from the inlet (Figure 24). Tidal gullies and 

tidal channels that dissect mixed sand-mud flats migrate 

25 m to 30 m a year (Trusheim, 1929, in Reineck, 1978; 

Van Straaten, 1951 ). Tidal channels that erode sand flats 

can shift laterally up to about 100 m per year (Luders, 

1934, in Reineck, 1978). The Holocene depositional se

quences in the Wadden Sea are prone to reworking by mi

grating tidal channels and will eventually be replaced by 

fine-grained sandy point-bar sequences. 
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Abstract 

In view of the current serious concern about the impacts of the greenhouse effect upon the coastal 

zone, the understanding of sea-level trends during the last centuries has become of increasing 

importance. In the Netherlands, the rate of relative sea-level rise during the last 2000 years is poorly 

known, mainly because of the lack of well-datable material associated with sea-level markers 

concerning that period. The present study concentrates on data collected on the Frisian Islands in 

the northern Netherlands, as these are derived from well-preserved sedimentary successions and 

from datable material formed during the last two millennia. Cored boreholes and excavations were 

analysed with the use of sedimentological and palaeoecological criteria, and numerous 14C datings, 

constraining the boundary between the marine and the terrestrial domains. A palaeo Mean High 

Water IMHW) trend curve covering the last 2000 years was established. The upper limit of the curve 

shows a marked steepening over the last 800 years. The effects of the Little Ice Age (i.e., a levelling 

of the trend curve) can be inferred from the data. 
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1 Introduction 

Future accelerated sea-level rise (SLR) as a result of the 

greenhouse effect, is of particular concern to coastal com

munities around the world. Recent studies of the world 

climate system (Houghton et al., 1990, 1992) forecast an 

acce lerated SLR in the near future on a decadal-to-century 

time scale, while the apparently high average rate of rela

tive SLR (15-20 cm/century), derived from tidal gauge 

records in the Netherlands over the last century, remains 

unexplained. In any case, forecasting rates of sea-level 

change is hazardous, especially over time sca les exceed

ing a century. An understanding of past changes is there

fore of paramount importance for the explanation of 

present conditions and validation of prognosis of future 

changes. Where the changes of sea-level are concerned, 

little is really known for the last three millennia in the 

Netherlands. Instrumental records only extend back a lit

tle over 200 years and geological data are scarce, because 

up to now the main areas of study have been located in 

the western part of the country, which was formed mainly 

before 3000 BP. 

Well-documented Holocene sea-level curves have been 

published during the last 30 years (e.g. Jelgersma, 1961 

and 1979), based on radio carbon data obtained from Ba

sal Peat1 collected in the western and the northern re

gions of the Netherlands (Figure 1 ). This curve was later 

improved by the results of Van de Plassche (1982), based 

mainly on data from the Province of Zuid-Ho lland, and by 

the curve of Roep & Beets (1988) mainly based on data 
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from the Province of Noord-Holland. More recently, 

curves for the southwestern part of the Netherlands 

(Kiden, 1995) and the Belgian coastal zone (Denys & 

Baeteman, 1995) not only fill in the southern geographical 

gap, but also complete our understanding of the complex 

interactions between sea-level changes, tectonics, and cli

mate. However, almost all of the data pertain to the pe

riod prior to 2500 BP. Over the last 2000 years there has 

been no coastal progradation in the western part of the 

Netherlands and no palaeo sea-level markers were 

formed. 

In an attempt to remedy this situation and to close the 

gap between 2500 BP and the present, a project was ca r

ried out by the Rijks Geologische Dienst (Geological Sur

vey of the Netherlands) between 1987 and 1990. As study 

location the Frisian Islands (Figure 2) were chosen, be

cause most of these islands came into existence in the ir 

present form during the last three millennia (De Jong, 

1984; Streif, 1986, 1987). 

2 Methodology 

Reconstruction of Holocene sea-level changes is made 

possible by assessment of the changes reflected by the 

geological, pedologic, and biological processes. Data can 

be used for such reconstruction when the following re

quirements are met: 

1. A change in the lithological or sedimentological 

characteristics re lated to sea-level must be present. 

2. The datum level must be datable. 

3. The datum level should have undergone only a 

minimal amount of post-sedimentary compaction. 

The datable materia l most commonly used in SLR studies 

is peat, e.g . Basal Peat (Je lgersma, 1961 ), or peat resting 

upon more or less compaction-free marine deposits (e. g. 

Louwe Kooijmans, 1974; Van de Plassche, 1982). A differ

ent approach was taken by Roep et al. (1975) and Roep & 

Beets (1988) who used sedimentological criteria estab

lishing the height of Mean High Water (MHW) during the 

period of sed imentation. The latter method was used in 

the present study. 

The study was carried out on a series of continuously 

cored boreho les, after a field survey of each of the five Fri

sian Islands. In addition, available outcrops and excava

tions were studied. The borehole locations were selected 

according to the most promising sedimentolog ical se

quences found during the initial field su rvey. In total, on 

the islands of Texel , Vl ieland, Terschelling, Ameland, and 

Schiermonnikoog (Figure 2), seventeen boreholes and five 

1 Basal Peat: an early Holocene peat bed in the coastal plain of the Netherlands, lying on top of the Pleistocene sands and at the base of 

the Holocene marine sequence (sand, clay and intercalated peat). 

70 Mededefingen Rijks Geologische Dienst Nr57 1996 



excavations were studied in terms of palaeo MHW levels 

using 14C datings. The cores were taken through the entire 

Holocene series, to obtain indications about problems re

lated to post-depositional compaction and about the 

palaeogeographic evolution of the islands and the Wad

den Sea (see also: De Jong, 1984; Van der Spek, 1996). The 

results deriving from the deeper parts of these cores will 

be published in a later phase (Bosch et al., in prep.). 

For the purpose of a sea-level curve, the upper five to six 

metres were investigated in detail. Lacquer peels from the 

cores produced the sedimentological data needed for re

constructing the palaeo MHW levels in each borehole. 

The results were checked against the palaeoecological 

data (pollen and diatoms) obtained from the cores and ex

cavations and dated by means of conventional radio-car

bon dating of available organic material in the cores or 

excavations, as close as possible to the reconstructed 

palaeo MHW level. 

N 

3 Criteria for the reconstruction of 

palaeo MHW levels 

Sedirnentological criteria 

As already mentioned, the reconstruction of a relative 

SLR curve must be based upon a number of assumptions 

and measurable parameters. The curves given by e.g . Jel

gersma (1961and1979) and Van de Plassche (1982), were 

based upon the assumption that the oldest available peat 

layer found on top of compaction -free Pleistocene sand 

would represent the local groundwater rise, the first indi

cation of marine influence for the period during which rel

ative SLR was rapid, prior to about 5000 BP. The reliability 

and accuracy of the data used were discussed by Van de 

Plassche (1982) and Van de Plassche & Roep (1989). With 

the levelling-off of the relative SLR after 5000 BP, other 

environmental factors became increasingly important in 

addition to - and sometimes overprinting - the relative 
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SLR, e.g. the gradual increase of the local tidal range dur

ing the Holocene (Franken, 1987). 

The incorporation of tidal range data in the relative sea

level curve was first attempted by Roep & Beets (1988). 

By the use of detailed sedimentological observations in 

excavations and cored boreholes, they were able to re

construct palaeo MHW levels, and sometimes - albeit with 

much less accuracy - palaeo MLW (Mean Low Water) lev

els (Roep, 1986). From these levels a palaeo-tidal range 

and a palaeo MSL (Mean Sea-Level) could be recon

structed. 

For the recognition of palaeo MHW levels in cores or out

crops, use can be made of several sedimentological crite

ria because the MHW datum determines a number of en

vironmental responses, biological as well as sedimento

logical. Palaeo MHW levels can be defined using the fol

lowing macroscopic features (Roep, 1986): 

From the bottom upward in cores or outcrops, indica

tors for deposition in water: 

1. The highest level of bioturbation . 

2. The highest level of wave-ripple lamination. 

3. The highest level of clay layers or clay drapes. 

4. The highest level of "bubble" -sand structures 

(beach facies). 

5. The highest level of marine shells or shell 

fragments (with the exception of wind-blown 

specimens). 

From the top downward in cores or outcrops, indica

tors for deposition on land: 

6. The lowest level of eolian lamination: adhesion 

ripple lamination (beach facies) or dunes. 

7. The lowest level of soil formation or peat growth. 

Palaeoecological criteria 

Where the features under study have not been formed 

during a single event (e.g. storm deposits) but arose as the 

result of a gradual sedimentation process, palaeoecologi

cal criteria can be used to gain a better insight into the sea

level stand at the time of deposition. From the vegetation 

types and plant species living along the shores of the 

Wadden Sea, a distinct zonation can be established (Vos & 

De Wolf, 1993). These zones have a direct relation to the 

frequency of flooding of the vegetation. It is essential to 

discriminate between autochthonous successions (e.g. 

salt water to fresh water species indicating a decreasing 

flooding frequency) and allochthonous (i.e. reworked) as

semblages. The conservation potential of diatom assem

blages in particular, is generally better than that of the rest 

of the plant community. Diatom assemblages are also 

more accurate for use in palaeoenvironmental reconstruc

tions because they can be recognised on the species level, 

whereas pollen are indicative for the genera level. Envi

ronmental changes in vegetated salt marshes will thus be 

registered more accurately by the diatom populations liv

ing there, in particular by Diploneis interrupta. 
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The following palaeoecological diagnostics can be used: 

Indicators for a salt marsh (the zone at or just above 

MHW): 

1. A high percentage of complete (i.e. non-reworked) 

Oiploneis interrupta diatoms. 

2. A high percentage of Chenopodiaceae, Plantago 

maritima and sometimes Plantago coronopis. 

3. A peak in the occurrence of Foraminifera. 

Ind icators for a non-vegetated tidal flat (the zone at or 

just below MHW): 

4. A high percentage of Melosira sulcata diatoms. 

5. A relative abundance of reworked pollen material 

(e.g . Calluna, Dryopteris, Sphagnum). 

Radio carbon data 

To be able to place the reconstructed MHW levels and the 

palaeoenvironments in an adequate time frame, samples 

of datable material were collected, as near as possible to 

the interpreted MHW level. A total of 74 samples from 

boreholes and excavations were radio carbon dated. The 

material consisted of peat or rootlets, gyttja, or humic 

clay, or humic sand and carefully selected (juvenile) 

shells (Cerastoderma edule, Spisula subtruncata, Mac

oma balthica, Mytilus edule, Littorina littorea). It is evi 

dent that this material must have originated from differ

ent environments. Peat and rootlets are of terrestrial 

origin and occur well above the MHW level; gyttja and 

humic clay or sand are deposited in aquatic environ

ments (tidal flat to salt marsh ) around the MHW level ; 

shells, especially, when they are represented by whole 

specimen in living position, are found below the MHW 

level. When interpreting the 14C data from this material, 

the relative position of the samples in relation to the 

MHW level must be taken into account. The selected 

shell material concerns predominantly the deeper and 

older tidal deposits. This will be discussed further in a 

later publication concerning the sedimentological evolu

tion of the tidal channels under the islands (Bosch et al., 

in prep.). 

4 Results 

All the investigated sites shown in Figure 2 were pro

cessed as described under section 2: Methodology. How

ever, all of the sites did not yield complete or useful data, 

either for reconstructing palaeo MHW levels (absence of 

sufficient diagnostic sedimentological criteria, ambigu

ous or multi-interpretable sedimentological data) or gaps 

in the fossil ized palaeoenvironments. In the end, and af

ter detailed analysis of the data, only eleven locations 

(Figure 2) met the three requirements (see under section 

2) for the reconstruction of the palaeo-sea-level changes 

on the Frisian Islands over the last 2000 years. The re

sults of the radio carbon dating and the reconstructed 

paleo MHW levels from these ten locations are presented 

in Figure 3. 
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Island 

Texel 

Vlieland 

Terschelling 

Ameland 

Schiermonnikoog 

Location 

Paal 10.00 

Paal 12.89 

Paal 12.98 

Vianenslid 

Kaap Bol 

Dellewal 

Paradijs 1 

Paradijs 2 

Kooihoeve 

Westerplas 

Westerdu inen 

During the present study the investigations were concen

trated upon the recognition of palaeo MHW levels in the 

lacquer peels made from the cores. No evidence pointing 

to palaeo MLW levels was found. Thi s is not surprising, 

since this level is ve ry poorly defined. It is therefo re not 

possible to reconstruct the palaeo-tidal range, or the MSL 

trend for the Frisian Islands over the last 2000 years. 

The reconstruction of the palaeo MHW level from the data 

of each location was derived from the following criteria: 

Texel - Paa! 10.00 {P1 ): The dated organ ic layer, which 

represents the base of a former peat layer, was ex

posed on the present beach, directly overlying about 

2 m of dune sands. The highest possible level of MHW 

can thus be put at about 0.03 m +NAP. 

Texel - Paa/ 12.89 {P2): The same lithologica l succes

sion as Paal 10.00. The highest marine deposits are sit

uated about 1.30 m +NAP. These, however, probably 

represent storm deposits and are not rel ated to the fair 

weather MHW. 

Texel - Paa/ 12.98 {P3): The same lithological succes

sion is found in this excavation. The highest marine 

deposits occur beneath dune sands at about 1.15 m 

+NAP. The possibility of storm influence on this level is 

not excluded (see discussion be low). 

Vlieland - 4F35 {V3): From the lacquer peels of the 

borehole, the range of palaeo MHW was establ ished 

through the sed imentological criteria. The best esti

mate (0.72 m +NAP) was inferred by constraining as 

much as possible the top-downward and the bottom

upward criteria. Palaeoecological criteria cou ld not be 

used at this location. 

Vlieland - 4F33 {V 12): As for 4F35, sedimentolog ical 

cr iteria were used to establish the range of palaeo 

MHW. A best estimate was inferred at about 0.94 m 

-NAP. However, the distance between the dated sam-

Borehole Radio carbon data !conventional) 

Group GrN Years BP Sample type 

nr. 

excavation P1 19427 90±70 Sand, humic (extract) 

excavation P2 19160 120±30 Sand, humic lresidu) 

excavation P3 19161 155±30 Sand, humic !extract) 

4F35 V3 17212 268±35 Peat, sandy (residu) 

4F33 V12 17208 1530±30 Peat, sandy 

5A75 T7 17597 1260±50 Gyttja, sandy (residu ) 

1D29 T2 17592 1285±30 Clay, humic lresidu l 

1D31 T4 17594 880±45 Peat, sandy (residu) 

excavation A1 16022 375±25 Peat (residu) 

2G286 S2 16935 525±30 Peat, sandy lresidu) 

2G287 S4 17004 455±90 Sand, humic (extract) 

Figure 3 

pie and the palaeo MHW range is great. This leads to 

problems for positioning the MHW range on the time 

scale (see discussion below). Palaeoecological criteria 

could not be used for the MHW interpretation. 

Terschelling - 5A75 {Tl): The range of the palaeo MHW 

level was determined with use of the sed imentological 

criteria from the lacquer peels. The top of the range 

was confirmed by palaeoecological data. No best esti

mate cou ld be arrived at. 

Terschelling - 1029 {T2): Here too, sedimento logical 

criteria were used for the range of palaeo MHW. The 

sedimentological log of borehole 1 D29 is shown in 

Figure 4. It must be mentioned that not all of the crite

ria occur in this borehole, which is almost never the 

case in natural systems. However, the sedi mentologi

cal cr iteria shown in Figure 4 (criteria 1, 3, 5, 6, and 7) 

and the ratio shift from marine planktonic diatoms 

(Me/osira sulcata) to the group of marine brackish 

aerophile diatoms (Diploneis interrupta), constrain the 

best estimate of the palaeo MHW level at 0.10 m +NAP, 

within the gyttja and below the peat that forms the top 

of the salt-marsh deposits (see also Ameland-Kooi

hoeve, below). 

Terschelling - 7031 {T4): Sedimento logical criteria de

termined the range of the palaeo MHW, but no best es

timate can be given. Palaeoecologica l criteria were not 

sufficiently distinct to help determine the best estimate. 

Ameland - Kooihoeve {A 1): The Kooihoeve excavati on 

was sampled in detail for diatom and pollen analysis. 

On the basis of pa laeoecolog ical criteria, the range of 

the palaeo MHW was determined and the best esti

mate (1.05 m +NAP) was inferred from the zonation of 

the diatom flora (Figure 5) . Below about 1.05 m +NAP, 

the zone is poor in diatoms of the marine/brack

ish/aerophile group, whereas the marine planktonic 

group (mainly Melosira su/cata) is well-represented, 

Sample depth 

lin m above NAP) 

2.03 I 2.06 

1.66 I 1.68 

2.06 / 210 

1.08 / 1.10 

0.16 I 0.20 

0.51 / 0.54 

o 18 I 0.23 

0.52 I 0.55 

1.27 I 1.29 

1.01 I 1.08 

1.58 I 1 67 

Palaeo MHW lin m to NAP) 

Range Best 

I 0.03 

I 1.30 

I 1.15 

0.41/ 1.03 

-1.60 I -0.94 

-0.41 I 0.25 

-0.40 I 0.10 

-0.31 I 0.31 

1.02 I 1.1 2 

-0.95 I 0.90 

0.12 I 0.57 

estimate 

none 

none 

none 

0.72 

-0.94 

none 

0.10 

none 

1.05 

-0.25 

0.26 

Radio carbon dates and reconstructed palaeo MHW levels used in this study. 
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Diatoms 

especially by incomplete specimens. In the upper 

zone, above about 1.05 m +NAP, the diatom Diploneis 

interrupta is the dominant species within the ma

rine/brackish/aeroph ile group, and the marine plank

tonic group is significantly poor in specimen. The 

changes in the ratio between complete and broken 

tests reflects the differences in lithology. Complete 

tests are found more or less in si tu in the fine-grained 

sediments; broken tests are found in sand layers and 

were damaged during transport by wind or water. The 

pol len zonation shows a similar picture with high per

centages of Gramineae, Plantago, and Trig /ochin in 

the upper zone, which represents a sa lt-marsh vegeta

tion. From the changes between the occurrence of 

Melosira and Diploneis and the occurrence of sa lt

marsh vegetation, the best estimate for the pa laeo 

MHW level can be inferred at 1.05 m +NAP. 

5chiermonnikoog - 2G286 (52): This borehole conta ins 

a very wide range of palaeo MHW based on sedimen-

Pollen 
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Figure 5 

to logica l criteria , probably due to a relatively slow net 

sedimentation rate determined by repeated loca l sedi

mentation/erosion phases. Moreover, the criteria were 

not clear enough to define the range limits further. The 

top of the range is confirmed by the palaeoecological 

data. Nevertheless, a best estimate pa laeo MHW level 

cou ld be inferred at about 0.25 m -NAP. 

5chiermonnikoog - 2G287 (54): In contrast with the 

preceding borehole, the palaeo MHW rang e is much 

sma ll er. The best estimate is inferred at 0.26 m +NAP. 

However, the distance between the range and the 

nearest radio-carbon date is much more than at the 

other locations. This complicates estimation of the ex

act position on the time scale (see discussion below). 

All the radio-carbon and MHW data are shown graphically 

on the time/depth diagram in Figure 6. The palaeo MHW 

range is represented by a box. The height of the box rep

resents the maximum range of palaeo MHW occurrence, 
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Palaeoecological data obta ined from the Kooihoeve excavation (Ameland). 
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and the width of the box is related to the 2 a- range of the 

nearest 14C dating within the core. Within each box and -

where possible (see Figure 3) - a line and triangle indicate 

the best estimate of the palaeo MHW leve l. The 14C box of 

the nearest 14C date within the core, is drawn according to 

the 2 a- range (box width), and the sample thickness (box 

height). 

5 Discussion 

As already mentioned, all sedimentological criteria sel

dom occur together. The recognition of the palaeo MHW 

range and - increasingly so - the palaeo MHW best esti

mate, in the Frisian Island cores was either complicated 

by the lack of sufficiently clear criteria or by the poor pres-

"c years BP 

2000 

S4 

76 

1500 

V12 
c::::::J 

"C date estimate 

Best pa laeo MHW 
level 

1000 

ervation, since the cores are only ten centimetres wide. 

Furthermore, the preservation potential of facies types 

can differ widely depending on the local geomorphologi

cal position (e.g. exposed coastal high-energy domain 

versus a sheltered back-barrier domain). 

In this context, the Late Holocene dynamics of the barrier 

islands, especially the migration and evolution of tidal 

channels, undoubtedly played a complex role that has not 

yet been elucidated. This is of particular importance be

cause the facies under study were formed during the last 

few thousand years, a period of re latively slow sea-level 

rise and thus fewer chances of fossilisation (see also: Van 

der Spek, 1996). 

The same pertains to analysis of the fossilization potential 

of palaeoecological data, which generally speaking, are 
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Time-depth reconstruction 

of the palaeo MHW trend 

over the last 2000 years on 

the Frisian Islands. 



subject to the same preservation problems as the sedi

mentary facies with which they are associated. 

One major problem is the temporal relationship between 

the palaeo MHW range and the nearest 14C dating (Figure 

6). In most cases, there is a depth difference varying from 

centimetres to several decimetres. In two cases (V12 and 

S4), the distance even amounts to about one metre. This 

implies that there can be a - sometimes significant - differ

ence between the time of deposition of the MHW-related 

sediments and the earliest time of peat growth in the 

nearest datable material. Thus, the datings are too young 

and all the palaeo MHW range boxes should be shifted 

some distance to the left in relation to the 14C boxes. How

ever, it is impossible to infer the duration of the interval 

between the two boxes. This interval probably varies 

from several decades to even centuries. For the time be

ing and as a working hypothesis, the palaeo MHW range 

boxes and the 14C boxes have been related vertically to 

each other (Figure 6). We assume, however, that if a more 

precise assessment could be made, the interpreted palaeo 

MHW level over the last 2000 yea rs would not be shifted 

significantly backward in time, whereas the shape of the 

trend curve wil l hardly change. 

Around the palaeo MHW range boxes (Figure 6) a shaded 

zone represents the best possible interpretation of the 

palaeo MHW trend during the last 2000 years. The shape of 

the upper boundary is constra ined by the upper limit of the 

palaeo MHW range and the lower limit of the 14C samples. 

Three features should be noted here: 

1. From about 800 BP onward, the upper boundary 

tends to steepen gradually. 

2. Around 400 BP, this trend is temporarily interrupted 

by a gentle levelling of the upper boundary. 

3. The steepening increases aga in after about 300 BP. 

Obviously, the Ameland-Kooihoeve (A 11 data lie some

what above this trend curve. Since it may be assumed 

that the Kooihoeve data are reliable, the interpretation 

should be that loca l factors influenced the height of the 

MHW, e.g. differences in tidal amplitude due to bottom 

friction and dam-up of the tidal prism within the Wadden 

Sea tidal basin. In the present island configuration the 

variation range of the MHW in the Wadden Sea varies 

from 0.80 m +NAP in the tidal channel between Terschell

ing and Ameland and 0.95 m +NAP on the back-barrier 

side of Ameland. 

At this stage, however, it is not clear whether the steepen

ing of the MHW trend between 800 BP and the present is 

related to an accelerated sea-level rise (which seems in 

contrad iction with the tidal gauge records as far as the pe

riod between 800 BP and 100 BP is concerned), changes 

in storm frequencies and storm amplitudes over the last 

1000 years, or the influence of the dyke constructed in the 

northern part of the Netherlands since about 1000 AD. 

Only the last-century part of the curve may be coincident 

with the accelerated sea-level rise shown by the tidal 

gauges. It should be noted that the Texe l data do not de

rive from locations on the back-barrier part of the island. 

This means that the local tidal amplitude (present MHW: 

about 0.65 m +NAP) is less than that of the other sites in a 

back-barrier position (e.g. Ameland, present MHW: about 

0.95 m +NAP) where the effects of the tidal basin geome

try play an important role . This also means that the rela

tively high level of the MHW trend on Texel in comparison 

with the average present level, may be influenced by 

storm activity on the exposed side of the island. 

The levelling of the boundary around 400 BP is puzzling, 

but is possibly a result of the impact of the Little Ice Age2 

climatic change. However, more data are needed to allow 

refinement of this part of the curve before a more definite 

answer can be given. 

Alternatively, as was postulated above for the Ameland

Kooihoeve data, the shape of the upper boundary may be 

related to the position of the samples at the back-barrier 

side of the islands. Local differences in tidal amplitude be

hind each barrier island are able to influence the local 

MHW level significantly. These questions cannot be an

swered adequately by the present study. 

6 Conclusions 

This paper presents the first results of the analysis of 

palaeo MHW changes over the last 2000 years as they af

fected the Frisian Islands. The combined use of sedimen

tological and palaeoecological criteria as well as a large 

number of 14C datings, made it possible to establ ish a 

trend curve for palaeo MHW levels. In particular, the con

straints determining the shape of the upper boundary of 

the MHW trend indicate changes in MHW level over the 

last 800 years, possibly related to climatic changes (Little 

Ice Age), and seem to confirm the accelerated sea-level 

rise over the last century. It is expected that the results 

will provide a solid basis for future work on MSL recon

structions over the last 2000 years. However, as already 

mentioned, some problems remain to be solved. In partic

ular, the temporal relationship between the MHW levels 

and the 14C datings should be assessed in more detail. 
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Abstract 

For better understanding of the upper Pleistocene and Holocene geological history, especially the 

coastal development, various borehole data and high resolution shallow seismic profiles from the 

offshore area along the North Sea coast of the island Texel have been studied. Four major 

lithostratigraphic units are found in that area. They are respectively Saalian glacial and periglacial 

deposits, Eemian marine deposits, Weichselian periglacial deposits and Holocene marine deposits. 

Each of these units comprises several different sedimentary facies. The study shows that the 

Saalian glacial till has had a very important influence on the coastal development during the 

transgressions (Eemian and Holocene), and therefore on deposition and preservation of the marine 

deposits. A model for the geological history since Saalian is reconstructed. 

Saalian deposits mainly consist of glacial till overlying periglacial sands. The top of Saalian 

deposits fo rms a very irregular landscape with local depressions. The depressions were filled in 

during the late Eemian by a shallowing-upward sequence of shallow marine bay sand or clay, 

intertidal sand, and lagoonal-lacustrine clay. During the Weichselian glacial, eolian sands were 

deposited in most of the area, and small fluvio-periglacial channels were present locally. The 

Holocene transgressive sequence shows upward: basal peat, lagoonal clay, tidal flat deposits, inlet 

channel sand and shoreface sand. Lagoonal clays (above -18 to -20 m MSL) were deposited since 

the early Atlantic. Barrier islands were possibly formed at a the relatively high and resistant glacial 

till terrace 1-20 m MSLJ and retreated gradually to the present position. The early Holocene 

transgression begun initially through the Weichselian fluvio -periglacial valleys. The tidal inlet 

deposits of the late Holocene (probably after the Subboreal) are found in a depression. The glacial 

till of the Saalian actually influences the location of Holocene inlet channels and limits their lateral 

migration, which indirectly helped to preserve early Holocene lagoonal and tidal flat deposits. 
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1 Introduction 

Development of coastal barriers during the Holocene 

transgression along the North Sea coast of the Nether

lands has been studied for decades (Van Straaten, 1965; 

Zagwijn, 1965; Hageman, 1969; Roep, 1984; Roep and 

Beets, 1988). Most of the studies were carried out along 

the western coast south of Den Helder, where onshore 

borehole data revealed progradation of the coastal barrier 

in the Holocene (Van Straaten, 1965; Zagwijn , 1965; Roep, 

1984; Roep et al., 1984; Beets et al., 1981 ). Such a progra

dation, however, did not occur along the North Sea coast 

of the Wadden Sea islands (north of Den Helder) (Nies

sen, 1990; Sha, 1989a, 1990). Reconstruction of the Halo-

+ 
' ' 
' " ' c ' 

"' 

+ 

+ 
600 OOO 

Holocene 

l·:·:.::C>:.:· ,j Ba rrier sand 

~ Backbarrier clay 

80 

cene coastal barrier system (Zagwijn , 1986) for the Wad

den Sea coast is relatively difficult and must be accom

plished by offshore surveys. The high top Pleistocene sur

face at Texel (Figures 1 and 2) is a major difference from 

the other coastal areas. It was believed that the barrier is

land in the Texel area was established much later than in 

the other coastal areas. This was based on the facts of the 

high Pleistocene surface, and young Holocene basal peat 

and tidal flat deposits found on Texel. Such an assump

tion obviously disregarded the then unknown offshore 

area (Niessen, 1990). Coastal evolution not only re

sponses to change in sea level, but also to many other 

factors (Sha et al., 1991). Among th em the palaeotopogra

phy and the substrata characteristics are very important 
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Figure 1 

Study area, west part of the 

island Texel and - in the first 

place - the surrounding 

offshore region. Indicated are 

the locations of some 

boreholes (e.g. 91MK9), 

several seismic profiles {I-IV), 

two general geological 

profiles (A-A' and 8-8') and 

of a fence diagram (broken 

lines). The onshore 

geological pattern is 

sketched. The 20 m 

waterdepth contour (MSL) is 

presented as well. 



Figure 2 

Cross-section along 

the 10 m below MSL line 

of the Dutch shoreface 

(Based on Niessen, 7990). 

(Evans et al., 1985; Kraft et al., 1987). For instance, the pa

laeotopography of the Miocene limestone controls posi

tions of the barrier islands along the west-central Florida 

coast (Evans, et al. 1985). Antecedent fluvial valleys is the 

only place having preserved the thick Holocene transgres

sive sequence offshore off the Delaware barrier system 

(Belknap & Kraft, 1985). 

This paper, by using a great number of boreholes, vibro

cores and high resolution seismic profiles, deals with the 

upper Pleistocene and Holocene sedimentary sequences 

in the offshore area of Texel (seaward boundary is limited 

to a water depth of ea. 25 m) (Figu re 1 ). Emphasis is put 

on the impact of the topography of the Saalian glacial till 

on the succeeding transgressive sequences, i.e. of Ee

mian and Holocene transg ressions. History of Holocene 

coasta l development, such as position of the barrier is

land, development of tidal inlets, sedimentation, preser

vation and erosion, will be discussed in relation to the 

sea-level rise and Pleistocene topography based on the 

stratigraphic and sedimentological principles. 

Texel is situated at the most northwestern point of the 

Netherlands and is the most western Wadden island (Fig

ure 1 ). The northern part of the Netherlands and part of 

the southern North Sea were glaciated during the Saalian: 

a wide-spread glacial till and ice-pushed ridges were 

formed (Oele & Schlittenhelm, 1979). Texel area is under

lain by one of these ridges (Zagwijn, 1974). Transgression 

during the Eemian deposited a sequence of mainly ma

rine deposits up to a thickness of 25 m locally. Relatively 
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thin eolian and fluvio-periglacial sand were deposited 

during the Weichselian glacial, but, at Den Helder, they 

can reach a thickness of ea. 10 m. These Pleistocene de

posits were overlain by the Holocene transgressive se

quence. 

Methods 

Boreholes were drilled in the offshore area by the Geo

doff MKll vibro-corer with an airlift counter-flush drilling 

system (cf. Oele et al., 1983). This equipment permit a 

penetration of 10 m below the seabed, but only disturbed 

samples can be collected. Relatively short, undisturbed 

cores were obtained by a RGD air hammer corer. The pen

etration of this equipment reaches till 3 m below the 

seabed. Onshore, the rotary (auger, straight-flush or 

counter-flush drilling) unit was used and undisturbed 

cores were acquired by wire-line sampling . These on

shore boreholes vary from ten to several tens of metres in 

depth. In addition, two types of shallow seismic equip

ments were used to obtain the offshore reflection seismic 

profiles, i.e. the Geopulse 5210A subbottom profiler 

system consisting of a catamaran and streamer hydro

phone and an EPC 2201 graphic recorder, and the ORE 

140 subbottom profiler system built in a fish with eight 

3.5 kHz-transducers and an EPC 3200 graphic recorder. 

Part of the data were co llected for the mapping purpose 

of the Geological Survey. Additional borehole data were 

supplied by the Ministry of Transport and Public Works, 

Directorate North Holland. The most important data used 
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in th is paper were especially collected for a sand extrac

tion project offshore of Texel in cooperation with Directo

rate North Sea (Zonneveld & Laban, 1989) and for re

search in the Texel Inlet (Sha, 1990). 

Cores and disturbed samples were described in the labor

atory of the Geological Survey. Subsamples were taken 

for analysis of grain size distribution , ca lcium carbonate 

content, pollen, diatoms and mollusks. Different facies 

and their depositional environments were defined based 

on these data. 

Stratigraphic correlation is aided by seism ic profiles. 

Depths of different stratigraphic units are cal culated to 

MSL and plotted on a map. This finally results in various 

maps showing the distribution, the top, the base and the 

thickness of the different litho-stratigraphic units. 

The depths in this paper refer to Mean Sea Level (M SL) . 

MSL in this area is 0.58 cm below Amsterdam Ordnance 

Datum (NAP). 

The Quaternary lithostratigraphic nomenclature used in 

onshore and offshore research in the Netherlands is not 
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the same, because offshore seismostratigraphy is used . 

However, a correlation between the Saalian formations 

has been made by Joan et al. , (1990): e.g . the Borkumriff 

Formation of the present paper (see below) corresponds 

with the till of the 'onshore' Drente Formation. 

2 Stratigraphic description 

Saalian 

Glacial deposits (Figure 3) are found in many boreholes 

and cores. They mostly consist of greenish, very sandy clay 

or clayey sand containing angular to subangular gravel of 

Scandinavian origin. They are characterised by high com

paction, lack of physical and biogenic sedimentary struc

tures, and scattered matrix-supported gravel (Figure 6). 

These diamictons are mostly non ca lcareous in this area. 

Seismic reflection pattern from this unit is chaotic (Figure 

9). They are interpreted as glacial till (Borkumriff Forma

tion; cf. Joan, Laban and Van der Meer, 1990). 

Olive-gray, micaceous, slightly glauconitic, calcareous, 
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Figure 3 Figure 4 

Top of Saalian glacial deposits. lsopach map of Eemian marine and possibly lacustrine deposits. 
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occasionally muddy, fine sand forms another facies, com

monly found directly below Saalian till, or, where the till is 

absent, below Eemian or Holocene marine sands (Figure 

11 ). This unit contains clay blocks and pebbles, occasion

ally coarse grains, but, no visible marine fossils (Tea Ket

tle Hole Formation, Cameron et al. 1986). The pollen spec

tra in the cl ay blocks indicate a late Holsteinian age 

(Cleveringa, 1991 b).This unit was possibly deposited in a 

periglacial environment during the early Saalian and was 

later overridden by the land-ice. The sediments were pos

sibly partly reworked Holsteinian interglacial deposits. 

The glacial valley and ice-pushed structures are illus

trated by the seismic profile (Figure 8). 

The top of the Saalian glacial deposits (mainly till ) forms a 

ridge, which gradually deepens westward (seaward) 

down to 30 m -MSL and steeply to the south (to Texel In

let) (Figure 3). There are local hills and depressions in the 

till plateau, e.g. , depressions northwest and southwest of 

the Slufter, and relatively high hills near Den Hoorn and 

Den Burg at Texel (Figures 1 and 3). 
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lsopach map of Weichselian deposits. 

Eernian 

A shell layer of (subtidal) shallow marine origin, clay with 

shallow marine shell species, sand with (inter-tidal) near

shore shell species, and non-calcareous clay of possibly 

lacustrine origin occur in the depressions on top of the 

glacial deposits (Figure 4). These sediments were depos

ited during the Eemian to the very early Weichselian. 

In borehole 88003 near the Texel Inlet, yellow, medium to 

coarse sand containing marine mollusks and flint gravel 

was encountered; it was at least partly reworked Saalian 

til l and deposited during the Eemian in a nearshore ma

rine environment. This marine sand unit (Eem Formation) 

overlies a muddy sand of Saalian fluvioglacial origin (Mo

lengat Formation) and underlies a calcareous and mica

ceous clay layer - without marine mollusks and diatoms -

possibly of lacustrine origin deposited during the late Ee

mian or early Weichselian (Brown Bank Formation, Came

ron et al., 1984). 

To the north, in borehole L 18-25 (Figure 12), marine sedi

ments of Eemian age have an upward sequence of shell 
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Lithology and stratigraphic interpretation of the vibro-core 

91AS5, with Holocene and Eemian transgressive deposits on 

Saalian glacial tiff. For location see Figure 1. 
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Figure 7 

Seismic cross-section I, 

near profile A-A'. 

The reflections represent 

Weichselian sand with some 

small fluvio -periglacial 

channel structures laying on 

Saalian glacial deposits. 

For location see Figure 1. 

Figure 8 

Seismic cross-section II, 

near profile A-A'. 

The reflections represent 

an infilled glacial valley and 

presumably ice-push 

structures. 

For location see Figure 1. 



Figure 9 

Seismic cross-section Ill, 

near profile A-A'. 

The reflections represent 

Saalian till and early 

Holocene lagoonal/tidal 

flat deposits. 

For location see Figure 1. 

Figure 10 

Seismic cross-section IV, 

over borehole L 18-25. 

The reflections represent 

a Holocene and Late 

Pleistocene succession 

resting on the Saalian glacial 

till; the infill of a Saalian 

depression is well-illustrated. 

For location see Figure 1. 
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layer, shell-rich clay (Bittium reticu/atum, Cerastoderma 

edu/e, Macoma balthica, etc.) and sand. The macro-fau

nas in the shell layer and the clay layer indicate a shallow 

marine, subtidal environment (possibly open estuary) 

with a normal salinity. The macro-fau nas in the sand layer 

have a typical intertidal association (T. Meijer, pers. 

comm.). The clay at 17.2- 19.2 m below MSL be longs to 

the late Eem ian pollen zone E5/6 (Cleveringa, 1991a). The 

who le succession may represent a shallowing-upward se

quence deposited in an open estuary or bay during the 

maximum of the Eemian transgression . Such a succes

sion is in acco rdance with the seismic profi le over bore

hole L 18-25 (Figure 10) In core 89KG48, on ly a thin shel l 

layer with Ostrea edu/is of the Eemian age has been pre

served. 
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Lithology and stratigraphic interpretation ofvibro-core 91AS3, 

with f/uvioglacial sediments covered by Holocene shoreface 

sand. The clay blocks are reworked Holsteinian. For location see 

Figure 1, for legend see Figure 6. 
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The sha llowest Eemian deposits have been found at ea . 

12.7-12.9 m below MSL in 91AS5, and were dated as the 

Eemian E5/6 pollen zone (Figure 6) (Cleveri nga, 1991b). 

This clay is thought to be deposited in a lacustrine envi

ronment at the end of Eemian and belongs to the Brown 

Bank Formation. It consists of non-calcareous and mas

sive clays wi th root-mottled structures and peaty frag

ments on top. The peaty/root-mottled horizon may indi

cate the post-Eemian soi l deve lopment. The clay lies 

between Saalian till and Holocene (recent) shoreface de

posits. 

The distribution of Eemian transgressive deposits is dis

conti nuous and patchy (Figure 4). They are clearly co inci

dent with the depressions on top of the Saalian glacial de

posits. Offshore of the Slufter at Texel, deposits of Eem 
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Lithology and stratigraphic interpretation of borehole L 18-25, 

showing facies and depositional sequences of post-Saalian 

deposits {cf. Figure 18). For location see Figure 1, for legend see 

Figure 6. 
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Formation and Brown Bank Formation are only a few me

ters thick. In the area of the ebb-tidal delta at Texel Inlet, 

however, Eemian deposits are much thicker, locally more 

than 20 m. 

Weichselian 

Weichselian periglacial (fluvial and eolian) sands are lo

cally found (Figure 5). The eolian sands are non-calcare

ous, yellowish gray, clean, fine and wel l sorted. The flu

vio-periglacial deposits consist of coarse-gra ined quartz 

sands or interlaminated fine sands and muds with many 

woody or peaty fragments. They are all devoid of marine 

fossils. 

In core 88AS13, periglacial sands are overlain by lami

nated sands with silty clay partings and abundant peaty 
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Lithology and stratigraphic interpretation of vibro-core 88AS13, 

showing a thin Holocene marine bed, on Weichselian fluvio

periglacial and eolian sand (cf. Figure 17). For location see 

Figure 1, for legend see Figure 6. 

material, whi ch were also deposited in a periglacial envi

ronment (Figure 13). The seismic expression of this unit is 

shown in Figure 7. Slight deformation of the lamination 

pattern was possibly caused by sampling because of the 

unconsolidated nature of the sandy sediments. The pollen 

analyses reveal a cold climate (pleniglacial) during the 

Weichse lian (Cleveringa, 1991a). Coarse-grained, fluvio

periglacial sands are found in borehole 91 MK9 (Figure14). 

Weichselian deposits are distributed near the coasts of 

Texel and Noord-Holland. They were eroded in the area 

between Texel and Den Helder. They genera ll y thicken 

landward (Figure 5). Thi n (genera lly <2.5 ml patches of 

Weichselian deposits occur locally in the offshore area to 

the north. The thickness and distribution of Weichselian 

deposits are less dependent on the Saalian topography, 
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Lithology and stratigraphic interpretation of borehole 91 MK9 

showing a tidal channel sequence cut into early Holocene 

lagoonal clay. Basal peat and Weichselian fluvio-periglacial sand 

are present below (cf. Figure 18). For location see Figure 1, 

for legend see Figure 6. 
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but more related to the Holocene marine erosion, i.e. 

shoreface erosion and channel scour (cf. Sha, 1989b). 

Holocene 

Holocene deposits are widespread in this area as is to be 

expected (Figure 15 and 16). Several facies are identified, 

e.g ., peat, lagoonal clay, tidal flat sand, tidal channel sand 

and shoreface sand (Figures 11 , 12, 13 and 14) . In some 

cases a soil horizon occurs below the basal peat layer. 

The lagoonal clay is commonly bioturbated and contains 

brackish-water gastropod species as Hydrobia sp. and a 

rich inter-tidal diatom flora (De Wolf, 1991a; 1991b). The 

tidal flat deposits show shell layers of Myti/us edu/is and 

Cerastoderma edule laminated with very fine, dark gray 

sands. The modern shoreface is commonly covered by 

yellow, medium to coarse sand containing many flint peb

bles (basically derived from the till). Shell fragments of in

ter-tidal and nearshore environments, occasionally in-situ 

Macoma baltica and sea urchins, are also found. The tidal 
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Figure 15 

Base of Holocene deposits, or top of the Pleistocene surface. 

88 

channel deposits show typical fining-upward sequences 

(Figure 14) with often a gravel and shell lag at the base. 

The shells are composed of both tidal flat and open near

shore species. 

Vi bro-core 88AS22 (for location see Figure 1) shows a 

Holocene succession of soil, lagoonal clay and shoreface 

sand (cf. Figures 9 and 17). A lagoonal clay at 16.6-16.7 m 

below MSL was deposited during the Atlantic to the Sub

boreal according to their pollen and diatom compositions 

(Cleveringa, 1991a; de Wolf, 1991 ) and contains marine 

and brackish diatoms. 

Borehole 91 MK9 (Figure 14) shows a Holocene transgres

sive sequence with a peaty soil (17.3-16.8 m below MSL), 

lagoonal clay (16.8-15.3 m below MSL), tidal channel sand 

(15.3-8.8 m below MSL) and shoreface sand (8.8-7.8 m be

low MSL). The peaty soil layer at the base of the Holocene 

has been dated as Preboreal and the lagoonal clay as 

early Atlantic based on pollen analyses (Cleveringa, 

1991b). 
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lsopach map of the Holocene deposits. 
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Sandy tidal flat deposits are found in core 91AS5 (Figure 

6). The horizontally laminated sands contain abundant 

molluscs: Mytilus edulis and Cerastoderma edule. The 

sands are very fine and dark gray. According to mollusk 

analys is IT. Meijer, pers. comm.), this tidal flat fac ies was 

deposited during the Holocene, al th ough the underlying 

clay is of Eemian age. 

The contours at the base of the Holocene deposits are very 

similar to those at the top of the Saalian glacial deposits 

(compare Figure 3 with Figure 15). The Holocene base 

generally becomes shallow landward with the depth con

tou rs parallel to the coast. Local deep depressions occur 

roughly at the same place as the main depressions on the 

Saalia n glacial deposits. The isopachs of the Holocene de

posits show a coast-paralle l pattern as wel l (Figure 16). Ex

ceptionally thick Holocene deposits I> 10 m) are present in 

the depressions around the Slufter area and in the ebb-ti

dal delta of Texel Inlet. The Holocene deposits are thicker 

near the coast and thinner in the offshore direction. 

Surnrnary: regional stratigraphic 

development 

The regional stratig raphic development in relation to the 

rel ati ve sea level change is discussed here on the basis of 

two geological cross-secti ons (interpreted seism ic pro

files): Fi gures 17 and 18. These cross-sections demon

strate the vertical and lateral relationship of differe nt li

tho-facies. The three dimensional facies and stratigraphic 

relationship is further depicted on a fence diagram (Fig

ure 19). 

The top of the glacial deposits, which consists mainly of 

till , shows a very irregular surface wi th depressions sep

arated by local hills along the geological profile B-B' par

allel to the coast (Figure 18). The depressions were filled 

up during the Eem ian by a shallowing-upward sequence 

from a shal low marine (o r open estuarine ?) to a lacus

trine environment. Eolian sands of the Weichselian were 

deposited on this smoothed Saalian/Eemian su rface, but 

are not always preserved. Small periglacia l melt water 

rivers eroded relat ively less resistant Eemian sand depos

its and formed in the north a depression approximately 

co incident with the depression on top of the Saalian de

posits (Fi gure 18); coarse-gra ined fluvio-pe riglacia l sa nd 

deposited loca lly during the Weichselian (Figure 14). 

The early Holocene transgression started first in the 

Weichselian fluvio-periglacial channe l up north and 

reached further landward as the sea-level rose. The Holo

cene transgressive sequence of lagoonal and intertidal 

deposits was mostly preceded by a basal peat often on 

top of a soil horizon (Fi gure 18). Tidal channels cut later 

on into the ea rly Holocene lagoonal or Pl eistocene depos

its in the depressions; these channels are observed on the 

seismic profiles. Final ly the Holoce ne marginal marine 

deposits are exposed on the present shoreface and cov

ered by nearshore marine sand. 

90 

Along profile A-A' transverse to the shoreline (Figure 17), 

the Saa lian glacial till is strongly undulating. Loca lly 

Weichselian eolian and fluvio-periglacial sediments are 

preserved. The Pleistocene deposits form a seaward dip

ping slope, on wh ich Holocene basal peat and lagoonal 

deposits can be found about 18 to 20 m below MSL. Th ey 

are erosiona lly overlain by shoreface sands and near

shore sand ridges. To the landward side of the profi le, 

thick Holocene ebb-tidal delta foresets prograded on top 

of the Pleistocene deposits directly. 

3 Palaeogeographic evolution and the role 

of the glacial till 

Glacial till in this area has two distinctive characteristics: 

firstly, the relatively resistant nature and secondly, the ir

regular surface (Figure 3). The top of the glacia l deposits 

should reasonably demonstrate the origina l landscape at 

the end of the Saalian. Although the Saalian landscape 

was partly subjected to post-Saalian erosions, such ero

sions were unlikely important as will be discussed below. 

Absence of large Eemian channel-fill sequences in the de

pressions excludes the possible origin of these topo

graphic lows by tidal currents. Deposition of the laterally 

extensive Eemian clay in the depressions indicates a rela

tively quite shallow marine environment. The depres

sions actua ll y form local sedimentation centres du ri ng 

the Eemian transgression (Figures 3, 4 and 20a). 

The Weichselian fluvio-periglacial sands preserved in this 

area are for a great deal located in the nothern depression 

(cf. Figures 3, 5 and 18), which formed a palaeogeo

graphic low with relatively easily erodible sediments. The 

depression (Figure 3) has an opening to the northwest, 

which was possibly the outlet of the small fluvio-perigla

cial channel (Figure 20b). At the opening side, there are 

no Eemian deposits, but, only Weichsel ian fluvio-pe rigla

cial sand lies on Saalian glacial sediments (Fig ure 19). 

The presence of Weichselian periglacial (eolian and flu

vial) deposits offshore at a depth of more than 26.5 m be

low MSL (Figures 13 and 17) disproves the possible pres

ence of a high glacial till surface at this position at least 

since the Weichselian. The patchy distribution of Weich

selian eol ian sand and lack of large channels refute the 

possibility of large sca le erosion during the Weichselian 

in this area. However, near the Texe l Inlet the Weichse li an 

record has been wiped out by recent erosion. 

Holocene lagoonal and intertidal deposits are absent be

low 20 below MSL, but, present above 18 to 20 m below 

MSL on the shoreface. This may suggest a former barrier 

island system approximately at this position (Figure 20c), 

which coi ncides with the steep slope on the seaward side 

of the till plateau. The glacial till plateau (ridge ) formed or 

stabilized the barrier system . La goonal and tidal flat de

posits were protected from erosion by the resista nt tills 

and preserved as the sea level rose continuously. They 

we re gradua lly over la in by slowly landward translating 
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barrier island deposits and are finally situated on the 

shoreface. The early Holocene lagoonal clay has been 

dated by pollen and diatoms as early Atlantic to Subbo

real from -18 m MSL upwards. This is in agreement with 

the general trend of Holocene sea-level change (Jelger

sma, 1979; Eisma, Mook & Laban, 1981). Brackish tidal flat 

deposits in the southern bight of the North Sea at 20 m 

below MSL have been dated between 8000-7000 BP; the 

full marine environment has dominated after ea. 7000 BP 

(Eisma, Mook & Laban, 1981 ). One core (91AS2) (for loca

tion see Figure 1) at a water depth of -20 m MSL reveals 

(3.65 m) relatively coarse-grained Holocene nearshore 

sands, which are possibly the remnant of the former bar

rier island of ea 8000-7000 years BP. The Holocene trans

gression started earlier in the northern Weichselian flu

vio-periglacial channel-area than outside that depression 
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C==:J Op en ma ri ne 
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(Figures 18 and 20b), as proven by pollen analysis. There 

was possibly a tidal inlet offshore of the Slufter (Figures 

15 and 20c), where gravelly medium sands lie on the 

Weichselian fluvio-periglacial sands. 

The development of the large Holocene tidal channel near 

the Slufter was probably after the late Atlantic (Figure 

20d). The sediments erosiona lly overly lagoonal deposits 

that are dated as the early Atlantic (Figure 14). The Texel 

Inlet (Marsdiep) was formed at ea . 10th Century (Schoorl , 

1973, 1976; Sha, 1990). 

The Holocene tidal channels are exclusively found in the 

depressions on the surface of Saalian deposits and ero

sionally overlie the Eemian, Weichselian or early Holo

cene deposits. The We ichselian fluvio-periglacial channel 

and Holocene tidal channel developments certainly took 

advantage of the less resistant nature of the non-till de-
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landscape, see Figure 1. The maps are drawn as far as West-Texel and the surrounding North Sea area is concerned; the more 

landinward part of the depicted region lies beyond the scope of th is paper. 
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posits in the depressions. The till further limits the lateral 

migration of the Holoce ne tidal channels in the depres

sions, thus, having preserved a relatively complete Holo

cene transgressive sequence (basa l peat, lagoon, tidal 

flat, shoreface). This contrasts to the situation in the 

shoreface area of Terschelling and Ameland, where lat

eral migration of Holocene tidal channels almost eroded 

all early Holocene lagoonal and tidal flat sequences and 

preserves only relatively young tidal channel sequences. 

4 Conclusion 

(1) The Pleistocene surface, especia lly the surface of the 

Saalian glacial till , formed a relatively rough landscape 

with local hills and depressions in the offshore and on

shore area of Texel. Marine Eemian deposits filled up the 

local depressions and smoothed the previous glacial 

morphology. Weichselian fluvio-periglacial channels fol

lowed the topographic low and less resistant sediments 

in the depressions, but, most of the area during that pe

riod was dominated by periglacial eolian processes. De

velopment of the Holocene coastl ine and stratigraphy 

was largely influenced by the surface and nature of the 

Pleistocene sediments, in particular, of the resistant gla

cial till. 

(2) During the Holocene transgression, the sea invaded a 

Weichselian fluvio-periglacial valley, which became a ti

dal inlet. 

(3) A barrier island in Texel area was possibly formed or 

relatively stabilized at the location of the present-day 20 

m below MSL line about 7000-8000 years BP because of 

the presence of the high glacial ridge . Back-barrier Holo-

Holocene: at 7000 years BP Holocene: just after 5000 years BP 
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cene basal peat, lagoonal and tidal flat deposits are only 

found on the shoreface above 20 m below MSL. 

(4) Tidal channel or tidal inlet deposits mostly occur in the 

depressions of the glacial landscape, wh ich were once 

filled up by Eemian and Weichselian deposits. Develop

ment of Holocene tidal channels obviously took advan

tage of the less resistant Eemian and Weichselian sandy 

deposits in the depression. The relatively resistant Saal

ian till surrounding the depressions limited lateral migra

tion of Holocene tidal channels and thus, has protected 

the Holocene lagoonal deposits from erosion. 
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Abstract 

Shortly before 4400 14C years BP the Bergen Inlet was one of the largest tidal inlets along the coast 

of Holland with an inferred tidal prism of about 1400 x 706 m3, as is suggested by its cross-sectional 

area. When the tidal prism decreases abruptly around 4400 BP, due to the silting up of large parts of 

the tidal basin in response to the deceleration of sea-level rise, the outsized channel of the ebb-tidal 

delta is filled by mud with fine grained storm deposits, the Bergen Clay. Simultaneously, shoreline 

behaviour adjacent to the inlet changes from retreating to prograding, thus narrowing the inlet to 

a cross-sectional area which is in equilibrium with a tidal prism of about 500 x 106 m3. Shoreline 

migration since 4400 BP reflects deterioration of the inlet because of a decreasing tidal prism. 

In particular, the fan-shaped arrangement of the ridges of the hooked spit complex of the Omval 

vividly illustrates the more or less continuous loss of tidal back-barrier area in the south and east. 

The use of a wealth of borehole data and cone penetration tests in combination with a few 

undisturbed cores made it possible to correlate detailed subdivisions of the Holocene sequence 

over a large area. This gives the opportunity to relate barrier morphology to original shoreface and 

shelf morphology. The new data confirm the earlier suggestion that the difference between beach 

plains and beach ridges is due to a difference in wave energy level in the intertidal reach caused by 

variations in wave energy dissipation on the shoreface. 
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1 Introduction 

Due to the morphology of the Late Weichselian surface 

underlying the coastal plain of the weste rn Netherlands, a 

major tidal basin developed during the Atlantic in the cen

tral part of Holland. This tidal basin was connected to the 

North Sea by a number of inlets, of which the Bergen Inlet 

was the larger. During the late Atlantic and the Subboreal 

the inlets closed, except for those that developed into es

tuaries connected to the rivers Rhine, Meuse and Scheidt 

(Zagwijn , 1986). The Bergen Inlet closed between 3500 

and 3300 14C years BP (Roep and Van Regteren Altena, 

1988; De Mulder & Bosch, 1982), and was the last of the ti

dal inlets to disappear. 

In this paper the closing history of the inlet and related 

barrier behaviour is reconstructed using subsurface data, 

borings and cone penetration tests collected by the Geo

logical Survey of the Netherlands during mapping of 

Sheet 19 (Alkmaar) of the 1 :50 OOO Geolog ica l Map of the 

Netherlands (Westerhoff et al., 1987), and the data of out

crops in trenches for pipelines and pits for building pur

poses collected over the past decades (Roep et al., 1975; 

Roep et al., 1979; Roep, 1986; Roep & Beets, 1988; Beets et 

al., 1981 ). The Bergen Inlet is - because of its position (see 

Figure 1) - also referred to as the Alkmaar-Bergen Inlet. 

Most of the drilling systems produce disturbed samples 

which give sufficient information for mapping purposes, 

but which are less suitable for detailed sedimentological 

analyses. However, in addition to these a few undisturbed 

cores were collected which, in combination with the cone 

penetration tests (C PT's), made it possible to subdivide 

the coastal sequences in distinct facies units. The continu

ously cored Egmond a/d Hoef drilling 19A-350 (Figure 1) 

is the most important reference section for this paper. In 

addition, core 19A-273 from a location nearby 19A-350, 

and cores 19C-743 and 19C-749 (Figure 1) are used to ver

ify interpretations based on the CPT's. 

Barrier behaviour in the study area, the 'Alkmaar area' 

(Figure 1), is directly related to the inlet evolution. A char

acteristic feature of the barrier sequence is the lateral al

ternation of beach ridges with low foredunes and beach 

plains without dunes and often covered by peat (Van 

Straaten, 1965; Jelgersma et al, 1970). In the studied area 

the most prominent barrier features are, from west to 

east: the Omval hooked spit complex, the Akersloot-Sint 

Pancras beach ridges, the Oosterzij beach plain with a few 

small and unnamed SW-NE-running beach ridges, the 

Heiloo-Alkmaar beach ridge, the Egmond beach plain and 

the spit complex of Bergen (Figure 1 ). In a zone of 3 to 5 

km along the shore, beach plains and beach ridges are 

covered by aeolian deposits of medieval and younger 

age, the Younger Dunes (Jelgersma et al., 1970). It is dis

cussed in this paper that the position of beach plains and 

ridges in the Alkmaar area is largely defined by the 

morphology of the surface over wh ich the barrier pro

graded. 
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Addition 

This manuscript was written in 1991. Before its publica

tion a number of new 14C dates of the Bergen Clay from 

two new cores, 19A-352 and 19A-353, became available. 

Boreh ole 19A-353 is situated about 1 km east of 19A-350; 

borehole 19A-352 is situated about 300 m southeast of 

CPT site 15 (Figure 1). Although the new dates have not 

been published yet, their implications for some of the 

conclusions in this paper are so important that they can

not be ignored. As time was not available to rewrite the 

paper comments in italics will be inserted in the relevant 

sections. We are grateful to Thomas de Groot for his per

mission to use these data. The same holds for a study by 

Ad van der Spek who simulated tidal conditions in the 

channel and back-barrier area of the Bergen Inlet using 

the DUFLOW water movement model (Van der Spek, 

1994). 

2 Geological setting 

The position of the Bergen Inlet is largely defined by the 

morphology of the Late Weichselian surface over wh ich 

the Holoce ne sea transgresses (Westerhoff et al. , 1987; 

Beets et al., 1992; De Gans & Van Gijssel , this vo lume). 

Figure 2, a simplified map of the Late Weichselian mor

phology of the lowlands in the Netherlands, shows that 

the western area which was invaded by the sea during the 

early Holocene consisted of two E-W-ru nning, shallow 

val leys flanked by low divides. The southern valley was 

the course of the rivers Rhine and Meuse, and these rivers 

transported sufficient sediment to fill up the alluvial plain 

simultaneously with sea-level rise (De Groot & De Gans, 

this volume). The northern val ley-system, situated in part 

of the study area, was the confluence of a number of 

small, local streams, which drained the areas surrounding 

the valley. The discharge of these streams decreased 

strongly after the Late Weichselian , and during the Holo

cene they became small rivers with little transport capac

ity. Unlike that of Rhine and Meuse, this northern valley 

was filled up by tidal deposits, as the valley and its sur

roundings changed into a back-barrier basin during the 

Holocene sea-level rise. Towards the north this shallow 

va lley was bounded by an E-W-running ridge with a core 

of Saalian pushed moraines, the Texel High (Jelgersma, 

1961 ; Pons et al., 1963; Sha et al., this volume), which, un

til recently, formed a bulge in the coastline of the western 

Netherlands. 

The sea reached the northern area around 8000 BP At that 

time, a barrier shoreline was still far off in the North Sea 

and along the landward side of the back-barrier area the 

supply of sediment was insufficient to compensate for the 

rapid sealevel rise so that lagoonal conditions developed. 

This brackish lagoon was surrounded by fresh water 

marshes. Modelling of the tidal climate in the North Sea 

at lower sealevel stands by Franken (1987) indicates that 

the mean tidal range between 8000 and 7000 BP was con-
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siderably less than the 1.80 m along the present coast 

west of Alkmaar. Smaller tidal range implies weaker tidal 

currents and, consequently, less sediment transport from 

the North Sea into the backbarrier area. With a rate of 

sealevel rise of up to 1 m/centu ry and no sediment source 

on the landward side of the back-barrier area, this means 

that lagoonal conditions prevailed and that tidal flats 

could only develop near to the inlets and along the chan

nels (Van der Spek & Beets, 1992). 

Ri sing sea-leve l forced the facies belts to shift landwards. 

Simultaneously, tidal range at sea increased (Franken, 

1987) and tidal currents became more dominant in the 

Oer - IJ 
estuary 

Uitgee 

Figure 1 

0 

back-barrier area because of increasing tidal prisms. 

Between 6000 and 5000 BP the former valley system east 

of Alkmaar had been changed into the large tidal basin of 

North-Holland with three major channels (Figure 3): one 

(the Bergen Inlet or Almaar-Bergen Inlet) with an inlet 

between Alkmaar and Bergen, one (the Uitgeest Inlet) 

wi th its mouth between the villages of Akersloot and Uit

geest, and one (the Haarlem Inlet) near the present city of 

Haarlem. 

From about 6500 BP the rate of sea-level rise along the 

coast of the western Netherlands decreased (Jelgersma, 

1961; Van de Plassche, 1982). Th is in combination wi th 

Alkmaar:V) 
No: rd-Hol/an 

Haarlem 
D D 

Amster_~ 

-~ 

Zuid-Holland 

0 50 km 

!·:·,-.: ... : .'·:· ] Beach ridges, including Berg en 
sp it complex 

C:=J Spits (swash bars) of the Omval 
hooked spit complex 

C=:J Bergen Clay in subsurface 

~ Back-barrier deposits 

A A' Line of cross-section 

N - and S - boundary of Bergen I 
Channel 

Southern boundary of Bergen II 
Channe l 

Eastern boundary of medieval and 
younger dune field (Younger Dunes) 

CPT-graph illustrated in cross-section 

CPT-graph used for the construc tion 
of cross -secti on but not illustrated 

0 cored boreholes 

5km 

Map of the study area, the 'Alkmaar area' (province of Noord-Holland, the Netherlands), with the location of cross-sections, 

cone penetration tests and cored boreholes. The position of the Bergen Inlet is marked by the occurrence of the Bergen Clay. 
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the supply of sediment by tidal currents from the North 

Sea and efficient sediment trapping caused the rapid fill

ing of the back-barrier area (Van der Spek & Beets, 1992) 

and by 5000 BP the tidal prisms of some of the inlets have 

been reduced to such values that the inlets closed and the 

back-barrier area changed into a fresh water swamp with 

the accumulation of eutrophic and oligotrophic peat. Of 

the three channels mentioned above, the one between 

Akersloot and Uitgeest closed first; Westerhoff et al. 

(1987) assume that this inlet disappeared shortly after 

4800 BP. Closure of the Alkmaar-Bergen Inlet was step

wise and took a much longer time interval. As will be dis

cussed below, the inlet decreased in size from about 4400 

BP onwards and, eventually, closed between 3500 and 

3300 BP (Roep & Van Regteren Altena, 1988). The Oer-IJ, 

the third inlet, initially situated near Haarlem but later 

Texel High 

D 'Alkmaar area ' 

100 

shifting northward, got connected to one of the tributaries 

of the Rhine and remained open until about Roman times 

(Zagwijn, 1986; Westerhoff et al., 1987). 

The above history gives the following ideal sediment suc

cession in the area east of the barriers (Figu re 4), from 

base to top: the Basal Peat, a thin layer of strongly com

pacted peat; the Ve lsen Bed, lagoonal clays usually less 

than 1 m in thickness; the Beemster Deposits, a combina

tion of tidal channel, tidal flat and lagoonal deposits, 

measuring up to 20 m in thickness; and the Holland Peat, 

a (former) peat layer at the surface. Local flooding of the 

backbarrier area in medieval times deposited some clay 

on top of the upper peat. It must be stressed that this is an 

ideal sequence which is only locally preserved: erosion by 

tidal currents during deposition of the Beemster Deposits 

has removed much of the sediments of the Velsen Bed 

50 km 
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Figure 2 

Late-Weichselian 

morphology of the western 

and northern Netherlands. 

Depth of contours is in 

meters below NAP. 



Figure 3 

Palaeogeography of 

the western and northern 

Netherlands in the late 

Atlantic I early Subboreal 

(5000 14C years BP). 

and Lower Peat, whereas Holland Peat has disappeared at 

many localities by oxidation, erosion and exploitation. 

Up till about 5000 to 4500 BP the barrier system was 

transgressive and shifted eastwards with the other facies 

belts. However, from then on the barrier stabilized and 

started prograd ing, more or less simultaneously with clo

sure of the inlets as this ended the demand for sand of the 

tidal basin. The barrier sequence prograded over a 'seas

cape' of reworked ebb-tidal deltas of which the top part 

had been leveled by wave action and the deeper channels 

filled in by offshore muds. The Bergen Clay, which has a 

considerable extension in the subsurface of the barrier se

quence near Alkmaar (Figure 1) is such a tidal channel fill 

at the base of a barrier sequence (Westerhoff et al ., 1987). 

The Holocene succession of the barrier area differs con

siderably from that of the backbarrier area, as most of the 

'- - --' , ..... ~~ -,; -. 

, __ _ 

·'-' • . . 

D 'Alkma ar area ' 

older deposits are replaced by the channel deposits of the 

ebb-tidal deltas of the inlets. However, locally the Basa l 

Peat and the Velsen Bed have been preserved, as for in

stance south of Egmond Binnen at the divide between the 

channel of the Bergen Inlet and the channel of the Uit

geest Inlet (Westerhoff et al., 1987). 

3 Sedimentology of the barrier area 

The Holocene succession of the barrier complex in the 

Alkmaar region has been treated extensively in the Ex

planatory Notes of Sheets Alkmaar West and East (19 W 

and E) of the Geologica l Map of the Netherlands 1 : 50 OOO 

(Westerhoff et al., 1987), and fo r details of the stratigra

phy the read er is referred to that publication. A number of 

sections accompanying the map sheets give a detailed ac-

•" 

,• 

0 50 km 

E=:J Barri ers ~ Channels close d shortly before 5000 BP 

D=iJ Inferred barriers C=:J Fresh water marshes 

~ Channels ~ Pleistocene 
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count of the Quaternary deposits in the subsurface. Most 

of the sections are based on borings. In addition, two N-S 

running sections based on cone penetration tests (CPT's) 

were published. Part of one of these latter sections is also 

used in this paper ( Figure 13, Section A-A') . Four new 

sections based on CPT's are presented as well ( Figures 

14. B-B' ; 15. C-C'; 16. D-D' and 17. E-E' ). 

As mentioned earlier, for the interpretation of the cone 

penetration tests and the profiles based on them, it is nec

essary to verify the sequence based on resistance values 

by cored sections. Therefore we will start here to describe 

the cores and nearby CPT's before discussing the profiles 

in paragraph 4. 

Core 19A-350 and CPT's 1 and 2 

Figure 5 compares the lithology of core 19A-350 with CPT

graphs 1 and 2, respectively recorded at a distance of 

200 m and 1 km north of the cored borehole (Figure 1). 

The core measures 35.50 m, of wh ich the basal 50 cm rep

resents the top of the Pleistocene; the upper 35 m is en

tirely of Holocene age. The base of the Holocene lies at 

32 m below NAP (= Dutch Ordnance Level = approxi-

mately mean sea-level). The Holocene sequence can be 

subdivided into 5 units, from base to top (Figure 5): 

- Unit 1: 32 - 29.40 m -NAP; coarse sandy, mega-crossbed

ded tidal channel deposits with shell lags and clay peb

bles. The boundary with the overlying sequence is sharp 

and abrupt. 

- Unit 2: 29.40 - 19.30 m -NAP; a 10 m thick mud-rich se

quence, the Bergen Clay, consisting of a rapid alternation 

of mud and laminae of silt and very fine sand (Figure 6 

and 7). Burrowing is common and has destroyed the lam

ination to a considerable extent. Near the base the lami

nae reach a thickness of at most 1 cm. Upwards the num

ber of intercalations as well as their individual thickness 

increases. The laminae are distal storm deposits similar 

to those described by Aigner (1986) and Aigner and Rein

eck (1982) from the German Bight, usually with faint par

allel or low-ang le swelling and thinning, and occassion

ally with a thin and fine lag of small shells, predominantly 

juvenile Spisula sp. Deepest ripples in very fine sand oc

cur at about 27 m -NAP (Figures 5 and 6), wh ich is roughly 

24 m below mean sealevel at the time of deposition. Con

sidering the fine grainsize of these intercalations, the pre-

'Alkm aa r area' --------<~ 

30 m ~ 
20m ~ 
10m 

30 m 

Barrier area 

c:::::::::J Younger Dunes 
(medieval and younger) 

~ Prograding barrier sequen ce 

ITIIIlIJ Bergen Clay 

Alkmaa r 

0 

Backbarrier area 

Medieval Clay* 

Holland Peat* 

1 -'-:~-'-: I 

C=::J 
Channel and tid al-flat deposits} 

Beemster Dep os its 
Lagoonal clays 

I' :': ' J Velsen Clay 

- Basal Peat 

C=::J Pl eistocene 
*Depo si ted in the bac kbarr ie r area 
and in the form er beach planes 

Figure 4 

Schematic cross-section over Alkmaar showing the facies relations of the various Holocene units. 

102 Mededelingen Rijks Geologische Dienst Nr5 7 1996 

10 15 km 



+2.70 m 

NAP 

5m 

10 m 

15 m 

20 m 

25 m 

30 m 

~ 

~ 

~ 

~ ~ 

~ 

l=-'==-=--1 

Boring 19A- 350 CPT 1 C PT 2 

Median Remarks Depositional 
grainsize environment 

"O 
0 00 oo E"' t0 oo 
~M 0 10 20 0 10 20 MN/m ' 

LO . .. 
Root leve ls Eoli an -
Slipface lamination c 

:J 
NAP 

Gyttja / mud Lagoonal 

:.: .. ·;:.: :• ·-· Clay pebbles Su prati dal: 

~~ 
washovers 

Intertidal "' "°" ~ Longshore bar c -laminat ion 0 

""'""' "'"''"' 
N c 5m 

---- Subtidal "' :J 
> 

Parallel laminated ·;::; 

sand " <l: 
-------------

I 
__ I I ..Cl 

I Strongly burrowed M 

Hum mocky cross - 10 m 

strat ification c 
:J 

------- ------

Shoreface 
Alternating storm "' depos its (sand) and M 15m 
clay -c 

:J 
Hummocky cross 
stratif ication 

20 m Main ly cl ay with -: 
thin storm layers u of si lt and 
fine sand c 

QJ 
Abandonned ~ 

Strong ly burrowed channel QJ 

fi l l Cil 25 m 

N 

Deepest sil ty wave -
ripp les c 

:J 

Shell and grave l lag - 30 m 
Tidal channel c 

//// Mega cross bedding :J 

Clay and peat pebbles t.:·o::···.· ::I Structureless sand 

Burrows 

Wave ripples 

She ll lags 

Peat 

Cl ay 

Paralle l lamina ted sand 

~ - Hummocky cross stratification 

1:7/59 1 Cross-bedded sand 

~ Cross-laminated sand 

Figure 5 

Lithology and facies interpretation of core 19A-350 with the graphs of cone penetration tests 1 and 2. Compare with the photographs of 

unit 2 (Figures 6 and7), unit3 (Figures 8 and 9), and unit 4 (Figure 10). For location of borehole and CPT's see Figure 1. The graphs of 

the cone penetration tests in this as well as in the other CPHigures, have been cut at a value of 20 MN/rrl 
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19A-350 

20.40-28.40 m -NAP, surface: 2.70 m +NAP 

23.1 0 24.10 25.10 26.10 27.10 28.10 29.10 30.10 below surface 

24.10 25.10 26.10 27.10 28.10 29.10 30.10 31 .10 

Figure 6 

The Bergen Clay in core 19A-350 between 20.40 and 28.40 m below NAP (unit 2, Figure 5). Numbers at the top and the base of the 1 meter long cores is depth below the 

surface, which is situated at 2. 70 m above NAP. The cores show the alternation of clay and thin fine sandy to silty storm deposits on a centimeter scale and the alternation 

of burrowed and non-burrowed sequences on a decimeter scale. The latter type of alternation is well-developed in the cores between a depth of 25.10 to 28.10 below the 

surface. Pressure marks of Echinocardium cordatum occur throughout the cores but are particularly well-developed in the upper part of the two cores at the right. 
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dominance of mud in this unit and the increase of this 

type of symmetrical ripples upwards, we think that the 

structures are wave ripples formed during storms when 

oscillatory currents stirred the sediment at this depth. In 

addition to the small -scale alternation of mud and very 

fine sand and silt, the core shows a larger scale (10-20 cm) 

alternation of strongly burrowed and non-burrowed 

layers, suggesting seasonal var iations (Figure 6). Main 

burrower is probably Echinocardium cordatum, with its 

characteristic crescent-shaped pressure marks. The 

amount of mud in the Bergen Clay is estimated to be 

about 50%; however, between 20 and 23 m -NAP the mud-

19A-350 

21.95-22.20 m -NAP 

Figure 7 

10 cm 

0 

Lacquer peel of core 19A-350 between 21.95 and 22.20 m 

below NAP (unit 2, Figure 5; see also Figure 6). The peel 

shows the alternation of clay and up to 2 cm thick laminae 

of fine sand and silt, deposited during storms. At 22.12 m 

a wave ripple occurs, burrowed in its top. 
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content seems to be slightly higher. Higher mud-content 

and less burrowing may both be due to a higher sedimen

tation rate in the upper part of the Bergen Clay relative to 

its lower half. 

- Unit 3a: 19.30 - 12.40 m -NAP; proximal storm layers or 

hummocky cross-stratified beds separated by thin mud 

intercalations (Figure 8). The boundary between unit 2 

and 3 is gradual: sandy intercalations become thicker and 

slightly coarser grained. The boundary is placed where 

sand dominates and complete storm layers, consisting of 

a shell lag, parallel laminated lower half, and a wave rip

pled top, appear. Individual storm layers vary in thickness 

19A-350 

14.75-15. 00 m -NAP 

10 cm 

0 

Figure 8 

Lacquer peel of core 19A-350 between 14. 75 and 15 m 

below NAP (unit 3a, Figure 5) with horizontal parallel and 

low-angel cross lamination in the amalgamated storm 

deposits. Note sharp lower boundaries of the storm 

layers. A shell lag is well-developed at the base of the 

uppermost storm unit in this picture. 
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from a few centimetres at the base of this unit to more 

than 10 cm in the top. Grainsize (M50) va ries from 100 to 

150 µm. Top part of individual layers are often burrowed. 

Amount of mud in this unit is estimated to vary from 

about 20% near the base to less than 5% in the top. 

- Unit 3b: 12.40 - 7.80 m -NAP; strong ly burrowed san ds 

(Figure 9). The local ly preserved para llel lamination ind i

cates that the beds are also proximal storm layers, but 

mud is virtually absent in this unit, and because of strong 

bioturbation individual beds can not be recognized any

more. 

- Unit 4: At 8 m -NAP a sharp boundary separates the bur

rowed sands from a completely non-burrowed sand se

quence consisting of sharply parallel laminated sand with 

intercalations of wave-rippl ed beds in its lower half. This 

is followed by a shell lag at about 5 m -NAP overlain by 

megacrossbedded sands (Figure 10). Irregu lar, but 

roughly horizontal bedded sand layers with clay pebbles 

between 3 and 1.80 m -NAP are th ought to be washover 

fan deposits (Figure 10). They grade into humic clay 

between 1.80 and 1 m -NAP. 

- Unit 5: Between 1 m -NAP and 2.70 +NAP the core co n

sist of sa nds with dune lamination. 

The lower 12 m of borehole 19A-273 has been co red as 

well and the succession is similar to that of 19A-350. Two 

dates have been obtained from this core, both of shells, 

mainly juvenile Spisula sp. , from lag deposits at the base 

of storm layers. Both dates come from unit 2, the Be rgen 

Clay: an age of 4300 ± 80 BP from a depth of 27.50 m -

NAP, and 4160 ± 80 BP from a depth of 22 .50 m -NAP. 

Borehole 19A-273 is situated about 1 km north of 19A-350 
(Figure 1). 

As is shown in figure 5 the units described above can eas

ily be recognised in the CPT's. 

Core 19A-350 is a good example of a coa rsening upward 

and thickening upward sequence from the base of unit 2 

upwards. These aspects are strengthened in the CPT

graph, where, in main lines, unit 2 starts with resistance 

values around 2 MN/m2 (megaNewton per square meter) 

at a depth between 29 and 20 m -N AP which increase to 

values of more than 30 MN/m2 in unit 4. 

Unit 1, is characterised by high resistance va lues up to 35 

MN/m2. The transition to unit 2, the Bergen Clay, is as 

abrupt in the graph as it is in the core. The intricate alter

nation of fine sandy sto rm layers and clay which is the 

main characteristic of unit 2 is wel l displayed by the 

graph. Resistance values vary between 1 and 4 MN/m2 

wi th one exception at 22.40 m -NAP. Where the va lues 

surpass 4 MN/m2, unit 2 grades into unit 3. This occu rs at 

a depth around 20 m -NAP. Unit 3a shows strongly va ry

ing resistance val ues from 1 to 9 MN/m2 with a main trend 

of increasing values upwa rds, reflect ing the increasing 

grainsize and thickness of individual proxi mal storm 

laye rs separated by clay. At 12.50 m -NAP this trend of in-
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creasing resistance va lues is interrupted and a new trend 

sets in. This is the boundary between units 3a and b 

where severe burrowing of the sequence starts. Burrow

ing results in the decrease of resistance values and a blur

ring of peaks and valleys, because it changes the packing 

of the sed iment and mixes the grainsizes. Although the 

boundary is sharp in the core, the graph shows a gradual 

transition from unit 3 to unit 4. High resistance va lues 

characterize the lower part of unit 4: peaks are probably 

the plain bed with she ll lags, whereas the valleys repre

sent intercalations of wave-rippled beds. From 4.50 m to 

19A-350 

12.00-22.23 m -NAP 

Figure 9 

10 cm 

0 

Lacquer peel of core 19A-350 between 12.00 and 12.23 m below 

NAP (near to the boundary of unit 3a and 3b, Figure 5) with 

burrowed and non-burrowed storm layers. 
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Figure 10 

Lacquer peels of the upper 

part of the core 19A-350 

between 1 m (top of the core 

at the left) to 4.90 m (base of 

the core at the right) below 

NAP (unit 4, Figure 5). The 

two cores at the right show 

large scale cross-bedding of 

swash bars. The sedimentary 

structures of the third core 

from the right are interpreted 

as those of was hover fan 

deposits. The left core 

consists largely of lagoonal 

clays. 

about 1 m -NAP values are much lower. This could be ex

pected for the clay layer between 1 and 2 m -NAP, but 

seems un likely for the mega-cross bedded units. Probably 

CPT-graph 2 gives a better picture of the upper part of unit 

4 in the core, which suggests that the lithology of this part 

of the barrier sequence varies rapidly laterally. In unit 5, 

the aeolian sand, values increase again to 14 MN/m2. 

Basing ourselves on a large number of CPT's, it can be 

stated that the succession of lithologic units of core 19A-

350 is characteristic for a large part of the subcrop area of 

the Bergen Clay (Figure 1 ), so that we can safely assume 

19A-350 

1.00-4.90 m -NAP 
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that this succession represents distinct morphological 

units and subenvironments of the coasta l slope. Interpre

tation of the succession is hampered by the absence of 

good actualistic examples of the present Dutch coast: 

morphological studies in combination with box-cores and 

grab sampling (Van Straaten, 1965; Van Alphen, 1987a, 

1987b; Van Alphen & Damoiseaux, 1989; Niessen & La

ban, 1987; Niessen, 1989, 1990) has shown that no mud

rich sequences, comparable to the Bergen Clay occur 

along the present coast. Strong tidal currents in the 

southern North Sea inhibit deposition of fines at that 

10 cm 

0 

107 



scale along the shoreface and ramp. This implies that the 

sequence of core 19A-350, despite its textbook quality of 

a coarsening upward barrier sequence, represents an ex

ceptional situation, characteristic for the Alkmaar shore

face at that time, but not representative for the Dutch 

coastal barriers. As shown by Westerhoff et al. (1987), the 

Bergen Clay is the fill at the base of the wide channel of 

the Alkmaar-Bergen Inlet. As wi ll be discussed below, be

cause of a major decrease in the size of the tidal basin be

hind the inlet, the tidal volume was not longer in equili 

brium with the width of the channel. Consequently, tidal 

currents decreased sharply, and the outsized channel was 

narrowed by the rapid progradation of the barrier se

quence. Unit 1 of core and CPT-graph is a thin veneer of 

channel deposits dating from the time that the channel di

mensions were still in equilibrium with the tidal volume 

of the inlet. Unit 2, the Bergen Clay, consists of shelf 

muds wi th distal storm layering . Tempestites and the 

fauna confirm the offshore nature of the mud. Occurrence 

of wave ripples at a palaeodepth of 25 m gives a value for 

the wave base of major storms. Lithology of unit 2 is very 
similar to that of the "zone of recent shelf muds" between 

15 and 40 m waterdepth in the Helgoland Bight as defined 

by Aigner and Reineck (1982). Difference in depth of the 

top, 20 versus 15 m waterdepth, might be due to a differ

ence in morphology and a greater distance towards the 

shore in the case of the Helgoland Bight. 

Unit 3a and 3b, characterized by the storm sand layers 

with occassionally hummocky cross-stratification, repre

sents the lower part of the shoreface of the prograding 

barrier sequence. The base of this unit occurs at a similar 

depth as that of the lower shoreface along the present 

Dutch coast: mean depth of the base of the shoreface lies 

at 18.9 ± 1.9 m -NAP (Postma & Kroon, 1986). Units 3a 

and 3b are probably equivalent to Aigner & Reineck's 

(1982) "transition zone" between 15 and 7 m waterdepth 

in the Helgoland Bight. The transition zone of these au

thors consists of the alternation of sand layers, often with 

ripple bedding or with rippled upper surfaces with muds; 

the sand layers have convincingly been demonstrated to 

be due to storm events. Main difference between this 

transition zone and unit 3 of the core is the strongly bur

rowed nature of the upper part (unit 3b). In the Helgoland 

Bight bioturbation in proximal areas is restricted to the 

very top of storm sand sequences; the degree of bioturba

tion increases significantly when going into the offshore 

shelf muds, but becomes less in shallower wate r (Aigner 

& Reineck, 1982). The cone penetration tests of the Alk

maar area suggest that the strongly bioturbated unit 3b is 

a common feature of the shoreface in the Alkmaar region. 

A more or less comparable bioturbated zone is described 

from cores of the barrier sequence near Haarlem (Van der 

Valk, this vo lume). As the lithology of the core excludes 

the possibility that unit 3b has been deposited in the pro

tected lee of a major offshore structure, it is assumed that 

the upward increase in degree of burrowing going from 
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unit 3a to 3b is due to a decrease in net sedimentation 

rate. 

Unit 4 is the zone of strong reworking of sand by waves, 
the active zone in the definition of Stive et al. (1990). No 

extensive infauna can support itself under these condi

tions. Shell beds and parallel laminated units are prob

ably storm events in shallow water. Comparable se

quences have been described by Kumar & Sanders (1976) 

as shoreface storm deposits. Mega-crossbedding in the 

upper part of the unit probably represent sub- and interti

dal longshore bars. The presence of a clay layer in the top 

of this unit (1.80 - 1.00 m -NAP), whe re normally the plain 

bed of a beach would be expected, as well as the wash

over deposits (3. 00 - 1.80 m -NAP) are common for beach 

plain sequences. This will be discussed more fully below. 

Core 19C-743 and CPT 38 

Borehole 19C-743 is situated about 5 km south of bore

hole 19A-350, near to the intersection of the profiles A-A' 

and E-E' (Figure 1 ). The loca lity of CPT 38 is at a distance 

of about 1200 m ENE of the drilling site. The quality of 

co re 19C-743 is much less than that of core 19A-350, and 

therefore it can only be used to distinguish the main units 

(Figure 11). 

The lower two meter of the core consist of Weichselian 

rive r deposits and cover sands overlain by a thin layer of 

peat. Tidal channel deposits (unit 1), predominantly con

sisting of mega-crossbedded sands with clay pebbles and 

shell lags of Cerastoderma edulis and Mytilus edu/is oc

cur between 22 and 18 m -NAP. The tidal deposits are 

overlain by a barrier sequence consisting of units 3, 4 and 

5 of core 19A-350. As the barrier sequence starts at a 

depth of 18 m -NAP, the Bergen Clay (u nit 2 of core 19A-

350) is missing in this sequence. However, the change in 

lithology from tidal channel deposits to shoreface depos

its is clear, and this break is also obvious in the CPT, 

where we see a jump in resistance values at a depth of 17 

to 18 m -NAP. 

Storm deposits alternating with thin clay laminae and of

ten strongly burrowed characterize the succession 

between 8 and 18 m -NAP (unit 3). The basal part between 

15 and 18 m -NAP is relatively sand-rich and strongly bur

rowed. This is followed by several clay-rich meters with 

thin, thickening and coarsening upward storm layers, of

ten slightly burrowed at their top. Between 8 and 10 m -

NAP the sands are completely mixed by burrowing. The 

more gradual increase in grainsize, and the subdivision in 

a lower not or little burrowed part and a strongly bur

rowed upper part, which characterize unit 3 in core 19A-

350, is not well developed in this core, as appears from 

CPT 38. Lag deposits, mainly consisting of juvenile shells 

of Spisu/a sp. are common. 

Unit 4, non-burrowed sands with predominantly sharp, 

parallel lamination and subordinately wave ripple lamina

tion occurs from about 8 m -NAP upwards. The CPT 

shows the highest resistance va lues in this unit. A shell 
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Figure 11 

Lithology and facies 

interpretation of core 

19C-743 with the graph 

of the nearby cone 

penetration test 38. 

The location of the borehole 

and CPT is shown on 

Figure 1. See Figure 5 for 

the lithologic legend. 

lag at a depth of 3 m -NAP may occur near the low-water 

line. The highest shell is found at a depth of 0.70 m -NAP, 

and the lowest soil (unit 5) occurs just above NAP. How

ever, this part of the core is of inferior quality and it is not 

possible to give mean sea-level with more accuracy. 

Core 19C-749 and CPT 39 

Borehole 19C-749 and CPT-site 39 are situated near the 

southern end of the Heiloo ridge along the northern mar

gin of the Oer-IJ estuary, about 2 km south of section E-E' 

(Figure 1). 

The core reaches to a depth of 28 m -NAP (Figure 12) and 

consists of cross-bedded sands with reworked Eemian 

shells, which are overlain by a Holocene sequence of tidal 

basin and shoreface deposits. The following Holocene 

succession can be distinguished: 

a. Between 26.20 and 25 m -NAP a clay-rich sequence 

with sandy linsen and flasers . The aspect is that of a 

subtidal flat deposit. The clay-content is reflected in 

the low resistance values of CPT 39. 

19C-743 

b. Between 25 and 13.60 m -NAP cross-bedded and cross

laminated, medium to coa rse grained sands. Because 

of the grainsize and the absence of mud, coring of 

these sands was difficult and large parts of the trajec

tory are disturbed. Nevertheless, those parts where the 

original structures have been preserved show clearly 

the predominantly cross-bedded nature of the unit. Re

sistance values of the unit are high. The absence of 

clay might point to a rotational tidal current pattern 

with a short or no slack water period, a situation char

acteristic for many ebb-tidal delta's (Sha, 1990). In that 

case the cross-bedded sands could represent the chan

nel deposits of such a delta. 

c. Between 13.80 and 8.20 m -NAP the cross-bedded 

sands are overlain by a thin, relatively coa rse grained 

lag , followed by a rapid alternation of clay and fine 

grained storm deposits. The presence of the thin lag 

deposit at the base of this sequence suggests consid

erable erosion prior to deposition of the shoreface se

quence of storm deposits and clay. The storm deposits 
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often have a thin lag of shells of juvenile Spisula sp. at 

the base, followed by a parallel laminated lower half 

and a wave rippled top. Individual beds attain a thick

ness of up to 20 cm in the upper part of this unit, but 

are usually thinner. The CPT of this sequence shows 

the characteristic rapid alternation of resistance va lues 

with a general increase of the val ues upwards. 

d. At 8.20 m -NAP the shoreface storm deposits are ero

sively overlain by medium to coarse grained sands 

with predominantly cross-bedding, showing opposite 

cu rrent directions. Towards the top of the core these

quence becomes slightly finer grained and shows the 

predominance of cross-lamination. From regional 

mapping it is known that these tidal channel deposits 

belong to the estuary of the Oer-IJ (Westerhoff et al., 

1987). The resistance values of these deposits de

crease upwards, which fits a fining upward channe l 

sequence. 

19C-749 

Addition (cf. par. 1): 

cores 19A-352 and 19A-353 

The lithology of core 19A-353 is basically similar to that of 

19A-350. Over the entire length of core 19A-353 and, as 

much as possible at regular distances, shells of juvenile 

Spisula subtruncate were sampled and dated by AMS. A 

sample of unit 1, the coarse grained cross-bedded chan

nel sands near the base of the core, has an age of 4980 ± 

80 BP. Unit 2, the Bergen Clay ranges in age from 4460 ± 

70 BP near the base to 4340 ± 50 BP near the top. These 

ages are slightly older than the conventional 14C ages of 

core 19A-273 (about 1 km westwards), which gave an age 

of 4300 ± 80 BP near the base and 4160 ± 60 BP at the top. 

The upper part of core 19A-353, unit 4, has an age of 3560 

± 70 BP at a depth of 4.20 m -NA P. 

In core 19A-352 the boundary between units 1 and 2 lies 

at a depth of about 27.5 m -NAP. The age of unit 2 (Bergen 

Clay) and the lower part of unit 3 between a depth of 25 
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Figure 12 

Lithology and facies 

interpretation of core 

19C-749 with the graph 

of the nearby cone 

penetration test 39. 

The location of the borehole 

and CPT is shown on 

Figure 1. See Figure 5 for 

the lithologic legend. 



Figure 13 

Schematic cross-section A-A' 

running roughly parallel to 

the coast at a distance of 

about 2.5 km landwards from 

the present shoreline 

(see Figure 1 ). 

The section is mainly based 

on the interpretation of 

44 CPT's and two boreholes, 

the location of which are 

given above the profile and 

in Figure 1. 

The graphs of the numbered 

CPT's are depictured below 

the section. As stated before 

these graphs are cut at 

a value of 20 MN/m2. 

The various units shown in 

the profile are explained in 

the text and illustrated by 

Figure 5. 

and 15.60 m -NAP varies between 4670 ± 50 to 4570 ± 50 

BP which indicates that the Bergen Clay decreases in age 

southward. Both 19A-353 and 19A-352 point to a high 

sedimentation rate during deposition of the Bergen Clay. 

At 14 m -NAP the clay and shoreface sequence of core 

19A-352 is overlain by a coarser grained sandy sequence 

which is considerably younger with ages varying between 

3970 ± 40 BP at 14 m -NAP to 3880 ± 60 at 9 m -NAP. As 

will be discussed below, the latter sequence forms part of 

a younger channel system, the Bergen Channel II. 

4 Distribution of the type-section units 

(core 19A-350) 

On the basis of one north-south section and 4 east-west 

sections (Figures 1, 13, 14, 15, 16 and 17) the Holocene 

succession of the barrier complex near the Alkmaar-Ber

gen Inlet will be discussed. The CPT-graphs have been 
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translated into the units derived from the cores described 

above, in particular core 19A-350. In addition to the inter

preted sections a representative choice of the CPT-graphs 

used for the construction of the profiles will be give n. 

Section A-A· 

Section A-A' (Figure 13), running roughly parallel to the 

present coast (Figure1 ), is part of one of the cross-sec

tions accompanying the Sheets Alkmaar of the Geological 

Map of The Netherlands 1:50.000. In main lines the cross

section shows two superimposed channel systems, the 

Bergen I and II Channels, filled and overlain by a barrier 

sequence. Channel I is the wider of the two and has a 

cross-section of about 9 km in this section. However, the 

section cuts the channel obliquely, so that we estimate 

that the width of the channel is in the order of 6 km. It 

erodes to a depth of about 10 m into the Pleistocene de

posits. The Bergen Clay fills the deepest part of the chan -
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nel, but this unit becomes sandier towards the channel 

walls. Starting from the type-section (core 19A-350 and 

CPT 1, Figure 5) and going southward we see that CPT 3 is 

basically similar to 1 and shows the same units at identi

cal levels. The Bergen Clay (unit 2) occurs between 29 and 

20 m -NAP, and shows the cha racteristic rapid alternation 

of peaks and val leys at low resistance values. Proceeding 

southward both peaks and background val ues of unit 2 in

crease gradually, but the nervous pattern of peaks and 

valleys is preserved. We interpret this as due to a increas

ing amount of sandy intercalations in the clay towards the 

margin of the channel. CPT 7 (Figure 13) has a different 

aspect below 20 m -NAP, with resistance values of 20 and 

more MN/m2 and without the rapid alternation of peaks 

and valleys. Obviously, this is a much more sandier se

quence, which is interpreted as the partly eroded shoal 

bordering the channel to the south. This is confirmed by 

core 19C-743 and CPT-graph 38 (Figures 1and11). 

The same channel wall, about 3 km northwestward, is 

shown in section B-B'(Figure 14) . 

The northern margin of the Bergen I Channel is less well

documented due to the scarceness of CPT's. Moreover, 

the lithologic succession is more complicated in this area 

because of the presence of the younger Bergen II Chan

nel. Going from the type-section 19A-350 northward (Fig

ure 13) no major change in the CPT-graphs occurs until 

about 2250 m north of this core. Sect ion A-A' shows that 

CPT-graph 12 is similar to 1, but that graphs 13-16 show 

more sandy intercalations from a depth of about 18 m -

NAP upwards. We think that this are channe l sands merg

ing into a a wave-dominated shoal sequence in the upper 

part. As both Bergen Channel I and II are channels of ebb

tidal deltas si tuated seawards of the inlets, a wave-domi

nated shoreface sequence on top of a channel sequence 

is in accordance wih sequence models of ebb-tidal deltas 

(S ha, 1990). CPT graph 13 occurs at the southern margin 

of the Bergen II Channel. Northward this succession can 

be followed over a distance of three kilometres, where we 

reach the southern margin of the hooked spit complex of 

Bergen (Jelgersma et al., 1970). Probably, the thick se

quence of highly resistant sands between 12 and 3 m -

NAP of CPT-graph 16 forms part of this spit complex. As 

discussed by Jelgersma (1983) and Westerhoff et al. 

(1987) the coarse sands of this spit complex derive from 

the Texel High towards the north. Considering the fact 

that the spit complex overlies the Bergen I Channel with 

its basal fill of clays (Figure 1 ), the hooked spit complex 

postdates the Bergen I Channel and forms the northern 

margin of the ebb-tidal delta of the Bergen II Channel. 

CPT-graph 17 is situated north of the Bergen I Channel: 

Bergen Clay is absent and instead coarse-grained sands 

of the northern shoal occur up to a depth of 12 m -NAP. 

Section B-B' 

In this cross-section (Figures 1 and 14) the gradually in

creasing amount of fine sand in the Bergen Clay when ap-
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proaching the channel wall , as well as the contrast in resis

tance between the channel fill and adjoining shoal are well 

illustrated by the CPT-graphs. Difference between the 

shoal sands and the overlying unit 3 of the barrier deposits 

is evident from the strong decrease in resistance values at 

a depth of 17 m -NAP in CPT 10 and 15 m -NAP in CPT 11 . 

Sections C-C' and D-D' 

The above interpretation of section A-A' is strengthened 

by profiles C-C ' (Figure 151 and D-D' (Figure 16), situated 

at 6 and 7.5 km, respectively, east of A-A' and more or 

less in the narrow entrance of the Alkmaar-Bergen Inlet 

(Figure 1 ). Although these sections give only the southern 

part of the inlets, the distinction between the two succes

sive channel systems is obvious from the CPT-graphs. 

In section C-C' (Figure 15) CPT 25 gives the eroded south

ern shoal of the Bergen I Channel up to a depth of 12 m -

NAP overlain by unit 4 of the barrier sequence; note that 

the shoal sequence is less sandy than those bordering the 

channel in section A-A' probably because of its more 

landward position. CPT 26 and 27 show a simplified ver

sion of the type-section with units 3 and 4 merging to

gether; the Bergen Clay is developed as marginal facies 

with a large amount of fine sandy intercalations in graph 

26. Instead of these coarsening upward sequences, CPT 

graphs 28 and 29 show well-developed fining upward se

quences from 24 m -NAP. We consider these fining up

wa rd sequences to represent the sands and clays depos

ited in the Bergen II Channel. A few metres of the Bergen 

Clay occurs below the base of these channel deposits. 
Section D-D' (Figure 16) shows basically a similar picture: 

the upper part of the coastal sequence overlying a shoal 

in CPT 30, a completely developed Bergen I Channel se

quence in 31 , which , going northward is replaced by a fin

ing upward sequence of the Bergen II Channel. The width 

of the Bergen II Channel is exaggerated as the profile is 

situated at the site where the channel bends northward. 

Section E-E' 

Section E-E' (Figure 17), the last profile to be discussed, is 

situated south of the channels and shows the prograding 

barrier sequence on top of older Holocene deposits. 

Thanks to cores 19C-743 and 19 C-749 we know that the 

boundary between the older ebb-tidal delta deposits and 

the overlying shoreface sediments gives a good signal on 

the CPT-graphs. The western CPT-graphs of the section 

(18-21 , including interjacent CPT's not given in Figure 17) 

show a distinct break in resistance values at roughly 18 m 

-NAP in graph 18 which gradual ly slopes upwards to 14 m 

-NAP in graph 21. We interpret this break as the boundary 

of the ebb-tidal delta depos its and the barrier sequence. 

The sequence of increasing resistance values between 18 

and 8 m -NAP in graph 18 is interpreted as unit 3, proxi

mal storm deposits of the shoreface. However, in compar

ison to the type-section, core 19A-350, the resistance va l

ues of unit 3 are higher. East of graph 21 the boundary 
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Figure 14 

Schematic cross-section B-B' 

running WNW-ESE 

{see Figure 1 J and showing 

the barrier sequence on top 

of the Bergen Clay at the 

southeastern margin of the 

Bergen I Channel. 

The section is mainly based 

on the interpretation of 

11 CPT's and 1 borehole, 

the location of which are 

given above the profile and 

in Figure 1. 

The graphs of the numbered 

CPT's are depictured below 

the section. 

Further information: 

see Figure 13. 
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between the barrier sequence and the older tidal deposits 

becomes more obscure as the resistance values of the lat

ter sequence decreases. In graph 22 the boundary is arbi

trarily placed at a depth of 13 m -NAP. The boundary is ab

sent in graphs 23 and 24. However, for graph 24 this 

boundary could be confirmed by hand-drilling. Using the 

break in resistance val ues and the data of Westerhoff et 

al. (1987), a map is constructed wh ich gives the alleged 

base of the barrier sequence (Figure 18). A striking feature 

of cross-section E-E'is that both thickness and resistance 

va lues of unit 4, the active zone (Stive et al., 1990) or the 

zone of breaker bars and foreshore, decreases eastwards. 

This feature and the map of the base of the barrier se

quence (Figure 18) will be discussed more fully below. 

5 Channel morphology and channel evolution 

As discussed by De Mulder & Bosch (1982), Jelgersma 

(1983) and Westerhoff et al. (1987) the subcrop of the Ber-
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gen Clay outlines the shape of the Bergen Channel. De 

Mulder & Bosch (1982) relate the deposition of the clay to 

"a major reduction in marine activity, which resulted in 

regressive sedimentation in the hinterland, most prob

ably followed by development of peat". On the basis of 
14C dates of peat overlying their "middle member A" in 

the backbarrier basin they give an age between 4600 and 

4350 BP for the deposition of the clay. Jelgersma 11983) 

interprets the lithologic succession in terms of trans- and 

regressions. In her view units 1 and 3 of type-section 19A-

350 represent transgressions, whereas units 2 (the Ber

gen Clay) and 4 were formed during regressions. The con

cept of the alternation of transgressive and regressive 

episodes during the Holocene comes from the alternation 

of peat and tidal deposits in the backbarrier area (a.o. 

Hageman, 1963, 1969; Roeleveld, 1974; Ente, Zagwijn & 

Mook, 1975; Zagwijn, 1986). The cause of the trans- and 

regressions are thought to be a combination of small sea

level fluctuations and cyclic cl imatic changes (Zagwijn , 
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Figure 15 

Schematic cross-section C-C' 
giving {as well as 0-0 ', 

Figure 16) an impression of 

the southern margins of both 

the Bergen I and II Channels 

in the narrow throat of the 

inlet north of Alkmaar 

{see Figure. 1 ). The infill of 

the Bergen I Channel by the 

Bergen Clay {unit 2) is shown 

by vertical hatching, the 

overlying sandy barrier 

sequence is stippled, the fill 

of the Bergen II Channel is 

white in this figure. 

The section is mainly based 

on the interpretation of 

8 CPT's, the location of which 

are given above the profile 

and in Figure 1. The graphs 

of the numbered CPT's are 

depictured below the section. 

Further information: 

see Figure 13. 



Figure 16 

Schematic cross-section 0-0' 

based on 11 CPT's, giving an 

impression of the southern 

margins of both the Bergen I 

1986). Jelgersma's (1983) interpretation of the lithologic 

succession in the inlet area was strongly biased by this 

concept. Moreover, her interpretation was hampered by 

the absence of undisturbed cores. To explain the deposi

tion of the Bergen Clay, Jelgersma (1983) assumes clog 

ging of tributaries of the channel system. She assumes 

that during deposition of the clay, barrier and inlet were 

situated offshore of the present coastline. Based on a 

more detailed mapping of the area and the interpretation 

of core 19A-273, Westerhoff et al. (1987) reject Jelgersma's 

(1983) interpretation and give evidence that the Bergen 

Clay was deposited below wave-base in an open marine 

environment. They furthermore suggest that the litho

logic succession represents the infill of a gradually clos

ing inlet. Although none of the authors states this clearly, 

one gets the impression that they all connect deposition 

of the Bergen Clay to a decrease in tidal prism of the inlet, 

De Mulder & Bosch (1982) name it a reduction in marine 

activity resulting in a decrease of the size of the tidal ba-
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sin, Jelgersma (1983) the clogging of tributary channels, 

which has basically the same effect, and Westerhoff et al. 

(1987) a gradual narrowing of the inlet. 

Tidal volurne and rnorphology of 

the Bergen I Channel 

From the lithology of the Bergen Clay it is obvious that its 

deposition was only possible after a major change in the 

hydrodynamics of the channel. The coarse, cross-bedded 

sands of unit 1, on the other hand, were in equilibrium 

with the tidal currents shaping the channel. This implies 

that the subcrop of the Bergen Clay gives the frozen di

mensions of the channel when still in full operation. Using 

the empirical relation between cross-sectional areas of in

lets and tidal prism as established by many workers 

among which O'Brien (1969) , Van den Berg (1986) and Ey

sink (1990), this renders it possible to estimate the tidal 

volume of the Bergen I Channel. Using Eysink's (1990) 

equation for the in lets of the Wadden Sea (Cross-sectional 
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36 
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throat of the inlet north of 

Alkmaar (see Figure. 1). 

For explanation see 

Figure 15. 
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area of the inlet F = 70.Vm.10·6, in which Vm is mean tidal 

volume of the inlet) and taking the width of the channel at 

about 5 km (Figure 1) and its mean depth at 25 m (Fig

ure 13) the mean tidal prism roughly amounts to 1800 x 

106 m3. This is almost twice the amount of the mean tidal 

prisms of the Texel Inlet and the Wester-Eems, the two 

larger inlets of the Dutch part of the Wadden Sea. In a re

cent paper on the evolution of the coast of Holland, Beets 

et al. (1992) estimate the mean tidal prism of the backbar

rier area north of the line Haarlem-Amsterdam at 2700 x 

106 m3, based on the size of the tidal basin and the tidal 

range at sea corrected by an empirical factor. This is the 

NAP 

5m 

10 m 

15 m 

20 m 

25 m 

E 

w 

18 19 20 

combined tidal prism of three inlets, the precursor of the 

Oer-IJ Inlet near Haarlem, the Uitgeest Inlet and the Alk

maar-Bergen Inlet (Figure 3) around 5000 BP. The Uitgeest 

Inlet closes between 5000 and 4500 BP (Westerhoff et al., 

1987) and it seems likely that the Alkmaar-Bergen Inlet in

herits part of its tidal basin, so that the inlet has its maxi

mum capacity shortly before deposition of the Bergen 

Clay. Unlike channels of ebb-tidal deltas, the Bergen I 

Channel is not shallowing seawards as far as we can see it 

with cores and CPT's on land. This suggests that the 

morphology of Bergen I Channel is the same as that of the 

Wester Ems, Jade, Weser and Elbe, the larger inlets of the 

21 22 23 

Older Holocene deposits on top of 
Pleistocene deposits 
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Figure 17 

Section E-E 'running roughly 

W-E over the shoal south 

of the Bergen Channels 

(see Figure 1 ). 

The section is mainly based 

on the interpretation of 

13 CPT's, the location of 

which are given above the 

profile and in Figure 1. 

The graphs of the numbered 

CPT's are depictured below 

the section. 

Further information: 

see Figure 13. 



Figure 18 

Base of the Bergen Clay 

and its associated 

barrier deposits. 

German Bight with ebb-tidal deltas consisting of one main 

channel without distinct wave-shield and flanked by elon

gated shoals. In the case of the latter channels the large ti 

dal prisms are due to both the large size of the tidal basins 

and a considerable tidal range which varies from 2.5 to 

more than 3 m. Tidal range for the Alkmaar-Bergen Inlet 

was much smaller (less than 1.5 m) and its huge tidal prism 

was mainly due to the large size of its tidal basin. 

The transition from the channel sands (unit 1) to the Ber

gen Clay (unit 2) implies an abrupt decrease in tidal prism 

of the inlet. As tidal prism is defined by tidal range and 

size of the tidal basin, a drastic reduction of the latter 

seems to be the only possibility to achieve this. The 14C 

date of 4300 ± 80 BP from the base of the Bergen Clay in 

core 19A-273 (Westerhoff et al., 1987) indicates that this 

event occurred shortly before this date. Palaeogeographic 

reconstructions of the backbarrier area of central and 

northern Noord-Holland by De Mulder & Bosch (1982) 

show that between 4500 and 4300 BP about 50%, and 

between 4500 and 3800 BP more than 75% of the realm of 

the tidal deposits flooded from the Bergen-Alkmaar Inlet 

was replaced by fresh water marshes. Much less is known 

of the area more to the east, which must have formed an 

extensive part of the tidal basin when the Bergen-Alkmaar 

Inlet had its maximum capacity around 4500 BP. Palaeo

geographic reconstructions by Zagwijn (1986) show ma

jor regressive peat growth in this area between 5300 and 
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4400 BP. Although Zagwijn's palaeogeographic maps are 

too general and the time steps too long to relate this to 

discrete events in the inlet, these data give good reasons 

to accept that the lithologic break in the inlet directly re

lates to changes in the backbarrier area. 

Current velocity during deposition of 

the Bergen Clay 

If the tidal prism of the Bergen I Channel was reduced 

within a relatively short time-span to a tidal prism which 

was in equilibrium with the future Bergen II Channel we 

can estimate the mean current velocity in the channel 

during deposition of the Bergen Clay. The cross-sectional 

area of the Bergen II Channel is best estimated from pro

file C-C' (Figure 15). Depth of the channel in this profile 

lies at 24 m -NAP. At 4000 BP mean sea-level was situated 

about 3 m below NAP, so that we have a channel with a 

depth of roughly 21 m. If we assume that the southern 

boundary of the hooked spit complex of Bergen is the 

northern wall of the channel (Figure 1), it has a width of 

about 1500 m along section C-C' . This would give a tidal 

prism of about 500 x 106 m3, less than one th ird of that of 

the Bergen I Channel. The implication of the above is that 

if, because of a strong decrease in the size of the tidal ba

sin, a tidal prism of 1800 x 106 m3 diminishes to 500 x 

106 m3, mean current velocity in the channel will drop pro

portionally until the channel size has been adapted to the 

'-

Beac h ridges 

x 

Location of CPT's used in this paper 

5 km 
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much smaller tidal prism. The relation between cross-sec

tion of the inlet and tidal prism (F = 70.V.10·6) results in a 

mean current velocity of 0.65 m/sec. This would be the 

mean current velocity in the Bergen I Channel when in full 

operation. This would drop to 0.18 m/sec when tidal 

prism decreased to 500 x 106 m3 and the cross-sectional 

area of the channel remained constant. Because of the 

low current ve locities the channel was filled with mud 

and thin, fine grained, dista l storm deposits. Simultane

ously, the barrier east of the channel started to prograde 

as tidal currents were insufficient to transport sand from 

the shoreface and beach into the backbarrier area. Clay 

accumulation in the deeper part of the channel and prog

radation of the barrier narrowed the channel and in

creased current ve locity until the cross-sectional area was 

in equilibrium with the new tidal prism and mean current 

velocity was restored to 0.65 m/sec, the critical mean ve

locity at which the channel cross-section is in equilibrium 

with its tidal prism. 

Morphology of the Bergen II Channel 

The inlet of the Bergen II Channel differed not only in size 

but also in morphology from the Bergen I Channel. If we 

compare the base of the channel in the successive sec

tions A-A', C-C' and D-D' we see that the channel has its 

greatest depth in D-D' (30 m -NAP) and shallows gradu

al ly westwards (24 m -NAP in C-C' and 17 m -NAP in A

A'). This suggests strong ly that the channel was part of an 

ebb-tidal delta with a wave shie ld near to and slightly 

west of section A-A'. The hooked spit complex of Bergen, 

a feature which belonged to the Bergen II Channel, could 

have originated in a similar way as the subrecent spit 

complexes of the islands of Texel and Terschelling of the 

Wadden Sea, namely by the cyclic amalgamation of rotat

ing shoals to the northern margin of the inlet (Sha, 1989a 

and b). 

Addition (cf. par. 1): 

cores 19A-352 and 19A-353 

The new age data of the Bergen Clay (unit 2) from cores 

19A-352 and 19A-353 are not in accordance with the as

sumption that clay deposition started simultaneously 

over the entire width of the palaeochannel. According to 

these dates the Bergen Clay in core 19A-352 is roughly 

200 14C years older than that of core 19A-353 (o ldest date 

4670 ± 50 versus 4480 ± 70). It implies that deposition of 

the Bergen Clay at the site of 19A-352 occurs when the ti

dal channel is still in full operation at the site of 19A-353. 

Although this is difficult to imagine, it also fits better the 

modelling results of Van der Spek, who concludes that 

with the prevailing tidal range at sea and the size of the 

back-barrier basin a tidal prism of 1800 x 706 m3 for the in

let is too large. Modelling tidal water movement suggests 

a tidal prism of at most 1400 x 106 m3 and probably less 

for the Alkmaar-Bergen Inlet. 

However, we believe that these new data do not jeopard-

118 

ize our basic reasoning that the filling of the channel with 

the Bergen Clay is primarily due to a decreasing tidal 

prism in consequence of filling up of the back-barrier area. 

The presence of the much smaller Bergen II Channel on 

top of the Bergen I channel still forms the main argument 

in favour of this view. Core 19A-352 shows that the Bergen 

II Channel transports sand from 4000 ± 50 BP onwards. 

6 Barrier morphology and barrier evolution 

Surrounding the Bergen Inlet the following morphologic 

barrier units can be distinguished (Figure 1), from east to 

west: The Omval hooked spit complex, the Akersloot-Sint 

Pancras barrier ridges and Oosterzij beach plain, the Alk

maar-Heiloo barrier ridge, the hooked spit complex of 

Bergen, and the Egmond beach plain. Towards the west 

there is a cover of medieval and younger dunes (Fig

ure 1 ). Below, the units wi ll be shortly described based on 

exposures in shallow pits for construction work. A tenta

tive barrier evolution will be given based on lithology, 14C 

dates and our interpretation of the channel evolution as 

discussed above. 

The Omval hooked spit complex 

The easternmost part of the barrier complex consists of a 

sheet of moderate ly coarse sand with up to 1 m high, 

curved ridges, which are arranged in a crude fan (Fig

ure 19). The sand sheet is wedge-shaped and peters out 

towards the east. It overlies backbarrier deposits (West

erhoff et al., 1987). Curved morphology of the ridges 

could be mapped from co lour differences of soi ls on aer

ial photographs. Exceptionally, the top of the sequence is 

exposed in the sides of ditches. Directly east of Alkmaar 

the lineation of the ridge varies from NNE-SSW in the 

south to roughly E-W more to the north. These ridges are 

a few tenth of metres wide and up to 1 m high. East of 

Sint Pancras the ridge lineation becomes SW-NE; the 

morphology of the ridges changed in that they became 

wider. A few exposures of a few east-west running nar

row ridges east of Alkmaar in the sides of a ditch showed 

that they consists of slightly southward dipping shell-rich 

sands overlying a sand-mud alternation with Scrobicu

laria plana in situ (Figures 19, 20 and 21). Shells along the 

low-angle foresets are reworked Cerastoderma edule and 

Macoma balthica. Low-angle foresets occassionally have 

mud drapes which merges into the muddy sands at the 

base of the structure. In the spaces between the ridges 

the sands are also mud-rich. 

A sample of the Scrobicularia in living position at the 

base of the ridge and two samples of reworked shells 

from the foresets of exposure A (Figure 19) have been 

dated. The Scrobicularia gave an age of 4460 ± 80 B.P.; re

worked Cerastoderma 's and reworked Macoma's gave 

ages of 5610 ± 70 and 5580 ± 60 B.P., respectively (Wester

hoff et al, 1987). 

Morphology and internal structure of the ridges ind icate 
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Figure 19 

Location of the Omval 

hooked spit complex, 

and cross-section of one of 

the spits exposed in the walls 

of a small ditch at point A. 

See also Figures 20 and 21. 

that they have been formed by refracting waves along the 

protected, leeward side of an inlet. Fan-shaped arrange

ment of the ridges suggests that the complex originated 

by northward migration and the eventual closure of a 

channel system connecting the Alkmaar-Bergen Inlet to a 

tidal basin in the southeast. At 4460 ± 80 BP the southern 

margin of the inlet was forced 2 km to the north, but there 

was still a connection with the tidal basin in the south

east. The much older ages of the reworked Cerastoderma 

and Macoma suggest that the ridge was connected to rap

idly retreating shoals in the southwest, clearing away 

older mudflat deposits. Alignment of the ridges suggests 

that retreat of the barrier at the site of the present Ooster

zij beach plain (Figure 1) is coupled to the northwa rd shift 

525 "' 0 

of the inlet margin (Figure 27). The lateral alternation of 

ridges and interridge areas suggests that the northward 

channel migration occurred stepwise, wi th the interridge 

areas representing rapid northward migration and the 

ridges representing the more stable positions of the 

southern margin of the channel. 

The Akers/oat - Sint Pancras barrier ridges 

and Oosterzij beach plain 

In the east the up to 4 km wide Oosterzij beach plain is 

separated from the back-barrier deposits by the low and 

interrupted ridge of Akersloot and from the Omval 

hooked spit complex by the equally low Sint Pancras 

ridge (Figure 1 ). Its western boundary is formed by the 

I·: :"': >·::1 Be ach ridge 

L==i Spits (swash bars) of the Omval 
hooked sp it complex 

Boundary of Omval 
sand sheet ~ 
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0 
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reworked Cerastoderma edule: 5610 ± 70 BP 
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Figure 20 

Outcrop of the sandy spits of the Omva/ hooked spit complex in a small, roughly N-S-running ditch alongside road N242 east of 

Alkmaar, south of point A of Figure 19. Light coloured sediment are sandy foresets with reworked Cerastoderma and Macoma. 

Thev occur on top of a clay/sand alternation more or less at the water/eve/ of the ditch. The black coloured sediment overlying 

the sands is peat. The top of the sequence is formed bv a /aver of grev coloured, medieval clay. The wall of the ditch measures about 

1.50 m. The outcrop shown in Figures 19 and 21 is situated behind the first dam in the ditch in the upper right corner of the 

photograph. 

Figure 21 

Spit located east of Alkmaar at point A of Figure 19: (1) is the sand/clay alternation at the base of the ridges with Scrobicularia in living 

position, (2) the sandy foresets, and (3) the medieval clay. 
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Figure 22 

Location of studied 

exposures in up to 5 m 

Heiloo-Alkmaar ridge . Although this ridge is wider and 

slightly higher than those of Akersloot and Sint Pancras 

its elevation above the surrounding beach pla ins is sel

dom more than a few metres. A few small SW-NE-run

ning chenier ridges in the Oosterzij beach plain locally 

rise up to 1 m above the top of the surrounding deposits. 

The sedimentology of the upper part of the succession 

was studied by one of us (Th. B. Roep) in a roughly E-W

running gas pipe trench (Figure 22, location 2, 4, 5, 6, 7 

and 8) and in the Starting pit near Akersloot (Figure 22, 

exposure 1) described in Beets et al.(1981). No exposures 

could be studied in the Akersloot ridge, and only a small 

pit in the Sint Pancras ridge; the elevation of these ridges 

with regard to the beach plain is thought to be due to a 

small cap of dune deposits. 

The easternmost location 2 (Figure 22, Boekelermeer

east) is situated at the margin of back-barrier and barrier 

deposits and consists of clay-rich back-barrier deposits up 

to a depth of 4 m -NAP, overlain by peat with sandy and 

clayey intercalations (Figure 23). Reed peat with thin clay 

and sand intercalations occurs between 4 and 3.10 m -

NAP. The peat is overlain by a brown clay and grey 

coloured sand with a large amount of shell fragments. 

The sand is loaded into the clay. A second peat layer, 

wh ich occurs between 2.40 and 2.70 m -NAP is strongly 

channelled by an almost 1 m thick sand layer with a lag of 

525 "' 0 

deep pits and trenches rff 
(lac. 1, 2, 4-14) and f 
1 core (foe. 3) in the Jg 
barrier sequence in 

the Alkmaar area. 

Bergen 
D 

"' 

shells and peat pebbles at its base; the upper part of this 

layer consists of alternating sand and clay. A third peat 

layer is overlain by a stiff homogeneous clay of about 

0.5 m thickness which is strongly affected by soil-forming 

processes. Considering the position of the outcrop, the 

chanelling and the occurrence of shells and shell frag

ments, the sandy intercalations are interpreted by us as 

washover deposits from the adjacent barrier in the west 

into a reed marsh to the east. No dates are available from 

this outcrop. However, peat was dated from a cored sec

tion in a similar position 3 km SSW of this exposure (loca

tion 3 in Figure 22) by Westerhoff et al. (1987) and we ex

trapolate these dates to outcrop 2. 

A lithologic section with dates of the cored section (Zwar

tedijkspolder) is given in Figure 23. In the core we see a 

similar interfingering of peat and sandy/clayey deposits. 

Base of the peat overlying the back-barrier deposits is at 

about 3.95 m -NAP, and has an age of 4565 ± 40 BP. Except 

for a thin clay bed in the peat at a depth of 3.60 m -NAP 

the main elastic intercalation in this section, consisting of 

clayey sand, occurs between 2.50 and 3.45 m -NAP. Its age 

is fixed by the 3980 ± 60 and 3955 ± 35 dates of the peat at 

its base and its top, respectively. We infer this sandy inter

calation to represent a washover fan. As the mudflat de

posits in the core reach to a similar heigth as in the out

crop, the age of the base of the overlying peat can safely 

be extrapolated. The upper part of the succession in the 
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outcrop is more complicated than in the core and a sim

ple extrapolation of the dates is not possible. However, 

the two dates fi xing the age of the washover deposit in 

the core indicates that the Zwa rtedijkspolder cou ld be 

flooded during storm up till about 3900 BP. As will be dis

cussed below, the actual coastline is than situated 3 to 4 

km NW of this point. 

The 4565 ± 40 BP age of the base of the peat indicates that 

at roughly that time mudflat sedimentation at this loca

tion is replaced by a freshwater marsh. This age fits well 

the earlier conclusion based on the Omval hooked spit 

complex concerning silting up of the connection of the 

Alkmaar-Bergen Inlet with the tidal basin in the southeast. 

The base of the upper peat layer in the outcrop section 

occurs at the same leve l as that found on top of the bar

rier sequence of the Oosterzij beach plain for which an 

age of 3525 ± 50 BP was found. The clay on top is of med

ieval age (Westerhoff et al., 1984). 

Both the clay-r ich upper part of the mudflat deposits and 

the peat point to a protecting barrier west of this outcrop 

around 4600 BP. However, as will be seen below, other ev

idence indicates that the Akersloot barrier directly west of 

the outcrop dates from about 4400 BP, so that mudflats 

and peat were formed in the protection of a barrier which 

was still moving eastwards. The only remnants of this 

barrier are the spits of the Omval complex. The restricted 

occurrence of washover fans overlying mudflat and reed 

marsh deposits suggests that the retreat of the barrier 

prior to 4400 BP in this area was not primarily due to sea 

level rise. In that case one would expect a much more ex-

tensive development of washover fans . Barrier retreat is 

probably better explained by assuming that barrier sand 

was carried away into the sand-demanding inlet by litto

ral drift and tidal currents. Such a model fits the morphol

ogy and age data of the Omval hooked spit complex. 

Moreover, it has an actua listic counterpart in the present 

Texe l Inlet north of the area ( Stive & Eijsink, 1989; Stive et 

al ., 1990). Transport of sand by way of this inlet into the 

back-barrier area results in rapid erosion of the present 

coast surrounding the inlet. 

The gas pipe trench (locations 4 - 8, Figure 22) and a pit 

for construction wo rk nea r Starting, Akers loot (location 1, 

Figure 221 gave a good opportunity to study the upper 3 

to 4 m of the Oosterzij beach plain sequence. As dis

cussed by Roep et al. (1975), Beets et al. (1981) and Roep 

(1984, 1986) the intertidal and supratidal deposits of 

beach plain sequences differ from those of beach ridge 

sequences. Most important is the absence or scarceness 

of aeo lian deposits on top of beach plain sequences. Of

ten, as in the case of the Oosterzij beach plain the wet 

shore deposits are overlain by peat. A difference is fur

thermore that beach plain sequences show coast-d irected 

cross-bedding in the upper su btidal and intertidal reach, 

whereas the intertidal part of beach ridges usua ll y is char

acterized by parallel lamination. Cross-bedding flattens 

gradually from high-angle slipface in the subtidal zone 

through low-angle cross-bedding in most of the intertidal 

zone to horizontal bedding in the upper part of the interti 

dal zone and the supratidal zone. Levels with a la rge num-
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Figure 23 

Core Zwartendijkspolder and 

exposure Boekelermeer-east 

at the easternmost boundary 

of the barrier complex: 

respectively location 3 and 2 

of Figure 22. The figure is 

discussed in the text. 



Figure 24 

Exposure in a trench of the 

upper 5 m of the beach plain 

sequence near the Nijen

burger viaduct, Oosterzij 

beach plain: location 6 of 

Figure 22. The top of the 

sequence is at 1.08 m -NAP 

The preservation of stacked 

longshore bars in the 

intertidal reach is 

characteristic for the beach 

plain sequences and 

indicative for relatively low 

mean wa ve energy. 

ber of smal l burrows (probably Pygospia e/egans) occur 

locally along the top layer and foresets of the low-angle 

bars and are common in the upper part of the intertidal 

zone where low-angle cross-bedding grades into horizon

tal filling of the runnels . Loca ll y, burrows of Pygospia are 

associated by shells of Scrobicularia plana in living posi

tion. Highest burrow level reaches almost to the mean 

high water line (Roep, 1986). The upper intertidal and the 

supratidal sediments of beach plain sequences consist of 

irregular bedded sand layers separated by crinkled clay 

laminae. Bubble sand and adhesion ripples have been de

scribed from these supratida l deposits by Roep (1986), 

who interprets the sands as washover deposits. A thin ve

neer of aeolian sand may be present, loca lly, but more 

usually these washover fans are covered by peat. In 

contrast to this beach plain sequence, the plane bed of 

the intertidal zone of the beach ridges is overlain by dune 

sands , occassionally with soil horizons. 

One of the best exposures of the upper 5 m of the Ooster

zij beach plain was in a pit just west of the Akersloot ridge 

near the farm Starting (Figure 22, location 1 ). This expo

sure was described extensively by Beets et al. (1981) and 

showed all the basic characteristics of beach plain se

quences described above. On top of the intertidal low-an

gle cross-stratification burrow levels occur with Scrobicu

laria plana in living position. This level , which occurs at 

about 0.50 m below the palaeo-MHW level , has an age of 

4420 ± 70 BP and gives the minimum age for barrier prog

radation near Akersloot. 

Exposures of the eastern part of the Oosterzij beach plain 

Nijenbur-ger- viaduct 

NAP 

--- --------
~~ ~ v- ~~ _Y_ '!._Y_ ~ 

in the trench were shallow and limited to a few localities. 

An exposure near the Boekelermeerweg (Figure 22, loca

tion 4) consisted of a shallow clay-filled channel eroding 

barrier deposits. The clay in the channel contains Scrobic

ularia plana in living position. Probably, the gully was 

formed during storms when the beach plain was flooded 

and washover fans formed. The abandoned gully subse

quently was filled by clay. In an exposure 250 m more to 

the west (Figure 22, location 5) Scrobicularia plana in liv

ing position occurs at a depth of 3.80 m below NAP in a 

clay-rich intercalation between sandy low-angle cross

stratification. At present, Scrobicularia plana occurs in the 

upper intertidal reach of low-energy, mud-rich tidal flats. 

Its presence in this barrier sequence points to major dif

ferences in depositional environment with regard to the 

present barrier. 

Where the gas pipe crossed the highway Alkmaar-Haar

lem near the Nijenburger viaduct (Figure 22, location 6), 

the trench was excavated to a depth of 5 m -NAP. A sketch 

of one of the roughly west-east-running walls of the pit is 

given in Figure 24. Based on sedimentary structures and 

the highest occurrence of burrows, Roep and Beets (1988) 

assume that the palaeo-MHW-level in this exposure was 

situated near to 2 m -NAP, which implies that the MLW

level was situated near to 3.50 m -NAP, if we assume a ti

dal range of about 1.50 m (Franken, 1987). Landward-di

rected cross-bedding, both high-angle and low-angle, 

dominate the exposure, and is interpreted by us as the 

leeside bedding of swash bars. In main lines the exposure 

surface at 1.08 - NAP 

-2 m 
~-~~ 
·~:;:::::;;=,~~~~..-,.-,-,-,~~~~~~~~~~~~~~~~~~~~~~1 

~..:::5_~-:::._ ~~~...._~ 

-3 m 

-4 m 
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shows a sequence of stacked and arrested bars in the left 

half of the exposure with a large runnel system in its lee, 

filled in by landwards and upwards flattening cross-bed

ding. Set boundaries in the left side of the exposure dip 

slightly seaward and represent stoss-sides of the bars; 

plane bed of the breaking waves is preserved locally. In 

the stacked bar system high-angle cross-bedding only oc

curs in the lower half, below MLW. It is replaced by low

angle convexly laminated and even-bedded sets in the 

intertidal part of the bar. Filling of the runnel starts with 

convex sets which indicates that no flow separation oc

curs. More to the right and upwards this is replaced by a 

low-ang le cross-bedding consisting of the alternation of 

structureless and wave-rippled laminae. As described by 

Beets et al. (1981) the latter cross-bedding is characteris

tic for the intertidal reach of beach plain sequences and 

thought to be due to erosion of the bar and deposition of 

the structureless layers from suspension-rich overtopping 

waves at low tide followed by wave reworking at high 

tide. 

The upper intertidal part of the exposure, between about 

2.75 and 2 m -NAP consists mainly of wave-rippled and 

structureless fine grained sand with two discrete burrow 

levels. The structureless sand contains dispersed burrows 

and probably adhesion ripples. The top consists of struc

tureless sand separated by irregular clay seams, overlain 

at 1.40 m -NAP by peat. 

In our view this exposures concentrates the main cha rac-

Figure 25 

teristics of beach plain sequences, explains its difference 

with regard to beach ridge sequences and shows in which 

way progradation of the barrier sequence occurred. The 

stacked bars show that the waves (whether fair weather 

or storm waves) are incapable of moving the swash bars 

at this depth. Bars cannot easily migrate landward any

more, nor can storm waves destroy the structure. The 

runnel in the lee of the stacked bar system is filled in by 

waves breaking on its stoss side, and obviously these 

waves have insufficient power to create a more landward 

situated bar or a berm. This can be deduced from the low

energy upper intertidal sequence of the pit: extrapolating 

the slightly seaward dip of the set boundaries indicates 

that the runnel fill at the right grades landwards into a 

similar sequence. That storm waves ca nnot destroy the 

stacked bar system implies that all sand deposited in the 

lee of this structure is lost for the shoreface system and 

cannot be transported seaward anymore during storms. If 

the above conclusions are correct, it implies that the 

progradation of beach plain sequences occurs by jumps 

from one stacked bar system to the next. 

Doublets of shells of Cerastoderma edu/e from a depth of 

4 m -NAP in this pit gave an age of 4300 ± 40 BP. A few 

NE-SW-trending low ridges occur several hundred meters 

north of this exposure. The ridges show SE-ward directed 

low-angle foresetting. From one of these ridges doublets 

of Cerastoderma edule were dated at 3880 ± 30 BP. This 

much younger age than the 4300 ± 40 BP in the nearby Ni-

Exposure of the upper part of the barrier sequence of the Egmond beach plain near the Van de Veldelaan, Alkmaar (location 12 of 

Figure 22). Note the preservation of shore-directed low-angle cross-bedding of longshore bars in the intertidal reach, and the absence 

of dunes. View is towards the southeast. 
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jenburger viaduct pit might be due to a short reversal of 

barrier movement from prograding to retrograding. In 

that case the ridges must be interpreted as cheniers on 

top of the slightly older barrier deposits. We favour the 

latter solution for two reasons: in the first place the bi

va lves in the ridges occurred at a depth of about 1.50 m -

NAP, and thus 50 cm higher than the inferred high water 

level in the Nijenburger viaduct pit. In the second place, 

the age of 3880 ± 30 BP is near to the age range of the 

washover fans in the peat area in core Zwartedijkspolder 

(Figure 23), which indicates increased flooding of the 

fresh water marshes during that time. 

Where the Oosterzij beach plain passes into the Alkmaar

Heiloo barrier ridge, the peat on top of the beach plain se

quences is covered by overblown sand from the ridge in 

the west. At the eastern side of the ridge peat disappears 

and is replaced by aeolian deposits 

The Alkmaar-Heiloo ridge 

Two good exposures of the upper (intertida l and suprati

dal) part of the beach ridge could be studied in pits for 

road construction in the outskirts of Alkmaar. Both pits 

have been described by Beets et al. (198 1). Pit 9 (Figure 

22) is the most characteristic beach ridge sequence with 

an even bedded, intertidal reach, overlain by aeolian de

posits. About 20 cm of irregularly bedded and crinkled 

layers occur near the MHW-level; two burrow levels occur 

slightly lower. Lee side lamination of high- and low-angle 

---
Figure 26 

bars occur below 3 m -NAP. Pit 10 (Figure 22) at the west

ern margin of the Heiloo-Alkmaar ridge forms a transition 

between the beach ridge and the beach plain sequence 

(fig . 2 in Beets et al., 1981 ). The exposure shows low-an

gle cross-bedding with burrow levels in the intertidal 

reach. However, in contrast to the beach plain sequence, 

the highest runnel is filled by even bedded sand passing 

upwards into dune deposits with swash marks of break

ing waves. Peat is absent. Doublets of Macoma balthica 

from a depth of 2.76 m -NAP and of Spisula subtruncata 

from a depth of 4.07 m -NAP gave ages of 3615 ± 90 and 

3715 ± 55, respectively. 

The Egmond beach plain 

Exposures in pits for building purposes (Figure 22, loca

tions 11 and 12) and gas pipe trenches (Figure 22, loca

tions 13 and 14) show that the intertidal/supratidal se

quence of this beach plain is basically similar to that of 

the Oosterzij beach plain. Pits 11 , 12 and 13 are character

ised by up to 0.5 m high low-angle crossbedded sets of al

ternating structureless and wave-rippled layers (Figure 

25) interrupted by burrowed levels. The upper intertidal 

and supratidal part consists of horizontal and irregularly 

bedded layers often with thin clay levels. Peat is scarce. 

Locally a thin veneer of aeolian deposits occur. In locality 

13, doublets of reworked Cerastoderma edule occurring 

at a depth of 1.90 m -NAP gave an age of 3190 ± 55 BP. 

Convexly laminated cross-bedding overlain by semi-hori-

• 
Exposure of the barrier sequence at location Extase in the Egmond beach plain (location 14 of Figure 22). The succession is 

comparable to that of the Nijenburger viaduct (Figure 24) with arrested and stacked longshore bars in the intertidal reach and runnels 

filled bv overwash processes. View is towards the west. 
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zontal bedding characterize the intertidal reach of location 

14 (Fi gure 26), which represents the upper part of the Ber

gen II Channel deposits. 

Depositional environment of beach plains 

and beach ridges 

Largely based on morphodynamic studies of recent 

beaches of the Dutch coast by Van den Berg (1977), Beets 

et al. (1 981 ) conclude that beach plain sequences formed 

when the beach gradient was low and the beach was 

sheltered from onshore storms by shoals, whereas beach 

ridges were formed along a more exposed coast. On the 

basis of the available 14C dates they furthermore suggest 

that beach plains form when progradation is fast, whereas 

beach ridges form during slow progradation. 

The new data in main lines confirm the above conclu

sions. In particular the exposure near the Nijenburger via

duct (Figure 24) in the Oosterzij beach plain stresses the 

fact that wave energy dissipation on the shoreface is so 

great that the waves do not break anymore at the shore

line. The waves break on the intertidal swash bar. Even 

during storms the waves cannot destroy this bar so that 

the space behind the bar is la rgely filled in by overwash 

processes: in the upper intertidal reach overwashing of 

the stacked bar system, and supratidally overwash during 

storms. Only in the highest supratidal overwash deposits 

some aeolian transport can take place. However, as the 
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waves do not break on the shoreline, there is no berm, 

and consequently there are no foredunes. Perhaps, the 

only possibi lity for dune formation in this situation occurs 

when the shoreline position is fixed for a relatively long 

time and the build-up of supratidal washovers outpaces 

sea- and groundwater-level rise. Such a situation could 

have occurred when barrier movement changed from re

treat to progradation, and might explain the low dunes of 

the Akersloot-SintPancras ridges. 

Even bedding in the intertidal reach of beach sequences 

generally indicates that: 1. the waves break on the beach 

implying that wave energy is less dissipated on the shore

face; 2. the swash brings the sand sufficiently high on the 

berm that wind can transport it landwards into foredunes; 

3. swash bars wh ich were formed during fair weather are 

destroyed during storms so that sand of the beach can be 

transported towards the lower shoreface; 4. conse

quently, progradation rate must be slower than that of 

beach plain sequences. 

The position of the Oosterzij beach plain , the Alkmaar

Heiloo ridge and the Egmond beach plain with regard to 

the Bergen I and Bergen II Channels strongly suggests 

that the differences between beach plain and beach ridge 

arise from differences in the subsurface of the barrier 

complex. 

The Oosterzij beach plain is situated east of the Bergen I 

Channel on top of the relati vely sha llow ebb-tidal delta 

Beach ridges, including Bergen 
spit complex 

c:::J Spits !swash bars) of the Omval 
hooked spit complex 

i:;.:._go..:: 7£.1 "c date of she ll s 

'3s2s . so l "c date of peat 

0 

N-and $-boundary of Bergen I 
Channel 

Southern boundary of Bergen II 
Channel 

Eastern boundary of medieval and 
younger dune field (Younger Dunes) 

5km 
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Figure 27a 

14C-ages of shells and peat 

in and on top of the barrier 

sequence in the Alkmaar 

area. 



Figure 27b 

Reconstructed isochrons of 

barrier re treat and 

progradation southeast of 

the channel of the Bergen 

Inlet based on ages given in 

Figure 27a and other 

geological data discussed in 

the text. 

deposits (Figures 14, 17 and 18). The CPT's along the 

southeastern margin of the Bergen I Channel in profiles 

A-A' and B-B' (Figures 13 and 14) show that during storms 

sand was transported from this erosion plane into the ad

jacent non-active channel. It is the sha llow depth of this 

plane, which causes the strong wave energy dissipation 

explaining the beach plain succession . Wave energy dissi

pation not on ly characterizes inter- and supratidal deposi

tion exposed in the trenches and pits. The eastward de

crease in th ickness and resistance values of unit 4, the 

zone of breaker bars and foreshore, of profile E-E' (Figure 

17) must have a similar cause. The older the shoreline the 

longer the passage of the waves over the shoa l, the more 

dissipation of their energy. 

The position of the Alkmaar-Heiloo ridge is related to the 

eastern margin of the Bergen I Channel. Although our age 

data are insufficient to reconstruct barrier progradation in 

detail (see below), the morphology suggests that progra

dation started in the Akersloot-Heiloo area. Rapid progra

dation over the shoals came to an end when the shore

face of the prograding barrier reached the southeastern 

margin of the Bergen I Channel. Lateral filling of the chan

nel slackened the rate of progradation. As the channel 

flank became part of the shoreface wave dissipation de

creased considerably, lead ing to the effects described 

above. 

Slackening of progradation and lateral filling of the chan-
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nel probably occurred simu ltaneous ly with northward 

progradation of the ridge by longshore transport. Al

though we have no dates to support this, the position of 

the northward cont inuation of the Alkmaar-Heiloo ridge 

above the eastern marg in of the Bergen I Channel 

strongly suggests that the ridge is diachronous. This is 

also suggested by the seemingly older age of the wash

overs in the Zwartedijkspolder rel ative to those in the 

more northern Boekelermeer (Figure 23). 

The re lation between the Egmond beach plain and its 

subsurface is less clear. Probably the ebb-tidal delta of the 

Bergen II Channel acted as a shoal for wave energy dissi

pation. 

7 Shoreline migration 

On the basis of channel evolution and barrier behaviour 

as discussed above, and 14C dates of shel ls and peat in 

and on top of the barrier sequence, a hypothetical shore

line migration between 4600 and 3700 for of the area 

southeastward of the Bergen Channel is reconstructed 

and illustrated in Figure 27. 

The reversa l of barrier movement from retreat to progra

dation is assumed to take place in this area arou nd 4400 

BP. This age is based on the C14 date of 4420 ± 70 of Scro
bicularia in location 1 (Figure 22) situated near Akersloot 

in the oldest preserved barrier ridge. As discussed earlier 
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independant evidence indicates that the tidal prism of the 

Bergen Inlet decreases strongly at the same time, sug

gesting a causal relation between the two events. 

Barrier behaviour prior to 4400 must be largely inferred 

from the morphology and 14C dates of the Omval hooked 

spit complex, the southern part of which is thought to 

represent the northward extension of the retreating bar

rier. It is assumed that, because of closure of the Uitgeest 

Inlet south of the studied area (Westerhoff et al ., 1987; 

Beets et al ., 1992), the tidal prism of the Alkmaar-Bergen 

Inlet increases temporarily, causing an eastward shift of 

the channel and simultaneous erosion with retreat of the 

shorel ine towards the SE. The 4600 shoreline is plotted at 

a distance of 1 to 2 km from the deeper part of the chan

nel in accordance with the position of the present barrier 

islands in the Wadden Sea bordering major channels as 

for instance Wester Ems and Jade Busen (Chowdhuri & 

Reineck, 1978). As mentioned earlier, the fan-shaped ar

rangement of the spits point to narrowing and eventually 

closing of a channel system connecting the Alkmaar-Ber

gen Inlet to a tidal basin in the southeast. At 4460 ± 80 BP, 

the age of Scrobicularia underlying one of the spits (Fig

ures 19 and 27), this connection is almost cut off, an

nouncing the drop in tidal prism of the inlet. At 4330 ± 55 

BP (De Vries et al., 1958) peat forms on top of the south

ern part of the Omval hooked spit complex, and at 4230 ± 

30 BP in the central and western part (Figure 27). This 

peat is not overwashed anymore until medieval times 

when it is flooded from the north (Westerhoff et al., 1984). 

This implies that the southern part of the Sint Pancras 

ridge must have been present by 4300 BP to protect the 

area from flooding (Figure 27). 

Shoreline progradation after 4400 is relatively fast at the 

site of the southern half of the Oosterzij beach plain, but 

slows down northward at the approach of the throat of 

the inlet. This is demonstrated by the 3810 ± 35 BP and 

3880 ± 30 BP dates of shells from the Nollenput in the nar

row entrance of the inlet (Figure 27), sampled respectively 

near and 4 m below palaeo-MHW level (Roep et al., 1979; 

Westerhoff et al., 1987). In addition to the 4420 ± 70 BP 

date of location 1 (Figure 22), we have shell ages of 4190 

± 70 BP (shell pairs of Scrobicularia and Cerastoderma 

from a deptH of 2.70 - 3.50 m -NAP) at Kooibrug, 4300 ± 40 

BP ( Cerastoderma pairs from a depth of 4.10 - 4.25 m -

NAP) at the Nijenburger viaduct pit described above (Fig

ure 24), and the 3880 ± 30 BP (Cerastoderma pairs from a 

depth of 1.45 - 1.55 m -NAP) 500 m NW of the Nijenburger 

viaduct (De Mulder & Bosch, 1982). Except for the latter 

age, which, as discussed above, might represent the age 

of cheniers formed on top of the existing barrier se

quence during storms, the others give a reasonable con

sistent pattern. Although we have no dates of the north

ern part of the Omval hooked spit complex, we infer that 

the ridges found there are the successive margins of the 

more or less continuous narrowing inlet. This interpreta

tion is in accordance with the palaeogeographic recon-
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structions of the North-Holland area by De Mulder & 

Bosch (1982). They show that between 4300 and 3800 BP 

the channel loses its eastward branches and is reduced to 

one northward flowing branch. 

As mentioned earlier we have only a few age data of the 

Alkmaar-Heiloo ridge and one of the Egmond beach plain. 

The latter is the 3560 ± 40 BP (Spisula pairs at a depth of 2 

m -NAP; Roep et al., 1979) from the eastern part of the 

beach plain. 

Little is known of the northern margin of the inlet. The 

age of 3340 ± 70 BP of charcoal from a floodline of the 

hooked spit complex of Bergen (Westerhoff et al ., 1987) 

points to the relative young age of this complex. This age 

is the same as that of a gyttja in a small channel at the site 

of the former inlet (3360 ± 50; Roep et al ., 1979), indicat

ing the eventual closure of the tidal inlet. In a nearby ex

posure, pairs of Scrobicularia in the top of a channel se

quence gave an age of 3510 ± 75 (Figure 27). 

8 Summary and conclusions 

The results of this study of the Alkmaar area can be sum

marized as follows: 

1. The Alkmaar-Bergen Inlet is one of the tidal inlets 

flooding the large tidal basin of Holland during the late 

Atlantic (Pons et al., 1963; Westerhoff et al., 1987). 

When rate of sea-level rise gradually slackens the tidal 

basin is filled in and the inlets close successively 

(De Mulder and Bosch, 1982; Beets et al., 1992). The 

Alkmaar-Bergen Inlet, which is the last of the tidal in

lets to disappear, closes around 3300 BP (Roep and 

Van Regteren Altena, 1988). 

2. Study of undisturbed cores in combination with a 

large number of cone penetration tests made it pos

sible to distinguish superimposed channels in the Alk

maar-Bergen Inlet and its ebb-tidal delta, indicating 

that closing of the inlet occurred stepwise. 

3. The inlet has its largest tidal prism between about 

4800 and 4400 14C years BP. The ebb-tidal delta of the 

inlet consists of one wide channel without wave shield 

flanked by elongate shoals, and has a similar morphol

ogy as that of the larger inlets of the present-day Wad

den Area (Ems, Jade, Weser, Elbe). 

4. Tidal prism decreases abruptly around 4400 BP be

cause of silting up of large parts of the tidal basin 

flooded from the inlet (De Mulder and Bosch, 1982). To 

adapt to the smaller tidal prism the inlet and the wide 

channel of the ebb-tidal delta are filled in laterally by 

the now prograding barrier sequence. As long as this 

channel is too wide for the reduced tidal prism, cur

rent velocities are insufficient to transport sand and 

the channel is filled in with shelf muds and very fine 

grained, distal storm deposits, the Be rgen Clay. When 

the channel is reduced to about one third of its original 

width, tidal currents in the ebb-tidal delta channel are 

Mededelingen Rijks Geologische Dienst Nr57 1996 



strong enough to transport sand. Tidal prism of this 

latter Bergen II Channel is estimated to be about 500 x 

106 m3. In contrast to the Bergen I Channel, the latter 

channel forms part of an ebb-tidal delta with a wave 
shield, as appears from the decreasing depth of the 

channel from the centre of the inlet seawards. 

5. The hooked spit complex of Bergen (Jelgersma et al ., 

1970) forms the northern margin of the Bergen II 

Channel and, in the history of the Alkmaar-Bergen In

let, is a relatively young morphologic feature; the mar

gin of the Bergen I Channel was probably situated 

more northward. The spit complex might have origi

nated in a similar way as that of the hooked spits of 

Texel (Sha, 1990) by the cyclic amalgamation of rotat

ing shoals to the northern margin of the inlet. 

6. The Omval hooked spit complex has a completely dif

ferent origin. From south to north the thin spits show 

the successive positions of the southern margin of the 

Alkmaar-Bergen Inlet and as such reflect the decreas

ing size of the tidal basin flooded from the inlet. 

7. Behaviour of the shoreline south of the inlet changes 

from retreating to prograding around 4400 BP, as ap

pears from dating of shells in living position and of re

worked shells of the Omval hooked spit complex and 

of the oldest barrier ridge near Akersloot. This is 

roughly simultaneous with the decrease in tidal prism 

of the inlet, which suggests a causal relation. Initially, 

the barrier progrades rapidly over the relatively shal

low southern shoal flanking the Bergen I Channel. 

Progradation slows down when the offshore channel 

becomes part of the shoreface. 

8. The Egmond core, 19A-350, is the type-section of the 

barrier sequence in the former Bergen I Channel. The 

sequence is coarsening upward from muds with thin 

and fine grained distal storm deposits, to an entirely 

sandy sequence with plane bed and mega-crossbed

ding of longshore bars. The central part of the se

quence, probably representing the lower and middle 

shoreface consists of sands and mud burrowed in 

varying degrees. The sands are even-bedded, distal 

storm deposits, mud and burrowing represent the re

mains of fair weather conditions. Deepest wave rip

ples occur in the shelf muds at about 25 m below 

palaeo-sea-level, stressing the relatively exposed na

ture despite its position in the Bergen I Channel. Over

all impression is the importance of storm deposits in 

the sequence. Lithologic units of the barrier sequence 

can also be recognized in the graphs of the cone pene

tration tests, which gives the possibility to extent the 

subdivision of the sequence over the entire area. 

9. Study of the upper 4 to 5 m of the barrier sequence in 

a large number of pits confirm the basic difference 

between beach plain and beach ridge sequences 

(Roep, 1986). New exposures stress the earlier conclu

sion that the morphological differences arise from dif

ferences in wave energy levels in the intertidal reach. 
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Beach plain sequences form when storm waves have 

insufficient energy to destroy intertidal longshore 

bars, so that no berm can be formed. Ridges form 

when the wave energy level in the intertidal reach is 

higher and the waves eventually break on the beach, 

building a berm from where sand can be blown into 

foredunes. In the Alkmaar area the Oosterzij beach 

plain and the Egmond beach plain form on top of the 

shoals of the ebb-tidal deltas of the Bergen I and the 

Bergen II Channel, respectively, whereas the origin of 

the Alkmaar-Heiloo ridge is directly related to the posi

tion of the deep Bergen I Channel in the subsurface. 

This strongly suggests that differences in wave energy 

levels in the intertidal reach are due to differences in 

wave energy dissipation on the shoreface. 
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Abstract 

Following preliminary work with Core Penetration Tests, a transect in the coastal barrier area 

between the Older River Rhine outlet and the Oer IJ tidal inlet was cored. The relationships between 

various lithological (e. g. grainsize, sedimentological structures) and palaeontological features 

(diatoms, fora ms, molluscs and pollen) are discussed. The chronostratigraphy of the transect is 
based on radiocarbon datings of reworked shell material of which the freshest habit was selected. 

Pollen analysis reveals possible source areas of the pollen and the fine-grained sediment contained 

in the barrier sediments. 

Despite a sea-level rise of 3 to 4 m, the coast at the site of the transect experienced a stepwise 

progradation. During this progradation the shoreface gradient steepened, i.e. it deviated from the 

Bruun rule of shoreline retreat during sea-level rise. Below the longshore breaker bar zone, coastal 

sedimentation is storm-dominated; a model is presented here. The coastal development is seen to 

be related to evolution of tidal inlets in the area. 

Nr57 1996 Van der Valk: Coastal barrier deposits in the centra l Dutch coastal plain 133 



1 Introduction: geological framevvork 

Setting 

The coastal zone of the western Netherlands is character

ized by a more or less continuous barrier. In the southern 

part of the Netherlands (the province of Zeeland), this 

barrier is cut by several large estuaries, some of them 

connected with river outflows. With the completion of the 

Delta wo rks, some of these estuaries were cut off from 

the sea by artificial barriers. The central part (the Holland 

coast) is essentially closed over a distance of 120 km, 

whi le the northern part (the Wadden area) again shows ti

dal inlets. The barrier zone is separated from the main

land by an area filled in with Holocene tide and fluviatile 

deposits and peat. The tidal range at the coast varies from 

1.7 m in the central part to some 3 m near the tidal inlets 

NORTH SEA 

of the Zeeland and Wadden areas. Therefore, the Holland 

coast may be described as micro- to mesotidal in charac

ter. For this coast, wind and waves are considered domi

nant formative factors, in combination with some tidal ac

tion. The horizontal tidal action is slightly larger during 

flood (bottom va lue 0.85 m/s to the north) than during 

ebb (0.75 m/s to the south) on the Holland coast (Van der 

Giessen et al., 1991 ). Mean wind directions are westerly, 

whereas northerly wind causes the highest waves in the 

shallow (depth mostly less than 40 m) North Sea. Mean 

visua lly registered wave height is about 1.2 m (Hooze

mans, 1990). For a recent survey of North Sea hydro

graphic conditions, see De Wolf (ed., 1990). Major rivers (

Rhine, and, to a far lesser extent, Scheidt and Meuse), 

flow into the southern North Sea. 

The climate of the western Netherlands is temperate. Av-
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Figure 1 

The coastal barrier area in 

the western Netherlands. 

Modified after Roep et al. 

(1991) 



Figure 2 

Stratigraphy of the Holocene 

in the western Netherlands. 

Modified after Zagwijn 

(1986) 

The Holland Peat interfingers 

with both marine and 

freshwater-tidal deposits and 

occurs also in and on top of 

the coastal barrier deposits. 

erage rainfall is between 700 and 800 mm per annum. The 

wind climate is highly variable. During winter, spells of 

moderate easterly winds or no winds at all are followed 

by fierce storms from directions between northwest and 

southwest. During summer modest southerly and south

westerly winds predominate. 

Regional geology 

The study area (Figure 1) is situated in the central part of 

the Holland coast. The western Netherlands belong to the 

depocentre of the southern North Sea Basin, wh ich has 

been subsiding ever since the Carboniferous (Zagwi jn, 

1989). 

During the Middle and Late Pleistocene, the southern part 

of the North Sea experienced 2 or 3 glaciations and degla

ciations. The present-day coastal reg ion was flooded by 

the sea 3 or 4 times during interglacial highstands. During 

the Saalian, the conti nental ice sheet just reached the 

study area, and a substa ntial relief was created between 

ice-pushed moraines and scooped-out tongue basins 

(De Gans et al., 1987). The last two interglacia l phases 

(the Eemian and Holocene) have left distinctive coastal 

plain depositional sequences. Tectonic subsidence is the 

cause of the difference between the altitudes of Eemian 

(highest occurrences at present at - 8 m NAP) and Holo

cene coastal deposits (Zagwijn, 1983). Between these two 

interglacials, the Weichselian glacial period generally left 

an unconformity as a result of (peri )glacial weathering 

and/or erosion. During th is glaciation, a large part of the 

North Sea was cut off from marine influence, leaving con

tinental geological processes to be active here. River 

Rhine waters had diverted towards the Channel area 
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since the Weichselian until the deglaciation in the central 

and northern North Sea at c. 11,000 y BP. 

Deglaciation led to a sea level rise; the sea entered the 

southern North Sea Bight some 13,000 years ago, which 

is several thousands of years later than in other, more 

northerly areas. This phase of eustatic sea level rise 

lasted until c. 6,000 y BP (Jelgersma, 1979). Subsequently, 

the combined effects of eustatic sea level rise, tec

tonic/isostatic- and soil subsidence caused a further rise 

of relative sea level of about 5 m in the western Nether

lands (Jelgersma, 1979; Van de Plassche, 1983; Van de 

Plassche & Roep, 1988). 

During the last six millennia, the coastal development in 

this central area has been different from the southwestern 

and the northern part of the Netherlands (Zagwijn, 1986). 

Essentially, the development is a long-term redistribution 

of available sand masses in the eastern coastal area of the 

southern North Sea. Erosion of headlands and prograda

tion of the area in between, the central Holland coast, 

took place. This area became a rigid sand barrier during 

NW 

Beach Pole 69 

2km 
Younger Dun es 

progradation, thereby progressively closing its tidal inlets 

(Beets et al., 1992). 

The main contributing factors that may be distinguished 

are: 

the presence of large volumes of fresh discharge wa

ters of the rivers Rhine and Meuse. Only the River 

Rhine contributed sediment to the coastal plain depos

its prior to 7,000 BP (De Groot & De Gans, 1996, this 

volume); 

the existence of river valleys prior to inundation dur

ing the Atlanti c, i.e. the pre-Holocene surface; 

the different exposure to wind, waves and currents of 

the SSW-NNE trending coastline; 

the very limited amount of tectonic subsidence in th is 

period of time; and, most importantly, 

the availability of large volumes of sand in the coastal 

area. 

The joint effects of these factors caused the coastline to 

behave in the way it did. Instead of moving inland, as 

many a coastline would do when experienc ing a similar 

Leyduin 

disturbed 

~ Older Dune an d Beach Sand s I barrier deposits) - Hollan d Peat 

L=i Pl ei stoce ne depos its 
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L==i Calais Deposits (ol de r tidal deposits) 

Figure 3 

Cross-section south of the city of Haar/em showing Holocene and undifferentiated Pleistocene deposits. Location: see Figures 1 

(section A) and 4. 
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sea level rise of about 1 m per 1,000 years, the coast 

started prograding. A se ries of beach barrier ridges and -

plains were deposited, the oldest in the east, the you nger 

in the west. The beach ridges became cove red with dunes 

(the so-called Older Dunes) and the beach plains were 

later filled in with peat (Van Straaten, 1965; Jelgersma et 

al., 1970; Roep & Beets, 1988). 

All marine deposits to which reference is made in this 

paper are members of the Westland Formation (Holo

ce ne) (Figure 2). Stratigraphical nomenclature is dis

cussed by Zagwijn & Van Staalduinen (1975). 

Local geology 

Previous work 

The coastal barriers of the western Netherlands have long 

since been recognized, mostly on morphological grounds 

(covered as they are by dunes in most places), while the 

sandy subtidal and beach deposits have been demon

strated to have originated from the North Sea on the ba

sis of their fossil content. From the 1950s onwards it has 

been possible to investigate the deeper lying subtidal bar

rier deposits by means of cored boreholes. Until that time 

only bailer or flush boreholes were available. Cored bore

holes provided the opportunity to study the sedimentary 

structures of lower barrier deposits. Van Straaten (1965) 

reconstructed the coastal development by studying the 

barrier sediments of the western Netherlands by means 

of cores from the southern part of the beach barrier com

plex near The Hague, in addition to temporary exposures 

and actualistic data from the North Sea. During the early 

phase of barrier formation, the shoreline retreated. When 

the pace of sea level rise slowed down, younger barriers 

started to form seaward of the oldest, covering offshore 

sand ridges belonging to the oldest phase of barrier for

mation. Fast progradation was subsequently initiated by 

the presence of an extremely shallow North Sea in front 

of the barrier and on top of the overstepped offshore bars 

(Van Straaten, 1965). 

Based on data collected from temporary exposures, Beets 

et al. (1981) proposed a different mode of barrier forma

tion. Beach plains would form during phases of low gradi

ent of the North Sea shoreface, while beach ridges would 

develop when shoreface gradients we re steep. Thus they 

rejected Van Straaten's hypothesis (1965), which said that 

offshore bars could emerge and be the cause of coastal 

progradation. The main reason for the changes in coastal 

progradational rate would be a different rate of sediment 

supply, which resulted in different gradients associated 

with the two modes of barrier sediments deposition 

(Beets et al., 1981). Recently, however, a reconstruction of 

the Bergen inlet has been undertaken, also based on sub

surface borehole data (Beets et al., 1996, this volume). A 

general model which incorporates all features of the bar

rier complex based on geological evidence has not yet 

been proposed. 

Recent work 

Recent mapping by the Geological Survey (Rijks Geolo

gische Dienst: RGD) has provided a much more accurate 

picture of the morphology and geology of the barrier de

posits (De Mulder, ed., 1983; Westerhoff et al., 1987; un

published data of the Geological Survey). However, data 

on the geology of the deeper part of the barrier complex 

are still very limited, the Alkmaar area being an exception 

(Jelgersma, 1983; Westerhoff et al., 1987; Beets et al., 

1996, this volume). The Geological Survey and the Qua

ternary Geology Department of the Free University (Am

sterdam) have decided to investigate the barrier deposits 

by means of cored boreholes, also in connection with the 

"Coastal Genesis" (Kustgenese) project, which is under 

the auspi ces of Rijkswaterstaat. This research was con

ducted by the present author. 

The main reason for locating the transect of cored bore

holes south of the city of Haarlem has been the lack of 

data on deeper barrier deposits in comparison to other ar

eas e.g. around The Hague and Alkmaar. Another reason 

has been the numerous data avai lable on the formation of 

the Older and Younger Dunes (Figure 2) in this area (Jel

gersma et al., 1970; Zagwijn , 1984). The transect is situ

ated some 20 km north of the mouth of the pre-medieval 

River Rhine and 10 to 25 km south of another former 

coastal inlet (the so-called Oer-IJ) (Figure 1 ), also previ

ously connected to the Rhine system. This inlet shifted its 

mouth considerably in a northerly direction during the 

time of formation of the coastal barrier complex (e.g. Zag

wi jn, 1971; Westerhoff et al., 1987). The location of the 

section can be compared directly with that of the more 

southerly section near The Hague studied by Van Straaten 

(1965). The latter transect was also situated approxi

mately half-way between two outlets (the combined 

Rhine/Meuse outlet west of Rotterdam to the south and 

the Rhine outlet at Katwijk to the north; Figure 1 ). 

The shallow North Sea area adjacent to the shoreline has 

not been mapped yet. The sea-floor sediments are known 

to have a size-graded shoreface and a coarser sandy 

upper shelf zone, both with occasional clay layers. The 

present-day shoreface is distinctly barred and highly dy

namic (Short, 1990). Modern coastal sequences closely 

resemble fossil Subatlantic sequences (Van der Valk, 

1991 ), but differ in some respects compared with Early

Subboreal coastal sequences (this paper; Beets et al., 

1981 ; Beets et al., 1992). 

The barrier deposits in the transect (Figure 3) rest on: 

1. Older Tidal Deposits of Holocene age (mostly sands) 

and Basal Peat 

2. Pleistocene deposits of presumably Weichselian 

(sands) and Eemian age (sands (7) and clays). The sub

soil of the immediate surroundings of the transect was 

mapped hydrogeologically by Stuyfzand (1987) to a 

depth of about 100 m; these data been taken into con

sideration in the present study. 
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2 Aims and methods 

Aims 

The purpose of this study has been to investigate the for

mation of the coastal barrier deposits in the mid-Holland 

area and to analyze the factors that have determined this 

development. The main factors are: sea level rise, climatic 

evolution, possible identification of sedimentary pro

cesses involved in barrier complex formati on, the avai l

ability of sand, the main constituent of the barrier sed i

ments and the influence and significance of the factor 

time involved in the formation of the barrier sequence. 

The aim has been to obtain a more detailed picture of the 

longer term dynamics of the Holland beach barrier coast. 

Understanding the genesis of the barrier sequence may 

also assist in predicting future coastal development. 

Methods 

Prepa r a tions 

The study area comprised the region of IJmuiden-Velsen

Hoofddorp-Noordwijkerhout and the adjacent shallow 

part of the North Sea (Figure 4). The most important data 

evaluated in this study were supplied by a transect of 

cored boreholes about perpendicular to the recent and 

ancient shoreline. The positions of the cores were se

lected on the basis of the results of a previous geotechni

cal cross-section based on Core Penetration Tests (CPTs). 

CPT data are useful for reconnaissance activities and may 

make geological mapping easier (Westerhoff et al., 1987; 

Beets et al. , 1996, this volume). 

Supplementary data came from additional (sections of) 

boreholes, mostly from Geological Survey sources. Fi 

nally, a number of temporary exposures (mainly civil con

struction works) were studied. Only the final results of 

these supplementary data were used in this study, the 

emphasis is on the information supplied by the cores. 

The g e otechnical cross-sec tion 

At more or less regular distances of 400 to 500 m on the 

proposed transect, CPTs were performed to a depth of 25 

to 30 m. In spite of the large number of borehole data 

available for the area (a drinking-water catchment area of 

previously infiltrated Rhine water), few of the borehole 

descriptions are detailed enough to allow unambiguous 

assignments of deeper layers to either Pleistocene or Hol

ocene units to be made. Therefore, CPTs were performed 

to depths of at least 25 to 30 m, penetrating well into 

Pleistocene deposits, depending on the location in the 

cross-section (Figure 5). 

A CPT graph integrates several major lithological proper

ties present in the subsoil e.g. grain size and grain size 

variations (including shells and gravel), packing of the 

grains and syn- or postsedimentary disturbances (biotur

bation by animals -marine or terrestrial - or root growth). 

Naturally, comparable outcomes may be expected, due to 

the combination of different types of lithological proper-
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ties. Nevertheless, the method is very useful , as it takes 

little time and may be indicative of the type of sediments 

that can be expected at a certain locality. In the CPT 

graphs several geotechnical units were well visible, units 

3 to 6 of which belong to the barrier deposits. The sites of 

the CPTs are indicated in Figure 4. The barrier section 

with the 7 units distinguished is depicted in Figure 5. A 

summary of the geotechnical cha racterist ics is given in 

Figure 6. On the basis of this section, coring locations 

were selected. These sites are also indicated in Figure 5. 

Another criterion for the selection of coring sites was the 

mutual distance. Distances should not become too large, 

to prevent possible coastal slopes from dune to lower 

shoreface from not being covered by at least two (parts 

of) boreholes, and to make sure that the quality of the 

data set would not be influenced negatively. 

Few systematic variations occur amongst the genera l 

geotechnical characteristics per unit. Only unit 4 shows 

these variations. A gross bipartition is the result. Some 

smaller deviations occur in CPTs 1 (cored) and 10 (not 

cored). The schematic section (Figure 5) with its units will 

be compared with the section with the sedimentary units 

(Figure 10) in paragraph 3.2, in view of the relationship 

between lithology and CPT characteristics as mentioned 

above. 

Core acquisition 

Of the eleven cores that make up the section, nine we re 

sunk on land and two in the coastal zone of the North Sea. 

The westernmost core in the North Sea actually is a shal

low vibrocore supplemented by a suction borehole and 

the shallowest core is a suction borehole. The western

most borehole on land was placed on the beach (Figures 

3 and 4). Except for the latter, the eight cores on land are 

orientated. The North Sea cores measured 7 cm in diame

ter, the land cores nearly 10 cm. Penetrated depths varied 

from 10 m in the North Sea and the beach to a maximum 

of 37.5 m on land. Six out of twelve cores exceed 30 m in 

depth. The cores penetrated all Holocene deposits and 

generally 2 m of the underlying Pleistocene deposits (ex

cept for core 3). An overall total of 292 m of undisturbed 

core material was recove red. The coring on land was 

done by a type of bailer boring apparatus using 21.7 cm 

casing. This allowed heavy steel core barrels to be low

ered, fixed with core catchers. When the casing was low

ered, shell samples per half metre were recovered from 

bailed out sediment, which was sieved using a 2 mm 

mesh sieve. Orientation of the cores was done by fi xing a 

square nozzle to the core barrel , which could be directed 

from the surface with the help of iron pipes with a square 

section, of which the same side was always directed nor

mal to the shore. The core barrel was fitted with a pvc 

liner and could contain cores up to 1 m in length. Average 

recovery of seven cores based on land was 79%. After 

coring operations, gamma ray borehole logs were made. 

North Sea Geodoff II and cored boreholes were ship-
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based. The borehole on the beach was performed using a 

worm-wheel type of casing, on a Nordmeyer truck

mounted drilling rig. This type of core taken from under

neath the casing cannot be orientated. All cores were pro

vided by the Drilling Department of the Geological 

Survey. 

Analyses 

To preclude any damage as a result of transport, the land 

based cores were treated on site. After splitting the cores 

according to the orientation at an angle normal to the (pa

laeo-) coast line, the southern half was described lithologi

cal ly and sed imentologica lly and kept for photography 

and storage in water-tight tubing. The northern half was 

used for making a lacquer peel and samples taken for 

grain size, diatom, molluscan, foram and heavy minera l 

ana lyses. Clay laminae and -layers were sampled for pol

len analysis every ha lf metre if possible. A more elaborate 

discussion of the selection of samples for pollen ana lysis 

may be found in paragraph 3.3.4. The cores were kept 

moist, to prevent the samples from drying out. 

Of the samples retained from the bailed-out sediment, a 

qualitative description of the molluscan fauna was made. 

Later, these samples were used to select she ll material for 

NW 
CPT T 

1 
T 
2 

bori ng 0 0 0 0 0 

Depth 
in m 

2km 

4 

Beach Pole 69 

14C ana lysis. Whenever gravel was present in these sam

ples, this was noted. In one exception al case a gravel 

count could be performed on 3-5 mm fine gravel (cf. 
Za ndstra, 1978). 

Laboratory gra in size ana lyses have been carried out on 

samples from boreholes 5, 7 and 9. These analyses were 

intended to check core-observed median grain size esti

mates in comparison with known sieve fractions. Grain 

size was determined twice every m of a core, or as often 

as changes in lithology required this. Conventional sieve 

and pipette analyses were performed, using standard pro

cedures of the Geological Survey. In general , textural 

analysis resu lts wh ich matched grain size estimates were 

obtained. Total carbonate content was measured on an

oth er part of the origina l sample, and standard proce

dures of the Geological Survey were used. Separate sam

ples were taken for macropalaeontological analysis and 

for diatom analysis. 

From the Haarlem section boreholes, a total of 24 shell 

samples were co ll ected for 14C dating and analysis of the 

stable isotope ratios (13C/12C and 160/180 ). These were 

supplemented by several other samples col lected in the 

area. Where possib le, shell samples were taken from in 

situ faunas, but in most cases washed shel l material had 

T T T T T T T T T 
3 4 5 6 7 8 9 10 11 

0 0 0 0 

Leyduin 

1 

2 number of the layer 

Figure 5 

Preparatory cross-section of geotechnical units, based on Core Penetration Tests. Bold numbers refer to layers; for explanation see text 

and Figure 6. For legend of background, see Figure 3. After section RGD (J. Blokzijl). 
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Figure 6 

Characteristics of the 

geotechnical units of the 

preparatory section. 

Na's 1-7: see Figure 5. 

For explanation, see text. 

to be used. In nearby exposures it was usually possible to 

collect articulated specimens, but in boreholes this was 

impossible. The relatively large samples procured by bail

ing from the large diameter casing were used (see 

above). A selection of this material yielded shell samples 

of fresh habitus, generally of the bivalve Spisula subtrun

cata, specimens not having been subject to prolonged 

transportation (see below). 

The age of the samples was determined at the Centre for 

Isotope Research at the State University of Groningen, 

the Netherlands (with the exception of one dating- not in 

the section but in the surrounding area-, which was per

formed by AMS at Svedberg Laboratory, Uppsala Univer

sity in Uppsala, Sweden). The Libby half-life of 5568 years 

was used (0.95 x NBS oxalic acid standard). The results 

will be discussed in section 3.4. 

Cored boreholes were described according to the legend 

system for logging and description of sedimentary se

quences (Selley, 1968). Non-recovery zones were small 

and were not inferred from the core logs, but in the bore

hole descriptions they were considered to be similar to 

adjoining undisturbed parts of the core. 

3 Results 

3.1 Pleistocene topography and earlier 

Holocene geological development 

The subsoil of the area where the transect discussed here 

is situated, consists of continental Weichselian deposits. 

The surface slopes very slightly to the north (Figure 7; De 

Gans & Van Gijssel, 1996, this volume). The Weichselian 

deposits are composed either of aeolian coversands or of 

local fluviatile sands. This gently undulating pattern oc

curs in a very large area below the mid-Holland Holocene 

coastal deposits. In non-eroded parts, these deposits are 

generally covered by a Holocene soil and the so-called 

Basal Peat. In the area of the section, this gently dipping 

and undulating pattern is cut between Lisse and IJmuiden 

by Holocene (Atlantic) channel fil ls of two tidal channels 

or channel complexes. Erosional activities of the channels 

are bounded in the north by the earlier (Boreal and Early 

Atlantic) Basal Peat I Velsen Clay. The channels are indi

cated by their scours in Figure 7. 

The southern channel sediments in the Hoofddorp inlet 

are situated directly below the Older Dune and Beach 

Sands in the cross-section (Figure 3) and surface in the 

Haarlemmermeer polder area (Figure 1; Haans, 1955). The 

channels have a WNW-ESE orientation. The deepest 

scours generally cut down to 21 m in the Haarlemmerm

eer area and to 25 m further west (Figure 7). A 14C dating 

of Scrobicu/aria plana shells (GrN 14211; Figure 29) from 

about 1 m below the surface of the clay found on one of 

the tidal channels indicates that c. 5,300 y BP these tidal 

channels had ceased major activity. The fact that the bar

rier sediments are found on top of the channel sands and 
14C dates of shells of the barrier deposits show that bar

rier sediments postdate these channel sands. 

The second channel system (the Haarlem inlet) is situated 

further north of the study area. The channel orientation is 

WSW-ENE. Below the northern part of the city of Haarlem, 

a depth is reached of 25 m, but slightly more to the west, 

below Santpoort-Noord a depth of 27 m is attained. The 

deepest scours, 32 and 35 m, occur in the vicinity of Zand

voort (Stuyfzand, 1987; Cleveringa, 1990). These deepest 

scours, and, in fact, all deeper parts, are filled with clay 

(Stuyfzand, 1987) with sand lenses in a facies, similar to 

the Bergen Clay (cf. Westerhoff et al., 1987). This facies is 

characterized by frequent and rapid changes in sedimenta

tion. Thin beds of shells, shell hash and sands grade rap

idly into clay. The facies is associated with a period of ma

jor change in tidal volume in the inlet. It is assumed that 

the so-called Bergen inlet adjusted itself to the reduced ti 

dal volume in that period (Westerhoff et al ., 1987). 

Stratigraphical 

units 

Geotechnical Generalised CPT values Additional features 

Younger Dunes 
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Beach Sands 

Older tidal deposits 

Pleistocene deposits 

units (Fig.5) 
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The dating of the sediments of the more northerly chan

nel is somewhat more problematic than the dating of the 

channels mentioned previously: the channel sands were 

not dated by 14C analysis on shell material and the only 

other (pa lynological ) dating (on an isolated channel fill ) 

can be interpreted in seve ral ways (Cleveringa, 1990; 

author's data). On the basis of depth and length, superpo

sition and reconstructed palaeogeography, however, (see 

section 4) , it is most likely that the more northerly second 

channel was filled several hundreds of years later than 

the more southerly channel. Like the first mentioned 

channels, the second channels are ove rlain by barrier 

sediments. The oldest barrier crossing the channel fill is 

dated c. 5,000 BP or slightly younger (see also 4) . This in

dicates th at both channel systems can be considered to 

North Sea 

Haarlem Inlet 

Hoofddorp Inlet 

90 100 

- 21- depth in m of the top of the Pleistocene deposits 

area in wich the Basal Peat is not eroded 

• • • location of cores 

be closely related: the second generation of channels very 

probably has taken over functions of the more southerly 

channels, but has been pushed northwards with its 

mouth . Exactly what process caused this shift and why 

the character of the fills of both channels differ consider

ably from each other, is discussed in section 4. The deep

ening of the more northerly channel scour is also focused 

on there. 

3.2 Lithostratigraphy 

Introduction 

In this paragraph, data on lithological and sedimentologi

cal parameters are presented. Firstly, grain size data of 

the predominantly sandy barrier deposits are summar-

110 

0 

Figure 7 

Contour map of the top of the Pfeistocene of the Haar/em region, also indicating Holocene erosion by channefing. Modified after map 

RGD (A.P. Pruissers & J. Bfokzijf). 
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ized. These include estimated grain sizes and the labora

tory resu lts. Secondly, sedimentary environments of the 

barrier deposits are described. To conclude all lithostrati 

graphical information is incorporated into a facies model. 

Grain size pattern (sand, gravel, mud) 

Sand median grain size was determined every half metre, 

or as often as changing lithology required. This was done 

manually, with a grain size comparator as a standard and 

down to a level of 0.25 phi. The reliability of these data 

was tested by performing some 70 conventiona l (pipette 

and sieve) grain size analyses at the sedimentology de

partment of the Geological Survey. The results of these 

ana lyses are in accord with the results of the manually de

termined mean values, which are shown in Figure 8, gen

eralized to four 0.5 phi grain size classes. Median grain 

sizes below the present-day upper shoreface were not re

constructed due to a lack of borehole data. From Figure 8, 

it is obvious that the prograded series of barriers shows a 

consistent pattern of sand median grain sizes. Going 

downwards from the top of the barrier deposits, first an 

increase in median grain size occurs, which is followed by 

a general decrease. Thirdly, below this relatively fine

grained zone, another coarse-gra ined zone is found (only 

in the west: core 4) before reaching underlying non-bar-

Beach Pole 69 

2km 
Sand median grain size lµm) 

rier older deposits. The median grain size in the lower

most open marine deposits further east is only slightly 

coarser than in the deposits above. Grain size analyses re

vealed a bimodal grain size distribution in samples of the 

lowermost zones of these deposits. This pattern is also 

known from the barrier sediments near The Hague (Van 

Straaten, 1965). General grain size of the barrier sands is 

not very different from the underlying older Holocene ti

dal deposits. In the barrier sediments, however, occur 

many layers with well-sorted fine and very fine graded 

sands, which differ from the older Holocene (tidal) depos

its in the immediate back-barrier environments. These 

layers will be discussed in section 4, paragraph on coastal 

storm sedimentation. 

Gravel particles up to a size of 10 cm occasiona lly occur in 

a high beach environment as part of the barrier sediments 

in the area (Jelgersma, 1961 ; Wieland Los in Modderman, 

1961 ). Their distribution in the present transect is from -10 

m NAP up into the supratidal beach sediments. In the high 

supratidal storm beach environment, flat gravel shapes of

ten prevail (Jelgersma, 1961; Van Straaten, 1991 ). Bore

hole 5, contained enough gravel particles (300) at the level 

of c. -3.8 m NAP to allow a fine gravel analysis to be car

ried out (cf. Zandstra, 1978). This analysis showed that the 

Leyduin 

SE 

10 11 

Haarlemmer
Groenendaal meer Paider 

~ 90 - 150 ~ 150 - 210 ~ 210 -260 > 260 

Figure 8 

Average median grain size of the Older Dune- and Beach Sands (four classes) in the Haar/em transect. For legend of background, see 

Figure 3. 
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gravel belongs to the group of Rhine Meuse samples 

(RM .z), indicating a southern provenance. Selection ac

cording to grain size and, for the flat beach pebbles, shape 

has taken place in the marine environment (Zandstra, 

1987). This RM .z type of gravel is known from a large area 

of beach barrier deposits, from the south side of the Old 

Rhi ne to some 20 km north of the cross-section (Figure 1; 

Van der Valk, 1991 and unpublished data). The most prob

able source of the gravel is the immediate subsoi l of the 

Old Rhine estuary, in wh ich thi s type of gravel occurs in 

Pleistocene deposits. However, the possibility that a smal l 

portion of these gravels has been supplied by the Subbo

real River Rh ine cannot be ruled out. 

The generalized mud content (al l particles smaller than 

50 µm) of the barrier sediments is depicted in Figure 9. 

The frequency of mud laminae and layers preserved in 

these sediments is higher in the barrier sediments than in 

the underlying tidal channel deposits (which are not 

treated in th is paper). Most clay layers and lam inae have 

been preserved in the finer-grained sandy deposits (com

pare Figu res 8 and 9), which was to be expected . In the 

barrier sediments, mud has been deposited in several 

forms. In most cases, on ly th in (0.5 cm) layers occur. In 

the lowermost part of the barri er sed iments below -10 m 

NW 

NAP, many mud laminae and layers of this type occur. In 

the east, also peat detritus is found at the same levels. 

Above this level, the number of clay laminae decreases. 

Clay deposition above the -10 m level is often accompa

nied by the deposition of peat detritus (Figure 9). Another 

point is that the clay laminae bioturbated. Finally, a third 

form can be distinguished: the deposition of th ick (c. 10 to 

30 cm) clay layers, presumably in the shelter of longshore 

bars in the 'breaker bar' facies (see below). The origin of 

the clay laminae and clay layers is discussed in more de

tai l in section 3.3.4. 

Sedimentary units 

In interpreting the cross-section, restricti ons are created 

by the diameter of the cores, the la rgest diameter being 

c. 10 cm. This is certainly a point below the genera l depth 

to wh ich construction pits are lowered in the western 

Netherlands: some -6 to -7 m NAP. Above th is level, co re 

data were matched with excavation data (Roep, 1984 and 

Roep et al., 1983), but below this level interpretations 

were based excl usive ly on core data, which should be 

kept in mind. 

On the basis of bedding structures and other criteria e.g. 

lithology and fossil content, the following eight sedimen-
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pea t detritus clay laminae(< 0,5 mm) _ clay layers(> 0,5 mm) 

Figure 9 

Mud- and peat detritus content of the barrier deposits in the Haar/em transect. Trend surfaces can be seen rising towards the west. 

Note the area in the western part of the cross-section, approximately free of peat detritus. For legend of background, see Figure 3. 

Mededelingen Rijks Geologische Dienst Nr57 1996 



NW 

tary environmental units are defined (Figure 10). From top 

to bottom: 

8. Beach plain deposits (i n core 9 only) 

7. Dune sands with soils, gyttja and peat beds 

(cf. Jelgersma et al .. 1970) 

6. Berm, beachface and upper shoreface breaker bar 

sands 

5. Upper shoreface slightly bioturbated graded sands 

4. Middle or transitional shoreface bioturbated graded 

sands 

3. Lower shoreface outer sands 

2. Lower shoreface and channel abandonment fine 

sands, silts and clays and 

1. Lower shoreface inner sands with some clay layers 

Units 6, 5 and 4 are mainly wave-influenced, while units 3, 

2 and 1 very probably are mixed wave and tidally influ

enced to varying degrees. 

Of each unit a comprehensive description is given below 

(Figure 12). Comments on the relations between these 

units are presented here. The sediments in the transect 

can be divided into two major units. The upper unit 

shows relatively coarse grain sizes and almost no biotur-

Beach Pole 69 

bation, while the lower unit contains varying amounts of 

clay and shows a variable degree of bioturbation. Gener

ally, these two major units together form a coarsening-up 

sequence. The boundary between these two major units 

is placed at the contact between units 6 and 5. On the ba

sis of the total aspect of these units (see below). the dif

ferences between them are attributed to differences in 

wave energy at the sediment surface: higher and more in

tense above the contact between units 6 and 5 than below 

it. The contact between units 6 and 5 may be regarded as 

the so-called daily wave base. 

The contact between units 7 and 6 rises steadily towards 

the west, to a total of 4.5 m. This boundary is placed at 

the highest occurrence of shells in unit 6. It is interpreted 

as the upper swash limit and as such it is a sea-level 

marker (sensu Roep, 1984). The lowest levels of peat 

growth can be seen to follow this boundary. 

The contact between units 6 and 5 first rises from -5.5 to -

3.3 m to the west (cores 10 to 7) and then drops again 

from -3.3 to -6 mat the deepest point (cores 7 to 4). When 

these data are compared wi th lithological data, it follows 

that this zone is the coarsest. It contains the largest mean 

grain sizes and large amounts of shell material and most 

of the gravel occurrences. It is interpreted as the zone of 

Leyduin 
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Haarlemmer
Groenendaal me er Paider 

2km 1-8 sedimenta ry units of the coastal barrier deposits 

...,. a photograps 

Figure 10 

Sedimentary units 1-8 of the barrier deposits of the Haar/em transect. For photographs of sedimen tary units 2-5 and the explanation of 

these photographs (noted as a-kin the cross-section here), see Figure 11. For a table of the characteristics of the sedimentary units 1-8, 

see Figure 12. For legend of background, see Figure 3. 
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Figure 11a Figure 11b Figure 11c 

Figures 11a-k 

Details of sedimentairy units 2 to 5 (Figure 10) of the barrier cross-section. Photographs by RGD from lacquer peels a-k (Figure 10), core width c. 10 cm. The west is always 

to the right. 
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Figure 11d Figure 11e Figure 11f 

Sedimentary unit 2 (Figures 11a to 11e): lower shoreface and channel abandonment. 

The bedding of this unit is generally small-scale (11b-e), but occasionally composite large-scale cross-bedding is found l11a). Clay layers and laminae are 

sharply bounded upwards and downwards. Bioturbation is sparse (11c-e). Occasional shelly beds (11b) indicate influence of storm-wave derived winnowing. 

These beds occur predominantly in the eastern part of this unit. Note wave-ripple stacking in 11d (upper part). 

Sedimentary unit 3 (Figure 11f): lower shoreface outer sands. 

Probably mega cross-bedded sands, of which the base with some shells is shown in 71f. 
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Figure 11g Figure 11h Figure 11 i 

Sedimentary unit 4 (Figures 11g to 11i): lower transitional shoreface. 

Th is unit is mostly showing fine sandy, graded beds with a concentration of shells and shell fragments at the bases (11g and i) . These graded beds are 

usually covered by thin, bioturbated clay layers (11g, lower part; 11i). Sometimes, low-angle cross-bedding is present, interpreted as Hummocky Cross 

Stratification (11h). 
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Figure 11j Figure 11k 

Sedimentary unit 5 (Figures 11j and 11k): upper transitional shoreface. 

This unit is also showing graded sandy beds, but of a slightly different nature. The beds in this unit show strong shell lags and less bioturbation in the top 

levels of the beds (11j and k). In fact, the beds very often seem to be truncated by the base of the next higher graded bed. Clay layers are also present (1 lk). 
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breaker bars, intertidal beaches and berms. The rise and 

fall of this contact between un its 6 and 5, needs some ex

planation, considering the sea level rise that has taken 

place during progradation of the beach barriers (see sec

tion 4). From core 10 to core 7 the contact between un its 6 

and 5 follows a rising sea level in an upward direction. 

West of core 7, the boundary shows a drop of its level, in 

spite of continued sea level rise. This suggests a change in 

the circumstances that determine the leve l of the contact 

between units 6 and 5. This could be due to two factors: a 

larger tidal range or a higher-energy wave climate (or a 

combination of these). As Roep & Beets (1988) suggested, 

it is not very li kely that a larger tida l range occurred during 

the younger third of the Holocene period, so this possibil

ity can be ruled out, which leaves us with a change in 

wave climate. Although less strongly, the unit 5/4 more or 

less fo llows the same trend. The distinction between 4 and 

5 is not very clear in the east, but from core 8 onwards, it 

can be made with confidence. Other arguments in favour 

of a possibly fiercer wave climate in the coastal area of the 

southern North Sea during the more recent Holocene wil l 

be discussed in the next section. 

The re lations between the lower units are more comp lex. 

The coarse-grained unit 3 only occurs in the west; the 

Sedimentary Description 

units (Fig. 10) 

8 Plane-bedded sands and clays interbedded. 

fine-grained unit 2 in the middle and eastern parts, it 

interfingers with unit 1. These relations wi ll be discussed 

in the next section. 

As may be deduced from Figures 5 (units based on CPT 

data ) and 10 (sedimentary units), these two diagrams are 

very closely related. A distinction between barrier depos

its and under- and overlying deposits is easily made (see 

also Figure 6) . Also, the barrier sands can be divided into 

several un its. Sedimentary unit 2 accords with unit 3 of 

the CPT derived data in Figure 5. Sedimentary unit 2 with 

the lower part of 4a and sed imentary unit 4 (largest part) 

can be compared with unit 4b. Especially the upper boun

dary of unit 4a (Figure 5) can be related to the upper 

boundary of sedimentary unit 5 (Figure 10). This common 

boundary is associated with the transition between the 

bioturbated upper shoreface storm deposits and the gen

erally non-bioturbated sha llow truncated storm deposits 

(see be low). Hence, it can be deduced that the bioturba

tion factor is an important element in determining CPT 

values. This has not previously been realized to this ex

tent, as genera ll y only pure gra in-size factors are consid

ered responsible for these values. Finally, the boundary 

between sedimentary units 6 and 7 (beach sands and 

dune sands) is not we ll reflected in the CPT data: the 

Median sand Environment 

grain size (µm) 

180 beach pla in 

7 Low-angle cross-bedded sands scooop shaped sets; 180 coasta l dune 

root beds, decalcified and structureless horizons; 

thin gyttja and peat beds. 

6 Low-angle cross-bedded sands; plane-bedded sets, top: 235 berm 

occasional clay layers and peat detritus in lower part. 

Layers of shel ls and she llgrit; some micro cross-lamination. basis: 180 intertidal beach/breaker bars 

5 Plane-bedded fine sands; graded from shel l beds to silts 180 transitional shoreface 

and thin clays; slightly bioturbated. 

4 Plane-bedded fine sands and silts; graded from she ll lags to 120 transitional shoreface 

moderate ly to highly biotrubated silts and thin clay horizons. 

3 Moderately-coarse clean sands high-angle cross-bedded. 280 lower shoreface outer sands 

2 Thin clays and wave-ripp led thin sands, interbedded; (180) lower shoreface and 

extensively burrowed; in the east: sand beds interspersed. channel abandonment 

Cross-bedded sands with thin clays; thin she ll beds; 210 lower shoreface inner sands 

slightly bioturbated. 

Figure 12 

Characteristics of the sedimentary units 1-8 (Figure 10) of the Haar/em cross-section barrier deposits. For the indica tions in the right 

column, see Figure 11. 
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boundary between the two uppermost CPT data units is 

situated 1 to 2 m below this boundary. It is assumed that 

the abundance of shell layers in the beach sands is more 

decisive for the difference in CPT values than is the differ

ence in packing of the sand grains in the high beach envi

ronment (firm ) as compared to the packing in the aeolian 

environment (l ess firm) . 

Discussion 

As indicated in Figure 3, all deposits containing a open 

North Sea molluscan fauna are grouped as Older Dune

and Beach Sands. For the interpretation of units 4 to 7, 

the assignment to these deposits is no problem, as men

tioned above. Units 4 to 7 belong to the same generally 

coarsening-up series, eventually giving rise to the pro

grading barrier sequence mostly under the influence of 

shoaling waves and intervening beach plains and/or dune 

slacks. 

Units 1, 2 and 3 require a different approach, because the 

status of these units is much less clear. A comparison 

with recent sediments at the same depth is difficult be

cause these are poorly known. A more elaborate descrip

tion of these units than that shown in Figure 12 is re

quired. 

Unit 3 consists of moderately coarse clean sands with few 

shells. The unit is found in boreholes 4 and 5 only. The 

general bedding type is mega-crossbedding directed to

wards land (Figure 35). Figure 10 shows that the deposit 

thins landwards and covers the western part of unit 2, its 

base slowly rising in the same direction. The unit is dated 

at its base (Figures 29 and 30) about 5,150 y BP. Presum

ably, it occurs up to 1 km further east of core 2 (CPT data: 

see Figure 5). 

Unit 2 generally is a fine-grained Linsen & Flaser unit oc

curring in cores 5 to 9 (Figure 11d). The lower boundary 

of the unit is usually well marked by a molluscan faunal 

change from a tidal to an open North Sea fauna (see sec

tion 3.3.5). The upper boundary is well marked lithologi

cally, but only in the west. Here it is covered by unit 3 

(core 5) or by a pronounced shell lag (cores 6 and 7). 

From core 7 towards the east, the upper boundary is less 

clear: the transition to unit 4 overlying it is gradual. In the 

area of core 9, units 2 and 1 interfinger. Three trends may 

be distinguished: 

1. The sand of the Linsen is fining towards the east, pos

sibly indicating a North Sea provenance of the coarser 

sand in the west. 

2. From core 7 to the east, some much coarser-grained 

deposits were found intercalated into this unit. Several 

of these deposits were recognized as storm deposits 

(in case they were graded). Other deposits are un

graded clean sands, the depositional setting of which 

is not clear. Some could be of tidal origin on the basis 

of the sedimentary structures. 

3. There appears to be a change in the degree of wave 
influence from west to east. Cores 5 and 6 probably 

show wave-rippled sand layers. Wave-ripples are 

found in core 7, while further east micro-crossbedding 

is found, which was probably brought about by tidal 

action. 

Unit 1 shows micro-crossbedding with some clay Flasers, 

changing into a sandier facies towards the top, i.e. the 

unit shows a slight coarsening-up trend. This unit is gen

erally sandier than unit 2. There may be a gradual change 

from unit 2 to 3. A basal lag is found in core 10. 

It is very difficult to interpret satisfactorily the facies rela

tionships of units 1-3. Van Straaten faced the same prob

lem in the cross-section near The Hague. The western 

part of his section contained two coarsening-up se

quences: an upper sequence comparable to our units 4-7 

(8) and similarly interpreted as a prograding coastal bar

rier and a lower one. The lower coarsening-up sequence 

was tentatively interpreted by Van Straaten as a landward 

moving subtidal bar as part of a system of shoreface con

nected ridges. 

Unfortunately, the nature of such ridges (of which there is 

a large field in the present-day shoreface) is poorly under

stood and even the internal sedimentary structures are 

poorly known. Currently, these ridges are being studied in 

detail by Van de Meene (Utrecht) . 

Returning to the problem of interpreting units 1-3 of the 

Haarlem section, the following summary may be pre

sented: 

1. The units were deposited in a North Sea setting (pres

ence of Spisu/a subtruncata) and not in a back-barrier 

or (active) inlet setting; 

2. The units were deposited in water deeper than the 

shoreface, which was situated further east at the time 

of deposition (see Van der Valk, 1996, this volume). 

Correcting for sea level rise, the palaeodepth of the 

top of the sand of unit 3 must have been at about 9 to 

12 below MSL of that time; 

3. In units 3 and 2 wave activity must have played an im

portant role (presence of wave-rippled Linsen & Fla

serbedding in core 7); landward fining of sand in the 

Linsen & Flaser bedding; landward shift of sand of unit 

3 over unit 2 and the landward mega cross-bedding of 

unit 3. Towards the east (cores 8, 9 and 10) the situa

tion is further complicated by sandy influxes derived 

from more near-shore positions. 

4. The evolution of the Dutch coastal barriers from more 

open tidal inlets between barrier islands (pre 5,500 to 

4,500 y BP, depending on site from south to north) to

wards more closed barriers afterwards also implies a 

change in the major processes affecting the coastal 

sands from more tidal towards more wave activity. ( 

N.B., an interesting parallel is at present developing in 

the present-day area of Zeeland !). 

Units 1-3 therefore may be interpreted not only as shore

face connected ridges (Van Straaten's interpretation), but 

also as the seaward parts of tidal systems. 
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Indeed, during most of the time it took to deposit this 

unit, the Haarlem tidal inlet was situated only c. 10 km to 

the north. 

For the moment there are two options to adequate ly de

scribe units 3 and 2: either as shoreface connected ridge 

deposits or as (part ly) wave reworked ebb tidal delta de

posits. Preliminary data by Van de Meene (pers. comm .) 

do not show a landward movement of the ridges. Further

more, ridge sands and trough sands are similar in 

present-d ay settings, except for bioturbation and a de

gree of sorting. These characteristics seem to be absent 

in our section. Here, the contrasting facies of units 3 (

clean sands) and 2 (Linsen & Flaser bedding) interfinger 

(Figure 10). Limited bioturbation in both units suggests 

rapid deposition. 

These units are here interpreted to have resulted from 

rapid reworking by waves of ebb tidal sands. The rarity of 

bioturbation traces and also dead shells is in support of 

this interpretation (for the present-day situation in the 

transitional area between tidal inlets and the North Sea in 

Zeeland, see Craeymeersch et al., 1989). 

Few sequences of this type are wel l co red (cf. Elliott, 

1986), which means that the sed imento logy of this type of 

deposits is poorly known. This obviously hampers the 

construction of a sedimentary model. A recent analogue 

of the Holland shoreface should be constructed, prefer

ably in a similar environmenta l setting. Fortunately, there 

is the 'graded shelf' model of the German Bight (Aigner & 

Reineck, 1982; Aigner, 1985). A major difference exists, 

however: the tidal amplitude in the German Bight is 

larger than that off the Holland coast (Hayes, 1985). In ad

dition, the coastal morphology in the German Bight is 

slightly different. The German Bight is an essentia lly open 

coast consisting of a row of short and stunted barrier is

lands with intervening deep tidal channels. To a certain 

extent, a scale difference also exists. The German Bight 

area from barrier beach line to mainland has a width of 45 

km, while the area of a Holland coast model comprises 

approximately only half this width . The graded shelf 

model of the German Bight is found in the same climatic 

zone, even in the same sea. This could indicate that a 

model, derived from this graded shelf concept with some 

modifications for the Holland barrier coast, would seem 

suitable. These modifications are: 

1. the incorporation of dominance of storm influence 

into the genesis of the barrier deposits below the level 

of the breaker bars and 

2. the importance of the extremely shallow bathymetry 

of the southern North Sea. 

Other features that should be incorporated into the sedi

mentary model are wave climate and position of cross

sections, as discussed below. 

The wave climate (determined by the pattern of wave 
height and wave period) should be regarded in connec

tion with the shallow bathymetry in the coasta l area of the 

southern North Sea. This wave climate is generally 
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thought to have shown only moderate changes during 

the Holocene. (Recent) study has revealed that subordi

nate changes in general wind directions and in wind 

strength have taken place during the last few centu ries 

c.q. tens of years (Van Straaten, 1961; Hoozemans, 1991). 

However, long-term trends affecting coastal morphology 

cannot be extracted from these data. During the Subbo

real , when the sea level rose from about - 4 m NAP to 

about -1 m NAP, wave influence was strong. Should the 

same significant wave height pattern as found today have 

been present, this wou ld have influenced the sea bottom 

much further from the coast than it does in the present

day situation (cf. Ribberink & Al-Salem, 1991). This could 

mean a significant transport of sand to the coast. 

As far as the positions of both cross-sections in the bar

rier sequence cored so far are concerned(the cross-sec

tion studied by Van Straaten (1965) south of the River 

Rh ine and the one studied in this paper), these are located 

in interfluvial position, or rather, half-way between two 

river outlets (and/or tidal inlets) (Figure 1). These sections 

can be expected to show the strongest wave influence op

posed to tidal influence. Other parts of the barrier com

plex, near the outlets and mostly to the south, show bar

rier-inlet sequences (Roep et al., 1991). These sequences 

show a much larger influence of tidal cu rrents (mega rip

ple cross bedding for the bottom part). 

Comprehensive descriptions of facies models of prograd

ing barrier deposits may be found in McCubbin (1981 ), 

Reineck & Singh (1980) and Elliott (1986). All barrier se

quences, whether from areas with a moderate or a strong 

wave climate, described in the literature have a sing le 

coarsening-up sequence in common. However, a closer 

look at the Mexican Nayarit sections described by Curray 

et al. (1969) reveals features resembling the sequence 

seen in the western Netherlands. 

All barrier facies models described in the literature men

tioned above emphasize the importance of storm sedi

mentation. For recent discussions on the origin of the so

called 'Hummocky Cross Stratified' (HCS) beds, reference 

is made to Leckie & Krystinik (1989), Duke (1990), Arnott & 
Southard (1990) and Myrow & Southard (1991). These 

discussions focus on the question of how ancient storms 

have influenced shal low marine deposits, and whether 

they originated under flows such as the ones observed in 

modern settings, or were laid down under storm-gener

ated turbidity current conditions as suggested by geologi

cal evidence (Duke, 1990). The most recent approach by 

Duke et al. (1991 ) advocates that shore-normal transport 

of coarse bedload (e.g. shells) on the inner shelf and 

shoreface is caused by the interaction of oscillatory bot

tom currents and a shore-oblique bottom current driven 

by coastal downwel ling, which is geostrophically ba l

anced. Turbidity currents are not required to form HCS 

beds; waning-storm or swell waves could be responsible 

for much of the HCS in the stratigraphic record (Duke et 

al., 1991 ). Because of the overall graded nature of individ-
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ual beds of sedimentary units 2, 4 and 5 and the respec

tive positions of these units in the barrier sediment body 

(Figure 10), the Holland coast is regarded by the present 

author as a storm-depositional system below daily wave

base (Van der Valk, 1992). 

Before the Holland coast facies model is presented in 

more detail (section 3.5), (bio)stratigraphical tools will be 

discussed. 

3 .3 Biostratigraphy 

3 .3.1 Introduction 

Several cored boreholes were analyzed for diatom (4 

cores ), foram (2 cores) and molluscan contents (3 cores) 

for palaeoecological and biostratigraphical purposes 

and/or correlation. The diatom analysis was performed by 

De Wolf (1986, 1988). The foram content was studied by 

Neele (1988, 1989), while the molluscan content of three 

boreholes was investigated qualitatively and quantita

tively by Meijer (pers. comm.), and the remainder of the 

bailer samples (sieved at 2 mm) of all boreholes was ana

lyzed qualitatively by the author. Pollen analysis was also 

Beach Pole 69 

performed on all land-based boreholes. All boreholes 

containing barrier deposits (8 in all , of which one was not 

incorporated into the section because of its position sev

eral kilometres to the north at Spaarnwoude (Figure 4) 

were sampled. Four boreholes were analyzed by the au

thor and four by the palynological section of the labora

tory of the Geological Survey at Haarlem. 

3.3 .2 Diatom analysis 

As shown in Figure 13, diatom analysis was not restricted 

to the barrier deposits. The underlying Calais Deposits 

were also included. Clays as well as sands were sampled. 

For methods used reference is made to De Wolf (1985) and 

Vos & De Wolf (1988). The results are summarized below. 

Two assemblages of diatoms are distinguished, the first 

of which is divided into two sub-assemblages: A and B 

(Figures 13 and 14) as subdivisions of the Cymatosira be/

gica Assemblage (Vos & De Wolf, 1988) and a barren as

semblage C. 

Sub-assemblage A is characterized by Cymatosira belgica 

(35-50%) and the occurrence of the fragile species, Scele

tonema costatum. Sub-assemblage B is characterized by 

10 

SE 

11 

Leyduin 
Haarlemmer

Groenendaal meer Paider 

-3 o ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.-~~~~~~~~~~-

~ ~ 

2km 

Figure 13 

without C. belgica ) Cymatosira 
belgica 
di atom 

w ith C. belgica association 

CD no diatom s 

Diatom zones in the Mid- and Late-Holocene coastal deposits of the Haar/em transect. After data RGD (H. de Wolf). For legend of 

background, see Figure 3. 
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a much lower percentage of Cymatosira belgica and the 

disappearance of the fragile species. It is remarkable that 

the distribution of sub-assemblage A is not restricted to 

the channel facies of the Calais Deposits, but occurs also 

in the generally, but not exclusively, fine-grained lower 

barrier deposits (Figure 13). 

Sub-assemblage B occurs only in less deep water in the 

east, but its top shows a distinct drop towards the west. 

Estimates of water depth at the time of formation are (in 

m respective to MSL at the time of deposition in Figure 

13): 0 to max. -7 m for core 9; 7 to -7 m for core 7; ? to -11 

m for core 5 and; 7 to -18 m for core 2. 

In cores 5 and 7 the barren assemblage C was found in 

parts. This may be explained as follows: At first, this lack 

of fossil diatoms did not seem to be in accordance with 

the expectations as all investigated strata are marine, 

subtidal deposits. Several factors may have contributed 

to this non-preservation of diatoms. First ly, Recent North 

Sea bottom sediments are often devoid of diatoms. This 

cou ld be due to the fact that during the growth season of 

the diatoms, several successive algal blooms take place 

which make use of the same volume of dissoluted bio

genic silica. The amount of this type of silica is limited 

and, hence, it is re-used over and over. Deposition and 

preservation of diatom skeletons may become a rare 

event in this way in the present-day North Sea (Leewis, 

1985; De Wolf, pers. comm.). Secondly, the effect could be 

post-depositional in the sense that diatoms may have 

been present at first, but have since disappeared. Rain im

mediately infiltrates a barrier sand body once it is depos

ited, especially when coastal progradation occurs. Bio

genic silica tends to dissolve rapidly in infiltrating fresh 

water (Zuurdeeg, 1979). This may apply more specifically 

to an area in wh ich artificial replenishment of ground wa

ter takes place to compensate extraction of ground water 

for drinking water, as is the case in the study area. In fact , 

Zuurdeeg (1979), mentioned a remarkably high content of 

dissolved silica in ground water underneath dune areas 

due to 'dissolution of biogenic silica' or 'reactions of 

groundwater with clay minerals'. In this respect, Stuyf

zand (1987) described the water type which naturally oc

curs in the barrier deposits of the western Netherlands. 

This water type contains a high amount of dissolved Si02. 

A possible source for this Si02 could be the biogenic silica 

of the diatoms in the predominantly sandy sediments. 

That barrier sediments are partially barren of diatoms is 

thought to be due to both recycling of the biogenic silica 

and post-depositional dissolution by rain water, the main 

argument being the fact that diatoms are found in all 

samples of borehole 9. This borehole is situated in an 

area which formed part of the rapidly prograding Early

Subboreal coast. A high depositional rate (with many clay 

layers and laminae) caused rapid burial of diatoms. This 

borehole is also situated beyond the infiltration area, 

which makes the sediments in the borehole less prone to 

dissolution. 

This indicates that the different assemblages represent 

respectively : 

A: deeper water, with moderate wave influence. The 

characteristic diatom Cymatosira belgica indicates the 

presence of considerable shallow North Sea areas (es

timated depth averages 8 m below MSL because of 

light requirements of this species) in which the species 

could survive, somewhat sheltered from direct wave 

action as indicated by the presence of Sceletonema 

costatum. Seeing that modern percentages are much 

lower ( H. de Wolf, pers. comm.), this suggests that 

during early progradation a much larger area of the 

North Sea coast was not deeper than 8 m. In view of a 

4 m lower sea-level and less steep shoreface gradients 

(cf. Figure 31) this assumption seems reasonable . It is 

remarkable that this sub-assemblage occurs both in ti 

dally influenced sediments of the Calais Deposits and 

in the lower and older, more wave-dominated barrier 

sed iments, which suggests few changes in living con

ditions for diatoms. High depositional rates can be in 

ferred for both these types of sediment (limited biotur

bation and very few infauna; see also section 3.2. 

B: less deep water at first, but deeper during the later 

phase of coastal progradation wi th a stronger wave in

fluence. 

C: the result of the diffuse intermingling of two separate 

processes (primary non-deposition and dissolution ), 

leading to the same result: the disappearance of bio

gene silica, i.e. diatom tests. 

Diatom zonation Main species Accessory species Sedimentary environment Lithostratigraphy 

c (barren) beach-barrier sands Older Dune 

and 

Cymatosira B Cymatosira belgica Rhaphoneis aphiceras Beach Sands 

belgica low or absent R. surirella 

Assemblage 

A Cymatosira belgica Sce/etonema costatum tidal-channe l sands Calais Deposits 

35 to 50% Thalassiosira decipiens 
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Diatom zonation of 

the Mid- and Late-Holocene 

coastal deposits in 

the Haar/em transect. 

After data RGD (H. de Wolf) . 



It follows that diatom assemblages in the barrier deposits 

may be better used to interpret sedimentary facies rather 

than provide a biostratigraphical zonation. Sub-assem

blage A fossilized only when the sedimentation rate was 

high, as was the case during the depositional phase of the 

Calais Deposits and of the early barrier sands. Apparently, 

conditions for deposition and preservation of the diatoms 

did not change considerably, although the environment 

changed from a tide-dominated coastal inlet in a wave

dominated shallow North Sea. When the rate of coastal 

progradation slowed down during the Subboreal, wave 

action increased, which led to fossilization of sub-assem

blage B. During the last phase of coastal evolution, prog

radation slowed down to such an extent (or even turned 

into erosion), that syn- or early post-sedimentary dissolu

tion could occur. Recent silica leaching by artificial infiltra

tion waters may have caused further dissolution of di

atom tests. 

3.3 .3 Foraminifera analysis 

Cores 5 and 7 were analyzed for Foraminifera (Neele, 

1988; 1989). Core 5 penetrated only barrier deposits, 

wh ile core 7 contained barrier deposits as well as older ti

dal deposits. These tidal deposits could be distinguished 

from the barrier deposits on the basis of a low degree of 

fauna! spreading (as defined by Walton, 1964) and by a 

very low Percentage of Selected Sessile Species (PSSS) 

for the tidal deposits in comparison with the barrier de

posits. 

No biostratigraphical zonation could be established 

within the barrier deposits. This was to be expected, as 

barrier formation is rapid, which is why it was not to be 

expected that during this short period biostratigraphically 

important changes in the fauna would occur. However, 

some minor changes were visible which are as follows: 

Fauna! dominance (Walton, 1964) and PSSS do not show 

any systematic change from core 7 to core 5, nor within 

each core. Fauna! spreading only shows a decline to

wards the top of both cores, but no changes occur from 

one core to the other. The reported changes, together 

with the species composition of some samples, i.e. 'h igh 

tidal flat/ tidal marsh ' (Neele, 1988) in a subtidal position 

definitely point to reworking of foram tests on a large 

scale. These changes should therefore be interpreted as 

variation according to depth (or to energy level, obviously 

related to depth) of the individual deposits. When foram 

analysis results are interpreted in this way, it is obvious 

that there is a much more diffuse relationship between 

foram occurrences and depositional environment at this 

time scale of a mere 3,500 years. Hence, no biostrati

graphical conclusions can be drawn. The number of data 

is considered to be insufficient. If sufficient data had been 

available, numerical techniques could have been applied 

to investigate the fossil -sediment relationships . This ap

proach is discussed in the next paragraph. 

3.3 .4 Pollen analysis 

General 

The period during which the Older Dune- and Beachbar

rier Sands were deposited, i.e. the end of the Atlantic, the 

Subboreal and the Subatlantic, is not characterized by 

significant vegetationa l changes in the Western Nether

lands. A slightly warmer period is assumed to have oc

curred during the Atlantic and the Subboreal (Zagwijn, 

1986). Observed changes are mainly related to human ac

tivities, but it is not very likely that these activities we re 

reflected in the pollen deposition in the shallow North 

Sea at that time, which the diagrams presented here 

show. As a reference for the pollen zonation in the West

ern Netherlands, usua lly Zagwijn's (1986) zonation is used 

(Figure 15). It will be shown that the applicability of this 

zonation for the diagrams presented here is limited. For 

instance, there is the very early occurrence of substantial 

percentages of Fagus pollen in the Early Subboreal, due 

to fluviatile transport from the present-day southern Ger

man area. In the classic scheme, based on aeolian trans

port only, Fagus pollen first appears in high frequencies 

not earlier than 3,000 BP. A slightly different approach is 

used at first to analyze our pollen analytical data . This 

analysis will then be compared with the results from the 

more usual approach. 

Aims 

The main reason for analysing the pollen content of the 

sediments was the wish to be able to establish a high-res

olution (chrono)stratigraphic framework, and to compare 

the palynological data with other (chrono)stratigraphic 

methods, especially 14C analysis. 

At this point it is necessary to recall Zagwijn's (1965) find

ings, he used changes in pollen composition of spectra 

from clayey beds within barrier deposits (which were re

lated to changes in sea-currents, wave action and riverine 

influence) for chronolog ical correlation within the beach 

barrier complex. On this he concluded that very flat gra

dients had existed in barrier deposits during progradation 

of the Dutch coast. 

In order to compare 14C-based gradients with pollen-based 

gradients, two 14C samples were obtained from the west

ern part of the cross-section at The Hague studied by Van 

Straaten (1965) and Zagwijn (1965) at an early stage dur

ing the present investigation. Predicted 14C values were 

based on the flat coastal gradients, as assumed by Zag

wijn (1965) and Van Straaten (1965). The results of the two 

samples, however, were not in agreement with the predic

tions. A difference of some 600 14C years emerged, the re

sult being younger than the predicted 14C age. For full re

sults reference is made to De Gans et al. (in prep.). This 

result indicated that the concept of reconstructing coastal 

gradients on the basis of pollen analytic co rrelations on 

the scale previously employed (the Ulmus decline is not 

incorporated into this issue), is open to discussion. 
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Methods 

Of every clay layer or lamina selected for analysis, a vol

ume of 2 cc (in exceptional cases 4 cc) was extracted from 

the cores. Pol len samples were treated as follows: After 

coarse sieving and rinsing, acetolysis was performed 

along the lines described by Erdtman (1954). Clay was re

moved with HF 40%. The pol len samples were studied at 

the Free University (4 borings) and at the Geologica l Sur

vey (4 boreholes) by means of light microscopy tech

niques. In the diagrams all Cainozoic pollen types are rep-

14
C years ea I.AD/BC geological subdivision pollen pollon'"•lvtld .. t"'°' I 

BP zonation 

(Ka) Vb2 Mais 
Fagopyrum 

* Centaura 
Secale 

1-

8th 
century 

Late Holocene Subatlantic Vb 1 Fag us >5% Carpinus >1% 

I AD 2 I 

Va Carpinus <1% I 
1100 BC 

I 
3 

I 

/ 2100 BC 
I 

4 - Subboreal I Va Fag us> 1% 
Ulm us <5% 

I 
* Cerealea 

5 3850 BC - Middle Holocene 

6 I 

Atlantic Ill Alnus,Ouercus 

I 
dominating 
Ulm us >5% 
Pinus declining 

7 

8 - (not we ll known) I 

I 
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Pollenanalytic zonation 

of the Holocene of 

the Netherlands. 

*Indicates pollen types 

typically reflecting 
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After Zagwijn (1986). 



resented by a single curve. The pollen sum is composed of 

200 tree pollen (Arboreal Pollen or AP) grains, but occa

sionally, when pollen contents was very low, a sum of only 

150 or 100 AP grains was counted. The composite data set 

of relative pollen and palynomorph counts was stored in 

the RGD data base to facilitate uniform handling. In view 

of the unpredictable time resolution, no concentration 

counts were performed. Diagrams were plotted using RGD 

facilities (Figures 16a-h ). The species were plotted on the 

format of the so-called 'Holocene diagram of coastal 

dunes', meaning that species were grouped ecologically. 

Results 

The results of the pollen analysis are given in diagrams 

(Figures 16a-h). From these diagrams a zonation was not 

immediately apparent. As a consequence, an attempt at 

zonation was made using the computer program CONS

LINK (Gordon & Birks, 1972, 1974) to see whether it was 

possible to detect any zonation by means of computer 

analysis. This zonation program is based on the distribu

tion and changing frequencies of pollen. The resultant zo

nation (local zones per diagram) and some of the charac

teristics of the local zones distinguished are given in 

Figure 17, whi le in Figure 18 these local zones are indi

cated on the transect, with the exclusion of borehole 12. 

This borehole in the oldest barrier ridge was analyzed pa

lynologically, but is situated c. 9 km north of the transect, 

and is therefore not incorporated into the section. 

From Figure 17 it is apparent that the four easternmost 

boreholes may be divided into three zones, while the four 

westernmost boreholes show two zones each. A compari

son between the zones of adjacent boreholes offers no 

correlations. Only sporadically do individual taxa show 

systematic trends in development. No further attempts at 

zonation were made. 

In spite of these difficulties, attempts were made to estab

lish isochrons with palynological means (cf. Zagwijn , 

1965) in the beach barrier sands. Before discussing the re

sults of this method, it may be useful to consider the 

mode of origin of the deposits from which the pollen 

samples were taken . All samples consisted of clay (usu

ally sandy and occasionally slightly humic or clay with 

fine peat detritus). Peat detritus mainly occurs in the more 

easterly barriers and in the west in the barrier deposits 

above -10 m (Figure 9) . 

In the present-day shallow North Sea there are several pos

sibilities for deposition of clay laminae (< 5 mm) or clay 

layers (> 5 mm ). According to Eisma (1968, fig. 54), a con

tinuous band of some 10 km width is present in the recent 

North Sea, in which at least 1% of the bottom material con

sists of particles smaller than 50 µm: silt-clay. This fine

grained material originates from various sources (Eisma, 

1990): from the rivers debouching into the North Sea, from 

reworking of older Holocene fine-grained deposits along 

the coast or from the Atlantic Ocean and the Channel area. 

The total influx amounts to some 50 x 106 tonnes per an-

num. As the major topographic features of the southern 

North Sea Bight have not changed to a large extent since 

the formation of the beach barrier belt, there seems to be 

no reason to assume the existence of another North Sea 

hydrographic reg ime on that scale, or of a different input of 

fine-grained sediment. Nevertheless, some restrictions 

should be kept in mind when accepting the present-day sit

uation to be the analogue of the former situation. A major 

factor would be a utterly different position of river outlets, 

but this has not been the case. The pollen contents of the 

samples reported upon here indicate a strong dominance 

of the River Rh ine as a major source of fine-grained mate

rial and a very restricted influence of other sources. This is 

not in accord with present-day mud sources along the Bel

gian-Dutch coast, which are supplied primarily through 

Dover Stra it. The proportion of River Rhine mud is esti 

mated at 14-30% (Van Alphen, 1990). Probably, the bay-like 

palaeogeography at about 5,000 y BP of the area between 

the present-day locations of Hoek van Holland and Alkmaar 

(Beets et al., 1992) has caused preferential deposition of 

Rhine-derived mud in this area. Also, the mud supply from 

Dover Strait may have been much less during the Subbo

real. The developments in this area during the Subboreal/ 

Subatlantic are poorly known. 

At present, the fine-grained material is carried in suspen

sion towards the shore and tends to stay there (Eisma, 

1968). There are several explanations for the fact why this 

material is liable to stay in this shore zone (Eisma, 1968, 

1990): 

1. The residual bottom current is directed mainly to the 

shore; 

2. The direction of the tidal current is directed mainly 

parallel to the shore, implying a longshore instead of 

offshore movement of the fine-grained material; 

3. Frequently, fronts come into existence due to outflow

ing river waters . The lighter fresh river water is 

pushed over the heavier salt water of the North Sea. In 

the front zone between the two a concentration of sus

pended and floating particles is present and forms a 

zone of flocculation . This leads to increased settling of 

fine-grained sediment. River plume fronts have been 

observed parallel to the Dutch shore several tens of 

kilometres out (Becker et al ., 1990), and are likely to 

play a role in the sedimentation of fine-grained mate

rial to the east of the front; 

4. A scour lag effect is operational and 

5. Waves cause the fine-grained material to move shore

ward (except for the upper foreshore, where daily 

wave activity removes any fines). 

These effects are counteracted by rip currents and diffu

sion. Net effect of all mentioned processes is a concentra

tion of fine-grained material near the shore in the -5 to 

-15 m depth zone (Eisma, 1968). 

Judging from the amount of clay layers preserved in the 

barrier deposits, the preservation potential of these clay 

layers must have been high . On the other hand it is clear 
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Pollen types Boring no's 

etc. 4 

Alnus 

Fag us 

Picea 

Abies 

Tilia 

Ulm us 

Pin us 

Gramineae 

Chenopod. 

Ericaceae 

Sphagnum 

Polypodium 

Pteridium 

Drypt. I The!. 

Pediastrum 

Alnus 

Fag us 

Pie ea 

Abies 

Tilia 

Ulm us 

Pin us 

Gramineae 

Chenopod. 

Ericaceae 

Sphagnum 

Po/ypodium 

Pteridium 

Drypt. I The/. 
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Zonation characteristics of barrier deposits pollen diagrams in the Haar/em cross-section (focal zones; see Figure 18). No's 4 - 12 at the 

top of the diagram refer to cores (see Figure 18). Indicated in figures are percentages; otherwise relative criteria. 
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NW 

that certainly not every clay layer or lamina deposited, 

has been preserved. In that case, many more fine-grained 

layers should have been encountered. 

Clay deposits in the beach barrier sediments are esti

mated to take a maximum of 10% of the total volume of 

sediments. They are encountered as: 

1. clay lamina, generally 2 to 5 mm thick; 

2. clay layers, thicker than 5 mm and occasionally up to 

10 cm thick, and 

3. bioturbated clay worked into the underlying deposits. 

The description already suggests that not all clay deposits 

have a similar origin. Of the formation of such layers little 

is known. Thi n clay lamina may form in very short peri

ods, a turn of the tide may suffice. For thicker clay layers 

other sea states, e.g. more prolonged quiet condit ions or 

shelter from the waves by longshore bars, would be re

sponsible. A period of several days or even weeks of fair 

weather with easterly winds could lead to thicker clay de

posits in the shallow North Sea without intervening sand 

deposition. At present, for instance, such conditions pre

vai l during spring and ea rly summer. Bioturbated clays 

require at least one season to form (settlement and 

growth of invertebrates and relatively high temperatures). 

Wave-reworking during the story counteracts bioturba

tion (Aigner & Reineck, 1983). 

Beach Pole 69 

2km 

Figure 18 

Sampling strategy was directed at full coverage of the en

tire barrier belt at the 0.5 m interval in each borehole. For 

this reason , it was impossible to sample only one type of 

clay layer. All three types had to be sampled. 

Provenance of pollen 

All pol len and palynomorphs in the boreholes are of sec

ondary origin. Zagwijn (1965) distinguished three catego

ries: 

1. pollen reworked from older deposits; 

2. pollen from the mid-European continent transported 

by the large rivers; 

3. pollen from the coastal fluviatile and perimarine plain 

of the central Netherlands and pollen of the coastal 

area occupied by beach barriers and tidal deposits. 

In discussing these pollen groups, it should be borne in 

mind that the field of elastic palynology is a rapidly evolv

ing science (e.g. Traverse, 1988). The fact that the pollen 

samples originate from elast ic sediments, indicates that 

great care should be taken in interpreting them. Diagrams 

for the back-barrier (peat) area from the same time period 

as during which the formation of the barrier deposits took 

place, are extremely sca rce (e.g. Witte & Van Geel , 1985). 

Moreover, they cannot be compared easily with the 

coasta l dune diagrams because of different vegetational 

Levduin 

SE 

10 11 

Haarlemmer
Groenendaal meer Paider 

Local pollen zonation (per core) of the barrier deposits in the Haar/em transect according to CONSLINK (explanation see text). Core 12 

(Figure 17) is not situated on this cross-section: see for location near Spaarnwoude Figure 4. For legend of background, see Figure 3. 
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development (Jelgersma et al., 1970) and the short dis

tance over which pollen of the dune area vegetation 

spreads into surrounding areas (Van der Valk, 1979). 

Pollen reworked from older deposits 

Definitely Mesozoic, Cainozoic and Early/Middle-Pleisto

cene pollen is frequently observed in the samples, but 

values never reach more than a few percent. Their pres

ence is assumed to be due to reworking from older de

posits outcropping at the North Sea seafloor, and to trans

port by the large rivers from the mid-European continent, 

where deposits of the appropriate age are being eroded. 

Another source of reworked pollen may be Eemian (last 

Interglacial) deposits. One of the few pollen types which 

was probably reworked from deposits of that age is Carpi

nus. From the diagrams it appears that Carpinus pollen 

were encountered only rarely, less than 2%, in the sam

ples of the older beach barrier deposits. These results are 

in agreement with those obtained by Zagwijn (1965). 

Polle n from the mid-European continent 

As indicated on the maps of Holocene vegetational 

changes in Europe published in recent years (e.g . Huntley 

& Birks, 1988; Huntley, 1988) a number of tree species has 

experienced a marked development during the period in 

wh ich the beach barriers of the western Netherlands 

formed. Based on pollen representation in diagrams, 

some tree species show rapid spreading (Fagus, Carpi

nus), other species remain in a status qua (Abies, Picea) 

and still others show a decline (Ulmus, Tilia). Pollen of 

these (and other species) have been found in coastal bar

rier deposits, so it can be expected that some of the de

velopments in the hinterland are reflected in the pollen 

content of the coastal deposits, predating the immigra

tion of these species to the coastal zone of the western 

Netherlands. 

During the period of formation of the deposits from which 

the samples were taken, the main outlet of the River 

Rhine was situated some 20 km to the south. This implies 

that the larger part of the fine-grained deposits with its 

pollen content would have originated from this river, as 

explained above. Hence, any development in the compo

sition of the pollen content of the River Rhine may be ex

pected to be reflected in the barrier deposits. 

Taking Fagus as an example, some of the problems in 

interpreting the pollen diagrams become obvious immedi

ately. It is generally accepted that Fagus sylvatica has 

grown in the Netherlands since 3,800/3,500 BP (e.g. Jans

sen & Ten Hove, 1971). In the diagrams here presented, 

however, Fagus already shows continuous curves prior to 

5,000 BP and between 5,000 BP and 4,200 BP at least one 

peak value of 20% occurs (Figures 16a-h). Another exam

ple, again Fagus, may be presented for the westerly bar

rier sediments. In two boreholes (Flesseveld, Figure 16a; 

Strandweg, Figure 16c) in the post-3,000 BP part of the 

barrier complex, a peculiar trident saw-tooth pattern of the 

Fagus curve appears. A correlation appears self-explana

tory. In between these two boreholes, however, borehole 

y 
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Duizendmeterweg (Figere 16b) does not show this trident 

pattern. Since the same sampling strategy was followed 

for all three boreholes, it is unlikely that the trident pattern 

was missed in the central borehole. This indicates that this 

trident should not be used for correlation purposes. A sim

ilar development is noted for Carpinus pollen. From 3,000 

BP onwards Carpinus pollen is continuously present in the 

samples, which cannot have originated from Carpinus 

trees in the Netherlands (Janssen & Ten Hove, 1971), be

cause this genus first appeared c. 1,800 BP. 

The conclusion may be that correlations on the basis of 

palynological analyses cannot be made in a direct way, 

even in the case of species that are known to have had an 

immigrational history in NW Europe in the time interval 

studied, and of which pollen encountered in the shallow 

North Sea deposits may have been originated. 

Pollen of the mid-Netherlands coastal plain 

and the coastal barrier area 

In the period concerned (the second half of the Holocene), 

an extensive marsh was present in the western Nether

lands. Brackish at first, soon a freshwater marsh and after 

that in the areas in between the river branches, extensive 

'Hochmoor' development took place. For details, refer

ence is made to Zagwijn (1986). The vegetation bordering 

the main course of the River Rhine and other river 

branches will undoubtedly have contributed to the pollen 

content of the river water. Forest communities of the Al

nus swamp forest and the Ulmus-Fraxinus-Corylus levee 

forest would mainly have been present. 

A distinction should be made between pollen of the bar

rier area itself, involving dune-sand based floral commu

nities and pollen from estuarine halophytic environments. 

Indeed, of both environments distinct elements are 

present. 

Numerical analysis 

G e neral 

As mentioned above, no clear pollen analytic relation

ships can be found between the studied boreholes on the 

basis of the 15 commonest species. Numerical methods 

may be employed to compare pollen sequences and find 

major patterns of stratigraphical change within and 

between pollen sequences from specific geographical or 

ecological areas (i.a. Birks & Gordon, 1985). Recently, Ran 

(1990) has shown that these techniques can also be used 

for palaeoecological reconstructions in elastic environ

ments. A good reason for applying ordination techniques 

is to find out whether or not any important ecological var

iable has been overlooked (Jongman et al., 1987). Even if 

these methods cannot be a substitute for ecological data 

(Birks, 1986), they can provide an insight into the causes 

of Quaternary biotic and environmental changes. 

Therefore, it appeared promising to apply numerical tech 

niques to try to find relations (time or origin) between the 

various boreholes based on palynological evidence. In 

view of the more or less homogeneous character of the 

data set, Principal Component Analysis (PCA) was ap

plied. Use was made of the PAIS program in the Macin

tosh environment, operational in the Department of Paly

nology and Paleo-actuoecology of the Hugo de Vries 

Laboratory of the University of Amsterdam. The aim of 

this operation was to detect whether or not similarities in 

species composition existed. 

Results 

At first sight the results were somewhat disappointing. 

The two principal axes only account for less than 40% of 

the total variance. This low figure should be kept in mind, 

as it influences expressiveness of the conclusions. Never

theless, some remarks can be made as to the distribution 

of the species within the three-d imensional space, the rel

ative position of the spectra and the distribution of the 

spectra over the sedimentary units that were distin

guished (Figure 10). 

Th e distribution of the species 

In Figure 19 the ordination patterns of all species used in 

the PCA are shown. Two imaginary axes (A and B) are 

drawn, based on the appearance of species points. Three 

genera, Cory/us, Tilia and Ulmus, (CTU) form a cluster at 

the left-hand side of axis A. This axis is almost perpendic

ular to axis B. Along axis B the remainder of the species 

can be found. At the bottom part of axis B, a cluster of Fa

gus, Picea, Abies and Potamogeton (FPAP) is found. On 

the other end of this axis a cluster is found of the herbal 

genera Typha, Chenopodiaceae and Compositae Tubul i

florae (Comp. Tub ). The tree genus Betula and, to a lesser 

extent, Sa/ix are thought to belong to this cluster (TCSB) 

as well. 

On the basis of species composition per group and the 

configuration of the groups relative to each other, this dis

tribution is tentatively linked to the provenance areas of 

the pollen of these species (Figure 20) . The CTU group of 

species is linked to the mid-Netherlands area. The FPAP 

group is linked to far-away sources, the mid-European 

cont inent. The predominantly herbal group is linked to 

the coastal area itself. Species present in more than one 

area can be seen grouped around the origin of the axes 

(Alnus, Ouercus). 

Local coastal 

area 

Betula, Typha, 

Chenopodiaceae, 

Compositae tub., 

Sa/ix 

Figure 20 

Mid-Netherlands 

area 

Cory/us, 

Ulm us, 

Tilia 

Mid-European 

area 

Fagus, 

Picea, 

Abies, 

Potamogeton 

PCA derived division of species over the three source areas. 
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In view of the fact that the clusters representing the mid

European area and the coastal area are found on opposite 

ends of axis B they may be considered to be negatively 

correlated. When species of one cluster are represented 

by high va lues, the species of the other show low values 

and vice versa. 

When axes A and B are turned slightly counter-clockwise 

axis A more or less parallels the first diverting axis and B 

parallels the second axis along which the species are di

verted. Therefore, it can be concluded that the presence/ab

sence of mid-European species is the most discriminating 

factor which is not influenced by other groups. 
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Figure 21 

Ordination pattern of spectra 

per core involved in PCA. 

Each point represents one 

spectrum. 

Z axis perpendicular to 

the flat geometry of 

X and Y axes. 

Axis units spectra : axis units 

species of Figure 19 = 1 : 4. 

Figure 22 

Ordination pattern of spectra 

per sedimentary unit 

involved in PCA. 

Z axis perpendicular to 

the flat geometry of 

X and Y axes. 

See text for explanation. 



Figure 23 

Pollen samples from the 

coastal barrier deposits of 

the western Netherlands: 

Arboreal Pollen (APJ 

percentages vs. 

sedimentary units 1-8. 

The configuration of the spectra 

The ordination pattern of all spectra is shown in Figure 

21. The clustering of the spectra is conspicuous. Virtually 

no outlying points are present. Even when the spectra are 

grouped per borehole, almost no difference between 

boreholes is noted. Spectra of every borehole are located 

throughout the data point cloud in Figure 21, the sole ex

ception being borehole Groenendaal: spectra of this bore

hole are located in a restricted sector of the tree dimen

sional space. Within the restrictions brought about by the 

low percentage indicated by the first two axes, all spectra 

can be considered to form a more or less homogeneous 

cloud of data points. This explains why differences 

between separate spectra are so slight. 

Most spectra positively correlate with the CTU cluster. In 

this way the species of the mid-Netherlands area are the 

ever-present species which have had a more or less con

stant input in the shallow marine depositional system. 

Depending on local or time-related circumstances (actual 

residual currents, season) pollen of one or the other 

group may co-occur. 

The distinction of spectra according to 

sedimentary unit 

Figure 22 represents the division of the spectra between 

the 5 sedimentary units distinguished in section 3.2. Sev

eral remarks as to this Figure can be made. The beach 

plain facies unit is not incorporated into this discussion, 

because of the very few (5) spectra that lie within this 

group. 

The outline (actually the projection of the cloud of data 

points on the XY plane geometry) is not influenced by the 

number of data points per sedimentary unit. There is dis

tinct overlap of outl ines per sedimentary unit in the cen

tral area (see 3.2). A distinction can be made between two 

groups of sedimentary units: one group of the two upper 

ones (beach and breaker bar sedimentary unit and the 

shoreface unit) and another group of the two lower ones 

('shoreface connected ridge ' sedimentary unit and the 

channel abandonment/upper shelf sedimentary unit). The 

upper group shows a far more extensive areal coverage 

than the lower one. The larger areal coverage is located 

preferentially in the sector where local, coasta l species 

and the mid-European species are present. From Figure 

23 it is clear that the AP/NAP ratio of the beach and 

Sedimentary un its (Fig. 10) AP mean percentage 

beach plain: 8 70 

beach+ breaker bars: 6 74 

transitional shoreface: 4-5 88 

lower shoreface outer sands: 3 84 

lower shoreface: 1-2 86 

breaker bar sedimentary unit differs from the AP/NAP ra

tio of the other units. As most species of the local, coastal 

group are herbal species, in the beach and breaker bar 

unit a proportionally larger influence of loca l, coastal veg

etation is suggested. This approach is not valid for the 

shoreface unit. For this sedimentary unit it is suggested 

that a compensation for the loss of coastal species is 

made by the gain of mid-Netherlands species. 

Conclusions 

No direct pollen analytic correlations between the bore

holes in the coastal profile south of Haarlem could be 

found. Only through numerical analysis did some effects 

observed in the diagrams become clearer. Still , because 

of the low value of the percentage of variance explained 

by the first two axes, caution is cal led for. Another factor 

which seriously hampers the interpretation of the results, 

is that no actuo-palynological research has been done on 

the provenance and transport of pollen in the middle and 

lower Rhine areas (cl. Zagwijn, 1965). 

Pollen deposition in the shallow North Sea is influenced 

by various factors. Observed patterns of deposition are 

linked to hydrodynamic circumstances, of wh ich water 

depth in combination with sea state seem to be the most 

important. These va riables are wel l reflected in the com

position of the spectra. 

This type of data, pollen samples from elastic deposits in 

a strongly wave-influenced environment of this period 

(the end of the Atlantic to the Subatlantic), is of limited 

value for the reconstruction of coastal gradients. How

ever, the data do offer valuable information as to the ef

fect of coasta l dynamics on pollen deposition. For in

stance, it appears that not all clay laminae were rich in 

pollen: this could indicate deposition during the winter 

season, when only a limited amount of pollen is trans

ported by the River Rhine . 

A clear indication of a major change in coastal configura

tion vi z. the shortcut of the River Rhine towards Katwijk 

(probably occurring shortly before 5,000 BP, cl. Pruissers 

& De Gans, 1988), is presented by the very early presence 

of substantial amounts of Fagus in the pollen curves of 

barrier sediments. This event has to be dated as preced

ing the Atlantic-Subboreal transit ion. The Fagus pollen 

was furnished by mid-European areas and transported by 

the River Rhine. The pollen was carried in suspension in 

-/+(relative to Number of spectra 

mean percentage) (n = 138) 

17/10 5 

18/16 24 

20/9 53 

8/9 11 

13/8 45 
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the shallow North Sea and was deposited during slack 

waters. Preservation is due to the high preservation po

tential in that area. The pollen content of the samples 

shows that reworking from older deposits was of minor 

influence on its composition and that the River Rhine in

fluence is pre-eminent. 

3.3 .5 Molluscan analysis 

General 

Very few authors have studied the molluscan contents of 

the Holocene deposits in the coastal barrier area of the 

western Netherlands since Van Straaten 's (1965) work. 

Serious doubts existed about whether further research 

could at all contribute to a more detailed insight into mol

luscan faunal changes during the Holocene (Sliggers, 

pers. comm.). On the one hand it was thought less plau

sible that during the short period concerned any faunal 

changes could have taken place, although some mollus

can species (e .g. Chamelea striatula) were considered re

cent additions to the Dutch coastal fauna. On the other 

hand, scepticism prevailed because of high grades of re

working of barrier shell material. 

However, a renewed study of the barrier shell material 

Depth 
in m 

NW 

-20 . .. . 

Beach Pole 69 

was thought advisable on the following grounds. First of 

all, it had become clear during the preparation of this 

study, that faunal changes could have taken place, and in 

fact did so, during the Holocene, including the period of 

barrier progradation. 

Secondly, dating of the predominantly sandy barrier de

posits by means of 14C analysis of molluscan shells is an

other important reason for studying these molluscs. Only 

shell material is available for dating purposes in this type 

of deposits. In order to provide representative dates, this 

shell material must have experienced the shortest re

working time possible. For this reason it was necessary to 

study the (va riations in the) occurrence of the various 

species present in the boreholes and to examine the habit 

of several common species. In the bailer samples avail

able, sufficient shell material for conventi ona l 14C dating 

(preferably more than 10 grams) was present only in the 

desired fresh habit of the common species (e.g. Spisula 

subtruncata, Macoma balthica, Cerastoderma edule). Only 

recently, data on the distribution of recent shell material 

along the Dutch coast have become available (Van der 

Valk & De Bruyne, 1990; De Bruyne & Van der Valk, 1991 ; 

Van der Valk, 1991). In the last named paper a comparison 

is made between a small-scale survey of the present-day 

Leyduin 

2km shells and fragments ( > 2 mm I 0 1000 gr I 0.5 m core length 
I 

I 

I 

Figure 24 

Quantity of shell material ( > 2 mm) per 0.5 m core length of the Haar/em transect cores. Core 5 data have not been indicated on this 

cross-section; of core 1-3 and 9 no comparable data are present. For legend of background, see Figure 3. 
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coast and geological sections of c. 2,000 y old deposits. 

The results will be used in this study. 

Data were collected in va rious ways. 

1. All 0.5 m bai ler samples (about 400) were ana lyzed 

qualitatively on molluscan species composition (and 

other constituents); 

2. During co re description all identifiable molluscan spe

cies present were noted; 

3. During the selection of shell material to be used for 14C 

dating, the sieved (at 2 mm ) bailer samples (which 

provided the shell material for the 14C analysis) were 

checked once more for species composition (some 70 

samples); and 

4. The barrier deposits of three cores (5, 7 and 9) were 

ana lyzed by the macropalaeontology department of 

the Geological Survey (Meijer, pers. comm. ). 

Absolute quantity of shell material 

As mentioned above, the total amount of material (shell, 

peat lumps and occasional gravel, over 2 mm) of all land

based boreholes was weighed per 0.5 m length of cas ing 

(diameter 22 cm) bailer sample. For the barrier sands of 

cores 4, 6, 7, 8 and 10, this total amount is indicated in 

Figure 24. Some observations on the systematic distribu

tion of this coarse material in the barrier sands will be 

found below. 

Based on the drilling technique appl ied there is no rea

son to assume that bailer samples are contam inated 

by material from above sampling depth. Th is is con

firmed by the observation that considerable differ

ences occur between successive samples, both in 

weight/volume and in species composition. 

The absolute amount of she ll materia l generally in

creases from east to west, especially in the upper half 

of the cores (until the supratidal beach deposits are 

reached, which virtually yield no shells (Figure 24). A 

major boundary seems to be present west of core 9; 

while core 6 presents a somewhat different picture: 

generally there is less shell materia l in this core than 

Sedimentary units (Fig . 10) 

eolian: 7 

berm and breaker bars : 6 

transitional shoreface: 4-5 

lower shoreface outer sands: 3 

lower shoreface channel abandonment, 

lower shoreface inner sands: 1-2 

Figure 25 

in the cores to the east and the west; 

Largest concentrations of shell material occur above 

the -8 m NAP level (with a major exception in core 10). 

Most specimens are not found in life position. Species 

found (in life position as well as in reworked state), are 

present-day shallow-based species of the North Sea fore

shore (see De Bruyne (1990) for a recent survey). This indi

cates that the shell material found in the boreholes very 

probably represents the parautochthonous product of 

shell species of this foreshore. It might therefore be ex

pected that a large number of molluscs would be present 

in situ in the cores. However, only a few levels with mol

luscs in life position were found in the cores, a feature also 

known from co res studied by Van Straaten (1965, fig. 8), 

and to be considered a general phenomenon. An explana

tion may be found in the overall character of storm-related 

sedimentation on the shoreface (see paragraph 4). 

When the distribution of the shell material is compared 

with the distribution of the sedimentary units (Figure 25), 

it becomes clear that the major amount of the shell mate

rial is found in sedimentary unit 6 (the 'breaker bar' fa

cies). In units 5/4, the 'upper/middle transitional shore

face ', a extremely varying amount of shell material is 

present, the maxima of which only reach relatively high 

values in the most easterly core 10. These maximum val

ues are very probably due to the erosion depth of the re

gressive coastl ine immediately to the east, causing a 

shel ly lag deposit. When data on the distribution of Re

cent Spisula subtruncata are considered, it is not unlikely 

that units 4/5 present the optimum habitat of this species. 

Mfhlenberg & Kifrboe (1981 ) reported that the largest 

specimens of this species are found only on sea floors 

with great water movement at 8-12 m depth, which coin

cides with a maximum in phytoplankton biomass. Dorjes 

(1979) mentioned that another typical species of the 

shoreface, Donax vittatus, has an optimum population 

between 7 and 14 m depth. In spite of the near-absence of 

molluscs in situ in the cross-section sediments, it can be 

concluded that units 5/4 are likely to represent the zone 

Type of shell material 

no shells 

large shell concentrations especially at the base 

(not in the east of the barrier complex) 

few to moderatelty large shell concentrations 

highly variab le amount of material 

low shell content, few concentrations 

low to moderate shell content, few concentrations 

Content and concentration of shell material per sedimentary unit in the barrier deposits of the Haar/em cross-section. 
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which supports many of the living moll uscs, not only in 

the present-day shoreface, but also in ancient shoreface 

profiles. This unit shows the characteristics favourable for 

molluscan growth much more clearly than other environ

mental units: a fine sandy bottom, a high rate of food sup

ply of suspended organic material of the River Rhine and 

propitious energy conditions. 

The content and type of shell material found seems to be 

typical of each sedimentary unit (Figure 25). Unfortu

nately, a comparison with the Recent North Sea shoreface 

cannot be made to a fu ll extent as sedimentary units have 

not yet been defined. Only recently, has a pilot survey of 

the upper 12 m of the upper units been published (Van 

der Va lk, 1991), but those data are insufficient, as the 

shoreface reaches down to at least -18 m NAP (De Bruyne 

& Van der Valk, 1991; at th is depth, the break between the 

slope of the shoreface and the flat modern North Sea bot

tom is found) . The pilot survey showed that live molluscs 

occur in a unit comparable to sedimentary unit 5/4, below 

the 'b reaker bar' unit comparable to unit 6. Most impor

tantly, this survey showed that the 'breaker bar' unit of 

the recent coast does not support molluscan life at all. 

Another point need of further clarification, is the degree to 

Na's Molluscan assemblages 

13 S, C, M, At, Aa, D, L, (Sc), (Myt), Cham, Litt. sax 

12 C(worn), S(coa rse), M(coarse) 

11 S, C, M, D, Mactra, L, (Cham), Bal , (Litt), (Nass), (Myt) 

10 S, Aa , At, M, D, C, L, At, Bal , Ech, (Litt), (Cg) 

9 S, C, M, D, L, At 

8 S, M, C, D, L, Aa, At, Bal , Ech, (Myt), (H), (Vener) 

which the autochthonous shell material is dispersed over 

the shoreface. Research into this subject is in progress 

(see also Van der Valk & De Bruyne, 1990; De Bruyne & 

Van der Valk, 1991 ). Available data show that the bulk of 

the recent shell material on the beach in the study area 

originates from two shoreface depth zones: roughly 

between 5-20 m. Only exceptionally, depending on rare 

high-energy conditions, does shell material found on the 

beach originate from greater depths (over 20 m). This gen

eral conclusion refers to the bulk of the shell material. For 

individual species refinements have to be made. 

Cornposition of shell material 

As mentioned above, all bailer samples were analyzed 

qualitatively. The composition of every sample was plot

ted on the cross-section (Figure 27). In the barrier sedi

ments, characterized by the presence of Spisu/a subtrun

cata, a total of 13 thanatocoenoses could be recognized. 

The composition of every thanatocoenosis is presented in 

Figure 27. Considerable differences can be noted between 

separate thanatocoenoses. Partly these differences are 

due to the autochthonous production of the site, as sug

gested in the previous section. For another part, also men-

7 S, C, M (coarse), At, Mactra, Bal , Ech, (Litt), (Cg), (Myt), (Bar), (H), (Sc) 

6 S, M, C, Myt 

5 M, S 
4 C (juv), H, Myt 

3 C, M, S, (H), (Sc), (Litt), (Bar), (Myt) 

2 C, M, (S), (various reworked species) or M, C 

(various reworked species)(+ S) 

Abbrevations: 

s Spisula subtruncata At Angulus tenuis 

M Macoma balthica L Lunatia catena/alderi 

c Cerastoderma edule Cham Chamelea striatula 

Cg Cerastoderma glaucum Mactra Mactra corallina cinerea 

D Donax vittatus Bal Balanus sp. 

Aa Abra alba Ech Echinocardium sp. 

At Angulus fabulus Litt Littorina littorea 

Nass Nassarius reticulatus 

Myt Mytilus edulis 

Zirf Zirfaea crispata 

Bar Barnea candida 

H Hydrobia ulvae 

Sc Scrob icularia plana 

Ven Venerupis sp. 

Figure 26 

Molluscan assemblages 1-13 of the coastal barrier deposits of the Haar/em cross-section. For the situation of these assemblages in 

the cross-section: see Figure 27. 
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tioned above, transport processes during the formation of 

the barrier complex probably led to the re-distribution of 

dead shell material along the palaeoshoreface. Hence, the 

species composition of a bailer sample must be consid

ered to represent a mixture of loca l and transported shells. 

Since the successive occurrence of especially th anatocoe

noses 6 to 12 may be wel l co rrelated in individual bore

holes (Figure 27), it appears that the sample composition 

of each ind ividual thanatocoenosis was determined by a 

common set of facto rs. Th ese factors need to be reviewed, 

before further conclusions can be drawn. For this review, 

all data on the composition of shell samples of the barrier 

section were used (see above: paragraph general). As a 

who le, the described faunas are considered part of the 

low-Borea l fauna, as defin ed by Teyling-Hanssen (1955). 

According to Coomans (1962), the Holland region is part of 

the North Sea area of the Celtic Province. 

Firstly, it is noted that there is from east to west a marked 

change of composition of thanatocoenoses west of co re 

9. East of this co re a mixed tidal -North Sea composition 

shows a distinct mixture of the shells of faunas of both ti 

dal and North Sea environments. This mixed fauna is 

characterized by the presence of Cerastoderma edu/e, 

Beach Pole 69 

Macoma balthica, Hydrobia ulvae and Spisula subtrun

cata, together with a large proportion of reworked shell 

material from the underlying Calais Deposits. The same 

feature was noted by Van Straaten (1 965, fig. 8). The top 

of core 9 carries a distinct beach plain fauna (many articu

lated Cerastoderma edule) . 

To the west of core 9, the general species composition 

more closely resembles a recent North Sea fauna . Spisu/a 

subtruncata is dominant and is accompanied by Macoma 

ba/thica, Angulus tenuis, Angulus fabula and Lunatia sp. 

Also west of core 9, a distinct increase in species richness 

is noted during barrier progradation. This increase occurs 

not only ve rti cal ly towards the upper shoreface of the bar

rier deposits (just underneath the boundary between sed

imentary units 5/4 and 6) , but also laterally towards the 

west. Above the upper shoreface, a general decrease in 

species richness is observed . These trends ce rtainly need 

further comment. 

The barrier complex prograded from east to west during 

the period 5,300 y BP to at least 2,200 y BP, i.e. du ring 

3,100 14C years (Figure 31) . The pattern of the 14C iso

chrones intersects almost all fac ies boundaries, wh ich 

means that every facies migrates to the west du ring bar-

Leyduin 

SE 

10 11 

Haarlemmer
Groenendaal me er Paider 

2km 
Chamela striatu/a ..........._ Donax vittatus (juvenile) 

Donax vittatus (adu lt) Spisula sp. 

Figure 27 

The situation of the molluscan thanatocoenoses in the Haar/em cross-section and first appearances of shells of some mollusc species 

(lo wer boundaries of occurrence drawn above the species' name in the diagram) in the barrier deposits of the Haar/em transect. 

For an explanation of no 's 1-13: see Figure 26. For legend of the background, see Figure 3. 
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rier progradation. When the pattern of thanatocoenoses 

(Figure 27) is compared with the pattern of sedimentary 

units (Figure 10), it appears that boundaries of the sedi

mentary units and some of the boundaries between the 

thanatocoenoses are roughly parallel. Indeed, the thanato

coenoses boundaries are also intersected by 14C iso

chrones (compare Figures 27 and 31 ). This implies that the 

increase in species richness towards the top of sedimen

tary unit 5, which coincides with the boundary between 

thanatocoenoses 9 and 10, is a environment-related phe

nomenon. This pattern is clearer for the barrier deposits 

younger than 4,000 14C years than for the older barrier de

posits (between 5, 150 and 4,000 14C years ). Obviously, this 

is related to the fact that the 14C isochrones of the older 

lower shoreface deposits in the west dip less steeply and 

even show a slight upward shift in the west. 

The increase in species richness during barrier prograda

tion is interpreted as the effect of the changes the shore

face experienced. During the first 1,200 14C years of prog

radation, a transitional situation existed between the 

major transgressional phase of the Holocene, represented 

by the predominantly sandy tidal Calais Deposits, and the 

progradational coastal sequence of the Older Dune- and 

Beach Sands. A morphological change of the shoreface 

took place. The next 2,000 14C years the coast no longer 

experienced such large morphological changes at the site 

of the section, but it is suggested here that the system as 

a whole was better adapted to the wave climate of the 

North Sea . Arguments in favour of this suggestion are 

provided by combined sedimentological-malacological 
evidence. This will be explained in detail below. 

As mentioned before, the species richness declines aga in 

above the thanatocoenosis 9-1 0 boundary. This phenom

enon occurs from east to west, all over the prograded bar

rier system. This decrease in species richness is attributed 

to sedimentary selection processes in the 'breaker bar' 

and berm sedimentary unit 6 (Van der Valk, 1991 ). Fre

quent reworking by North Sea waves, even during the 

early progradational phase, is held responsible for these 

selection processes. 

A confi rmation of this adaptation of the North Sea shore

face can be found in the establishment of species that are 

well adapted to a wave-dominated environment. In fact, 

species common at present, show first appearances in the 

prograded barrier sediments. Of course, first appearances 

of 'North Sea' species may be earlier or later in other ar

eas. Indications exist for an earlier appearance of 'North 

Sea' species for the area of Rijswijk (Van der Va lk, 1994, 

this vo lume), and perhaps later dates apply for the more 

northerly area (unpublished information Geological Sur

vey). It follows that this type of data, essentially environ

mental, cannot be extrapolated along the full length of 

the Dutch barrier coast, but can be used in a restricted 

area such as the Haarlem section. A summary of the shell 

data from the barrier system in the Haarlem area is pre

sented below. The dating of the first appearances is given 
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in conventional 14C years. For basal data see Figures 29 

and 30 (section 3.4). 

Conclusions 

When progradation started, the bivalve Spisu/a subtrun
cata first appeared in small numbers. This number grew 

rapidly subsequent to 5,000 BP. Shortly before 4,200 BP, 

juvenile Donax vittatus appeared for the first time, fol

lowed shortly by adult specimens of this species. A 

search for the first appearance of this species in the area 

of The Hague showed that in sediments younger than 

4,000 years Donax vittatus is indeed present (a uthor's 

data, unpublished). Another species appearing during the 

progradational phase is Chamelea striatula, at 2,200 BP. A 

number of other species show a certai n affiliation to the 

three afore mentioned species. These data are summar

ized in Figure 28. It follows that together with the species 

just mentioned, a limited number of additional species 

show more or less the same pattern of appearance. The 

overall pattern is interpreted as follows : 

From 5,200 BP (the start of barrier progradation ) to 4,200 

BP, the palaeogeographic setting of the area cha nged rap-
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Figure 28 

First appearances of mollusc species during the Subboreal and 

Subatlantic (Holocene) progradation of the barrier coastline in 

the Haar/em area. 7-3: "invasions " in the order of appearance. 
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idly to such an extend (the rate of sea level rise declines 

but still amounts to about 10-20 cm per century: Roep & 

Beets, 1988) that although a North Sea molluscan fauna 

(indicated by the presence of Spisula subtruncata) was al

ready present in the area, depositional rates surpassed 

the adaptational possibilities of most species of that 

fauna, probably concommitant with a frequent change in 

salinity of the sea water. Only species that could survive 

these rapid changes did occur (e.g . Macoma balthica and 

to a lesser degree Spisula subtruncata). The environment 

was simply not stable enough to support the North Sea 

fauna in total. This is suggested by the analysis of the 

5,100-4,250 BP spatfall fauna of core 9, in which almost all 

species which would appear later on the shoreface, are 

present (Meijer, pers. comm.). This means that settlement 

success was restricted to a very limited number of spe

cies. Another argument supporting this conclusion is that 

in the easternmost cores only a limited number of speci

mens of the commoner species reach maturity (Meijer, 

pers. comm.). 

From 4,200 BP to about 2,200 BP, the North Sea fauna was 

able to manifest itself better. Species augmenting the 

fauna include Donax vittatus, juvenile at first, and Mactra 

corallina, Angulus tenuis, A. fabulus and most probably 

Ensis spp. Progradation was still moderately rapid. Ap

parently, the environment allowed settlement success: 

lower sedimentation rates and probably a more constant 

salinity. A larger number of molluscan species survived 

(or recolonized ) on the upper shoreface. 

Subsequent to 2,200 BP, still other species invaded the 

Dutch shoreface. In this respect, Chamelea striatu/a 

should be mentioned first. The settlement of this species 

is probably accompanied by that of Lutraria lutraria and 

Laevicardium crassum (unpublished data from excava

tions). As both last-named species are very rare, it is not 

clear wether these species really have the same signifi

cance as does the presence of Chamelea striatu/a. Progra

dation slows down around 2,300-2,200 BP (Roep, 1984), 

which is thought to be the main reason for the introduc

tion of notably Chamelea striatu/a. Apparently, this spe

cies was not able to survive in the environment of a rap

idly or even moderately rapid prograding coastline. The 

dating of this event by 14C analysis corroborates the 

above view that the introduction of Chamelea striatula 

into the coastal environment of the southern North Sea 

occurred late during the Holocene. 

The value of Figure 28 might only be of local importance. 

This is contradicted by a the first appearance of Donax vit

tatus at c. 4,000 BP in the area of The Hague. As these are 

the first data of this kind to be published, caution is due as 

to their interpretative value. 

The significance of the faunal data presented here for the 

general stratigraphic framework will be discussed in sec

tion 3.5, with a comparison of the gradients established 

on the basis of molluscan analysis and gradients based 

on other evidence. 

3 .4 Chronostratigraphy 

Introduction 

As noted in section 2.2, paragraph core acquisition, a total 

of 24 marine shell samples from the transect discussed in 

the present paper were dated by means of 14C analysis. 

Some additional samples (including a sample of land 

molluscs) were taken from construction pits in an area (c. 

20 x 10 km) surrounding the transect. Deta ils of these con

struction pits are not supplied here; they may be obtained 

from the author. The dates of these pits were used only 

indirectly for the construction of the palaeogeographical 

maps of section 4. 

Results 

The results of the 14C datings are given in Figure 29. They 

are grouped according to the deposit from which they 

originate. Dating results are given in the manner of the 

Groningen University Centre for Isotope Research. As the 

so-called reservoir effect (of c. 400 years) about equals 

the isotopic fractionation that takes place in the North At

lantic (of c. 410 years) , both corrections are omitted here 

(Olssen, 1986; Mook & Van de Plassche, 1986). Correc

tions for 813C will be discussed in a separate paper (Van 

der Valk et al ., in prep .). 

All dating results from samples taken from the transect 

are shown in Figure 30. Three additional results for or

ganic deposits in the Older Dunes (Jelgersma et al ., 1970) 

resting on the marine deposits, were added. The results 

are briefly discussed below. 

A comparison of dates shown in Figure 30 indicates that 

all shell datings in the barrier deposits show a consis

tency. All samples are arranged from old to young both 

from east to west and from bottom to top. This is in 

agreement with previous general views on the origin of 

the barrier deposits (Van Straaten, 1965; Jelgersma et al ., 

1970). The three added dating results (2,750, 2,510 and 

2,970 y BP in Figure 30) between dune deposits on top of 

the barrier sediments are in accord with the barrier dating 

results. 

On the reliability of the shell dating results the following 

should be noted. Marine shell are not the most suitable 

material for dating purposes: various corrections are (or: 

should be) applied before the results can be used. On the 

other hand, the material as such is generally available in 

sufficient quantities (preferably 30 g of dry weight). The 

availability of material was restricted, because of the fact 

that bailer samples (dimensions generally 0,5 m x 22 cm 

diameter, equalling c. 1,700 cm3 volume of bailed-out sedi

ment) had to be used for the recovery of shell material for 

dating purposes. Each sample thus collected is a mixture 

of fresh shell material, possibly still articulated in the sedi

ment, and reworked shell material representing several 

geological events that led to the deposition of every half m 

core. The amount of fresh material is generally very low. 

Therefore, some 70 samples were thoroughly analyzed for 
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Table Loca tion Borehole Local Sample Coordinates Surface Depth of sample 
no. no. no. (m NAP) (m NAP) 

Barrier Sands 
1 (North Sea) 87MK290 1 52 24'27"N - 4 30'10"E -11.35 -12.35 I -13 .35 
2 2 -15.35 I -16.35 
3 Flessenveld 24H599 1 5A 95.450 - 484.850 +3.64 -0.34 I -0.84 
4 2 78 -2.84 I -3.34 
5 3 148 -9.09 I -9.59 
6 4 188 -12.99 I -13.45 
7 5 238 -17.64 / -18.19 
8 Duizendmeterweg 24H594 1 88 96.080 - 484.710 +5.68 +0.03 I -0.22 
9 2 14C -5.52 I -5.75 

10 3 30 -1 8. 22 / -19.12 
11 Strandweg 24H598 1 188 97.640 - 483.990 +7.92 -9 .03 I -9.48 
12 2 21A -11.33 I -11 .83 
13 3 21A 
14 4 21A 
15 Schuil en Rust 24H595 1 13 98.800 - 484.225 +8.60 -1.70 I -2.50 
16 2 19 -6.40 I -7.40 
17 Zee rust 24H596 1 128 99.910 - 484.300 +3.79 -6.86 I -7.26 
18 2 20A -13.81 I -14.31 
19 Leyduin 25C343 1 1/4 101.120-484.340 +0.95 -2.55 I -2.85 
20 2 II, 11 1/3 -11.05 I -11.55 
21 Groenendaal 25C347 15A 102.280 - 483.820 + 1.40 -12.60 / -13.10 

Older Tidal Deposits 
22 Strandweg 24H598 5 31A 97.640 - 483.990 +7.92 -20.68 I -21.08 
23 Cruquius 25C346 1 11A 103.220 - 483.090 -2.95 -13.25 I -13.75 
24 Hoofddorp Overbos 1 105.650 - 481.650 -4.0 -5.15 
25 Spaa rnwoude 25C1213 3 188 107.810 - 490.860 -0 .37 -18 .17 / -1 8.67 
26 4 278 -27.17 / -27.67 
27 De Liede 25A1215 1 48 107.740 - 488.075 -4.05 -7 .35 I -7 .85 

Barrier Sands (Outside Transect) 
28 Hillegom Oosteinde 100.570 - 480.960 -1 -1 .96 
29 Haarlem Houtplein 103.530 - 487.730 + 1.4 -4.3 
30 (Zuiderpolder) Haarlemmerliede 106.170 - 487.640 -0.8 -4.9 
31 Spaarnwoude 25C1213 1 88 107.810 - 490.860 -0.37 -8 .17 I -8.67 
32 2 8A -7.67 I -8.17 

Table Location Local Coordinates Surface Depth of sample Species or material 
no. no. (m NAP) (m NAP) 

33 Castricum 102.960 - 506.040 -1.55 4 
34 Velsen Pen Noorderweg 103.830 - 498.450 +5 +0.57 I -0.18 
35 Velsen Noordzeekanaal 104.260 - 497.490 -0.5 I -0.6 4 
36 IJmuiden Haringhaven 1 100.120 - 497.540 +3.5 +2 2 
37 2 +2 7 
38 IJmuiden Spuisluis 101.810 - 498.500 1 
39 Velserbroek "boring 3" VIII 105.870 - 493.440 -0.5 -3.47 I -3.53 sandy peat 
40 Velsen Hu is ter Spijk 105.800 - 495.280 -2.3 I -3.0 5 
41 Velserbroek "boring 2" 106.950 - 494.970 -0.3 -6.54 I -6.53 base of peat slightly clayey 
42 Overveen Dompvloedslaan 102.450 - 490.050 -0.3 -2.7 peat 
43 Haarlem Burgwal 104.225 - 488.025 -3.3 I -3.32 base Phragmites peat 
44 Haarlem Schalkwijk (FIOD) 18 104.950 - 486.250 -2 -3.01 I -3.03 base of sandy peat 
45 Heemstede Station 101 - 486 0,5 (not recorded ) 1 

4 
46 Amsterdamse Waterleiding Duinen 96 - 482 ea. +5 4-4.3 m charcoal base soil hori zon 82 

SXIV below surface 
47 Lisse boring 13 -1.64 / -1.67 base of Phragmites peat 
48 Ruigenhoek 95.050 - 478.600 -0.68 I -0.7 base of peat 
49 Vogelenzang (arch. excavation) 98.800 - 481.440 +2 c.+0,5 charcoal 
50 AWD section X (AX1 ) 4 95 - 482 -0.65 I -0. 72 sandy gyttja 
51 AWD Drage Korn 6 98 +0,15 / +0,16 base of peat bed 
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Species Habit Grams Sed. unit o13C/14C Age (y. BP) GrN Figure 29a 

2 26 4 -0.72 1960 ± 60 14222 Figure 29 
2 62 4 -0.68 2210±50 14223 Radiocarbon (14C) datings in the Haar/em area, grouped 
3-4 45 6 -0.42 2230 ± 80 14196 according to geological unit (barrier sands etc.) and provenance 
3-4 33 6 -0.45 2410 ± 50 14197 sub-area. Coordinates of the Dutch topographical map; in the 
2-3 40 5 -0.87 2810 ± 50 14198 North Sea, the position is given according to the Greenwich 

1 2-3 35 2 -1.39 3750 ± 60 14199 meridian. Figure 29a summarizes new radiocarbon datings, 
1,2,3 1-2 8 3 -1.9 5150 ± 90 14224 while Figure 29b provides already available radiocarbon datings. 
2 4 11 6 -1. 12 2320 ± 80 14225 
1,2 2-3 18 5 -1 07 2540 ± 60 14226 
1 1-2 15 2 -2.36 4910 ± 100 14195 
1 1-2 48,7 5 -1.88 3740 ± 60 15125 
1 1 38 4 -3.20 4210 ± 60 14202 
1 3 23 4 -1.93 4250 ± 60 14201 
1 5 17 4 -1.66 4260 ± 60 14200 
3 1-2 15 6 -2.58 3620 ± 60 14193 

2-3 40 5 -1 .77 3780 ± 50 14194 
1-2 24 5 -2.83 4070 ± 70 14227 
1-2 11 2 -3.76 4820 ± 90 14228 

4 30 8 -1.93 4270 ± 60 14203 
1 1-2 20 -3.44 5080 ± 50 14204 
3 1-2 2 -5.11 5330 ± 280 14231 

Species column: 
1 = Spisula subtruncata 

4 2-3 38 -4.40 7010±120 14206 2 = Mactra corallina 
3 2 31 -4.42 5620 ± 60 14209 3 = Macoma ba/thica 
5 1, in viva 55 -5.88 5220 ± 60 14211 4 = Cerastoderma edule 
4 3 17 -2.73 6160 ±70 14207 5 = Scrobicularia plana 
4/6 2-3 70 -4.60 7050 ± 70 14208 6 = Cerastoderma edule 
4 2-3 46 -2.47 5750 ± 70 14210 7 = Cepaea nemoralis 

Habit co lum n: 
1 4 40 6 -2.72 4640 ± 70 14229 1 =very fresh , with periostracum 
3 1 31 6 -5.11 4960 ± 70 14230 2 =fresh, periostracum partly preserved 
3 1 26 6 -4.95 4780 ± 70 14232 3 =fresh, neither worn, nor periostracum preserved 
3,4, 1 2-3 20 6 -3.63 5820 ± 90 14205 4 =slightly worn 
1 1-2 0.58 6 -3.69 5295 ± 105 Ua1259 5 =worn, chemica lly leached 

Habit Age (y. BP) GrN Reference Figure 29b 

1 2180+35 8661 Westerhoff et al. , 1987 
2 3400 + 55 4566 Jelgersma et al ., 1970 
1 3845 + 45 5853 Jelgersma et al., 1970 
3 2295 + 40 15157 Van der Valk, 1991 
4 2170 + 110 16185 Van der Valk, 1991 
1 2310 + 35 6445 Roep et al. 1975 

4250 + 60 5916 Zagwijn , 1986 
4190 + 35 9041 (RGD not published) 
4735 + 55 5664 Zagwijn, 1986 
3680 + 40 4935 Jelgersma et al., 1970 
4075 + 35 9402 De Jong, 1984 
4200 + 60 10921 De Jong, 1987 
4125 + 90 778 Van Straaten, 1965 
4040 + 90 779 Jelgersma et al ., 1970 
2510 + 55 4665 Jelgersma et al., 1970 

3470 + 60 1569 Jelgersma, 1961 
3000 + 65 1150 Jelgersma, 1961; Jelgersma et al ., 1970 
3470 + 60 14692 Ten Anscher, 1990 
2750 + 55 4565 Jelgersma et al. , 1970 
2970 + 60 4772 Jelgersma et al. , 1970 
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fresh valves of the commonest molluscan species of the 

barrier sands, Spisu/a subtruncata. Whenever this species 

was not available in the desired quantity or quality, a suit

able other species was selected for 14C dating. This was 

not preferred, however, because it was the intention to 

rule out any interspecific differences in metabolism 

between molluscan species. In Figure 30 is also indicated 

which molluscan species was used for dating. 

Two additional considerations in favour of the reasonable 

reliability of the 14C data set presented here may be 

added. 

The first consideration is the result of a test at an intra

sample level. Of five habits distinguished in the total Spi
su/a subtruncata sample three (worn, slightly worn and 

intact) were selected and dated separately (see also 

2.2.4.). The results are shown in Figure 29 (table ) and Fig

ure 30 (in the cross-section core 6: Strandweg ). It shows 

that the freshest habit yielded the youngest dating result 

and the worn the oldest. In view of the sigma value of 60 

years this result is not significant. What is significant, 

however, is the fact that the three samples show very 

small differences in dating results. This is a strong point 

NW 

in favour of the representativeness of the outcome, con

sidering the potential influence of ageing through rework

ing of this kind of samples taken for 14C analysis. 

The second consideration draws on the 813C measure

ments (Figure 29). Large quantities of fresh water are dis

charged by the River Rhine along the coast of the western 

Netherlands. It is not unreasonable to assume that this 

quantity was different during the Subborea l and Subat

lantic. This fresh water is likely to be of influence on the 

isotopic fractionation, incorporated into their shells by the 

molluscs through metabolic processes (e.g. Mook, 1971). 

Low values of 813C, i.e. less than - 8%o, could then be ex

pected (Mook, 1971 ). From the table in Figure 29, it is ob

vious that this is not the case. It shows that the measured 

values of the stab le isotopic carbonate from molluscan 

shells in the barrier sediments barely drop below the -5%o 

value and fall in 50% of the cases within the limits of the 

range of 813C marine carbonates of - 2%o to + 2%o, as indi

cated by Mook & Waterbolk (1985). Th is again indicates 

that the shell carbonate was deposited more or less in 

equilibrium with the environmental indicators of the mol

lusc (Van der Va lk et al. , in prep.). Thus, the fresh water 
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from the River Rhine had but a minor influence on the iso

topic composit ion of the molluscan shells used for dating 

in this study. The shell material yields reasonable dating 

results which do not need substantial correction (cf. Mook 

& Van de Plassche, 1989). For further analysis reference is 

made to Van der Valk et al., (in prep.). 

The resu lts of the shell datings in this study compare rea

sonably well with the datings on the organic levels in the 

Older Dune Sands (Jelgersma et al., 1970). The former are 

::; 500 14C years older than the latter (Figure 30), which is 

in agreement with the genera l ideas on the formation of 

the Older Dunes. Datings on dune peat (2970 ± 60; GrN 

4772; 2750 ± 55; GrN 4565) and charcoal from an Iron Age 

settlement (2510 ± 55; GrN 4665) (Jelgersma et al. , 1970) 

can be seen to post-date underlying barrier shell datings 

by severa l centuries . This is understandable, because of 

the history of the broadening of the dune system and the 

associated rise in ground water level (Bakker, 1979; Zag

wijn , 1984). These latter datings have not been used to 

construct the gradients in Figure 31. 

Finally, a remark on the density of the dated samples in 

the transect is made. Care has been taken to 'cover' the 

Beach Pole 69 

2km 

Figure 31 

transect as fully as possible. Yet, the density is not of that 

level that all possible dune-to-upper shelf gradients are 

documented by the required minimum of two dated lev

els. Nevertheless, it is suggested that the density is suffi

cient to document the geological processes that formed 

this barrier belt. This aspect of density (equalling the re

solving power of the geological model) is further elab

orated in Van der Valk & Pool (in prep.). 

Coastal gradients 

The purpose of the performance of radiocarbon analysis 

was to see whether any isochrons could be drawn 

between the dated levels. As a first step that should en

able the reconstruction of former coastal gradients, sim

ple lines were drawn between the lim ited number of dat

ings that showed more or less similar dating results. This 

yielded 5 parts of beach-to-upper shelf gradients. A full 

set of dune-to-upper shelf radiocarbon time gradients has 

been constructed, using these mathematical gradients 

and all other ava ilable datings, interpolating between the 

dated levels. The section constructed in this way is given 

in Figure 31. The interval between the isochrones is 200 

Leyduin 

SE 

10 11 

Haarlemmer
Groenendaal meer Paider 

Inferred 14C time gradients (200 radiocarbon years interval, not calibrated) in the Subboreal and Subatlantic !Holocene) beach barrier 

deposits in the mid-Holland area. For legend of background, see Figure 3. 
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radiocarbon years. As can be seen, this spacing offers 

maximum resolving power, which is consistent with the 

± 1 s range of 180 years for most of the barrier datings. 

The diagram of Figure 31 is shortly commented upon. Al

most all isochrones could be drawn from the top of the 

barrier sands down into the upper shelf deposits. Most 

importantly, the isochrones can be seen to steepen to

wards the west, i.e. during progradation. Also several pe

riods of equal development can be distinguished. The pe

riods 5300 to 4800 BP and 4400 to 4000 BP show wide 

spacing between the isochrons, indicating rapid progra

dation of the coastline. Contrary to this, the periods 4800 

to 4400 BP and 4000 to 3600 BP show very narrow spaced 

isochrones indicating slow progradation (or the sum of 

short phases of progradation and erosion). The period 

younger than 3600 BP shows more or less regular progra

dation. Two periods of truncation of isochrones can be 

observed. The first period occurred between 3800 and 

3600 BP, while the second occurs in the period 2800 to 

2600 BP. From 2600 BP onwards, the dip of the gradients 

shows a remarkable similarity to the gradient of the mod

ern shoreface profile. 

To see whether calibration would have any influence on 

the 14C gradients, all datings of the Haarlem transect have 

been calibrated, using the Pearson & Stuiver (1986) ca li

bration set, that was implemented for computer cal ibra

tion by Van der Plicht and Mook (1988). After plotting the 

va lues that were provided by the computer program, it 

showed that no effect (steepening or becoming flatter) 

whatsoever was visible in the gradients, that could be 

plotted between the calibrated values. Therefore, gra

dients based on the conventiona l radiocarbon ages (as 

described above) are figured here. 

3.5 The stratigraphic framework 

When Figures 8 (average grain sizes), 11 (sedimentary 

units), 13 (d iatom zones), 25 (molluscan assemblages/first 

appearances) and 31 (inferred coasta l gradients) are com

pared, it appears that these diagrams can be divided into 

two categories. 

The first category is characterized by genera lly flat, undu

lating or slightly sloping boundaries between the distinc

ti ve units, with reference to: 

1. average grain size (Figure 8) 

2. sedimentary units (Fig ure 11) 

3. diatom zones (Figure 13) and 

4. molluscan assemblages (Figure 26). 

The second category shows surfaces that are inclined to

wards the present-day coastline, with reference to: 

1. first appearances of molluscan species (Figure 26) and 

2. 14C isochrones (Figure 31) 

Since the latter category refers to the time aspect in the 

Haarlem transect, a few remarks are here added. To start 

with, the first appearance of molluscan species is a matter 

of su itability of the environment rather than time during 
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the Holocene. Nevertheless, because of the restricted 

area dealt with herein, it may in this particular case be 

considered a time-related aspect. Consequently, lines 

drawn under these first appearances, can be compared 

directly with the radiocarbon isochrones, which are con

sidered to be of prime importance in the establ ishment of 

phasing of the coastal barrier progradation. The two sets 

of gradients show a comparable development. The oldest 

gradients are both relatively flat, while younger gradients 

show progressive steepening . 

Second category gradients cut first category boundaries. 

This is, generally speaking, an ind ication of a time-trans

gression of first category items (average grain size, sedi

mentary units, diatom zones and molluscan assem

blages), i.e. they are environment-related. Because of the 

general steepening of the gradients of category 2 to the 

younger side, it can also be concluded that the deposi

tional environment of the coastal zone of the southern 

North Sea occurs, between 5,300 BP up to at least 2,600 

BP. Subsequently, coastal gradient presumably did not 

change considerably (see section 3.4), although prograda

tion continued at least up to 2,200 BP (Figure 31 ). 

4 Reconstruction of the mid-Holland 

coastal evolution during the Late Atlantic, 

Subboreal and Early Subatlantic 

The reconstruction 

The reconstruction of large-scale coastal development of 

the Dutch coast is not just a matter of a sing le-section ap

proach. Recent papers on th is subject matter have fo

cussed on the interference of progradation of the beach 

barrier complex with the development of tidal inlets 

(Beets et al., 1992; Roep et al. , 1991). In these papers the 

Holocene coastal evolution is discussed in a more general 

way. From such an approach it is clear that the Haarlem 

section is situated in an area with several tidal inlets (Fig

ure 1), which , in due course, will all be closed as a result 

of filling-in of the tidal areas behind the barriers (Beets et 

al. , 1992). These processes of shifting and closing of inlets 

started c. 5,300 BP (Hoofddorp inlet) and continued up to 

c. 2,000 BP (Haarlem inlet; Oer-IJ inlet) in this area. Here

after, this part of the Holland coast was no longer inter

rupted by inlets, and prograded only slightly, presumably 

until Roman times (Zagwijn, 1986; Westerhoff et al ., 

1987). Th is more general line is supplemented with de

tai led palaeogeographical maps (Figure 33a-g) represent

ing the period during which the most important changes 

in the coastal area were related to tidal inlet activity, from 

c. 5,600 BP 'open channel' to c. 4,250 BP. Around the latter 

date the influence of tidal inlet activity on the cross-sec

tion studied here had virtually ceased, since the inlet was 

situated some 20 km to the north. The maps focus on 

shorelines and shore line changes, but a variety of other 

data were also taken into account, mainly taken from the 

literature, but also from unpublished sources (author's 
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data and Geological Survey data). The reconstructions 

given here are tentative, and sometimes somewhat spec

ulative, but the sources justify in our opinion the chosen 

time interva l of 200 radiocarbon years. This interval was 

chosen because a) it is the time-span recorded in radio

carbon datings and b) the presumed changes occur so 

rapidly that another larger time interval would not be 

helpful in understanding of what might have happened 

during the period 5,600 BP - 4,250 BP. 

Around 6,000 BP a large tidal inlet with a channel depth of 

5600 BP 

20 m existed in the Zandvoort-Heemstede-Hoofddorp area 

(the Hoofddorp inlet). Figure 33a shows the presumable 

5,600 BP situation: the Hoofddorp inlet is about to be 

closed. Adjacent coastal inlets are situated some 20 km to 

the south (Pruissers & De Gans, 1988: Warmond ), as we ll 

as to the north (Westerhoff et al., 1987: Uitgeest). The sit

uation of the Hoofddorp inlet changes rapidly. Most im

portantly, the rate of sea-level rise declined rapidly (Jel

gersma, 1961 ; Van de Plassche 1982). Subsequently, the 

southern transgressive chenier-type barrier coastline is 
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/' 
C/ 
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[=::::J ma rin e area I channels 

!<·:<:.->:·>! beach barriers 

Figure 33a 
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Figure 33a-g. Palaeogeograph ical maps 5600-4250 BP of the Haar/em area. 
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5200 BP 

~ marine area I channels 
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Figure 33c 

forced inland, and rapidly grows to the northeast as well, 

presumably due to a strongly developing longshore drift, 

following the northward displacement of the southern 

shore of the Haarlem tidal inlet. This inlet then probably 

took over part of the tidal area from the Hoofddorp inlet 

about to be closed. Simultaneously, the northern shore is 

forced backwards. The eroded sediment is carried inland. 

Combined effects of 1. increased longshore drift, 2. land

ward motion of the low southern barrier and 3. decline of 

tidal volume, force the meandering inlet to re-orientate it-

5000 BP 

95 

self, its in- and out-flowing axes becoming more south

westerly-northeasterly than the previous WSW-ENE direc

tion, as deduced from the orientation of the sand bodies 

in the Haarlemermeer area (Figure 33a). Possibly around 

5,350 BP, channels reached their maximum depth (palaeo

depth 22 m; locally deeper spots occur up to 27 m), as a 

result of the re-orientation of the channel and the move

ments of the barrier coastlines north (landward) and 

south (a lmost stable by that time) of the inlet. We think 

this occurred around 5,350 BP, based on pollen analysis 

510 

~ sand and mud flats clay deposition in channel scour pre sent-day built-up area 

~ sandy bank sedime nts I channel fills peat growth starting 

Figure 33d 
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because by that time clay deposition had started, indicat

ing the start of the abandonment of the deep channels. 

Shortly after, c. 5,200 BP, the earliest signs of prograda

tion of chenier type barriers start east of Spaarnwoude to 

the south of the major (flood7) channel . Progradation 

could start as early as this because a large volume of ebb

tidal delta sands were available from the Hoofddorp tidal 

inlet. The palaeotidal current pattern of the North Sea is 

assumed to have resembled the present-day pattern. The 

present tidal wave progresses towards the southern 

4800 BP 

f..'. 
II 

.... : 

2 3 km 

95 ....... -100 105 

North Sea along the English coast and partly arrives 

through the Channel. These two waves join before the 

Belgian coast and then turn north. This means that the ti

dal floodwave along the Holland coast comes from the 

south, which determines the SW-NE orientation of the ti

dal inlets (Van den Berg, 1986; Sha, 1990). 

Inshore movement of the presumed northern barrier is

land continued. In the meantime, the tidally influenced 

area in the back barrier area diminished rapidly in size 

which meant a decline of the tidal volume to be trans-
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ported through the inlet. In its turn this triggered an ad

justment of the so-called wet cross-section of the channel 

by sed iment infill (see for an example in the Zeeland area: 

Ku ijpe rs et al. , 1990). The deep incisions of the then over

fit channel underneath the present-day vi ll ages of Zand

voort and Santpoort were rapidly filled in with main ly 

fine-grained sediments, showing rhythmic storm-deposi

tional features (cf. the 'Bergen Clay' in the Bergen inlet 

further north: Westerhoff et al., 1987 and Figure 11 ). 

Around 5,000 BP the southern barrier island more or less 

4250 BP 

// 

i 
Figure 33g 

reached its easternmost position . Furth er recess ion of the 

coastline may be ruled out in view of the decline in sea

level rise and the rapid silting up of the area behind the 

barrier. Thick consol idated clays in the shallow subsoil 

west of Lisse (unpublished data, RGD I may also have con

tributed to ca lling a halt to the landward movement of the 

barrier. Longshore transport caused a c. 7 km long sa ndy 

spi t to form, in front of the Spaarnwoude chenier,separ

ated by a wide beach plain. This started actual prograda

tion in the area. Changes are rapid, as indicated by 
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slightly contradictory 14C dating results (compare the 

4,780 ± 70 (GrN 14232) and 4,960 ± 70 (GrN 14230) results 

in Figure 32 in the Haarlem area ). 

The northern barrier island still moved inland by wash

over processes and breakdown of the shoreface by 

means of longshore drift. Of the eroded material presum

ably the major part was directed north and the minor part 

south into the tidal inlet (because the barrier islands to 

the north continued their landward motion for several 

hundreds of years, and the inlets in between remained 

open since the tidal volume passing through these inlets 

was still too large). The largest amount of sand eroded 

from the foreshore of these landward moving barriers 

was transported into the inlets to the north due to the or

ientation of the barrier coast-line relati ve to the dominant 

direction of the flux of wave energy (pers. comm. J.H. van 

den Berg). 

Just north of the former Hoofddorp inlet the barrier was 

firmly established (Figure 31) in the period 5,300 to 4,800 

BP. Continued decline of the tidal volume (and continued 

retreat of the barrier north of the inlet) led to a further de

cline and squeezing-in of the inlet around 4,800 BP. In the 

channel in process of abandonment a large vo lume of 

mainly fine-g rained sediments was deposited starting be

fore 5,000 BP (Figure 33d-e). Longshore transport could 

probably bypass the inlet area by 4,500 BP, since progra

dation presumably started at that time at Uitgeest-Aker

sloot (Westerhoff et al. , 1987). South of the former Hoofd

dorp inlet the barrier still slightly moved inland, indicating 

a sand source area for the slight progradation near Heem

stede. The tendency of substantial local progradation in 

the Haarl em area and local erosion further south contin

ued during the next few hundred years at least up to 

4,600 BP (see the close spacing of the inferred coastal gra

dients 4,800 to 4,400 BP in Figure 31 ). A large spit formed 

in front of the Haarlem barrier (Figure 33f-g ). It probably 

joined the southward outflowing ebb-tidal channe l of the 

Haa rlem inlet. All sand available by cross- and longshore 

transport was stored in this spit until 4,000 BP. The north

ern barrier reached its easternmost position by 4,600 BP 

(Westerhoff et al. , 1987). The whole process of channel re

orientation may have been the result of the northward 

shift of the channel axes of the Haarlem inlet. Similar re

orientation of channel axes have taken place in historic 

times in the Zeeland coastal area (Van den Berg, 1986). 

By 4,250 BP, a major change occurred. Further recession 

of the barrier east of Beverwijk, together with the shift of 

a smaller channel at the rear of th is barrier very probably 

caused a break-through at this spot. Consequently, the re

mainder of the Haarlem inlet silted up entirely ve ry rap

idly. The location of the inlet suddenly shifted some 6 km 

to the north. Spit growth north of Heemstede continued, 

directed landinwards towards the newly formed inlet (Fig

ure 33g). Reconstruction of this phase is in part hampered 

by later Oer-IJ erosion because of lateral channe l shifts 

(Zagwijn , 1971; Vos, 1983). This 4,250 BP major cha nge 
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may also account for the sudden, but late start (compared 

with the rest of the area further east) of Holland Peat 

growth in the Haarlem area (De Jong, 1987). This late 

start is related to the marine influence that persisted until 

the break-through east of present-day Beverwijk oc

curred. Fu rther mapping is needed. 

More rapid barrier progradation at the location of the 

cross-sect ion started shortly before this time as a conse

quence of this channel avulsion and cont inued at least up 

to 4,000 BP. Progradation now occurred from the north 

side of the River Rhine (unpublished data) up to the Sant

poort area along the entire barrier line. During this time 

large amounts of sand we re apparently available, prob

ably originating from the shallow North Sea bottom and 

possibly from the Old Rh ine river outlet, to be used for 

barrier progradation for that particular area. The relatively 

great height to which the so-called Older Dunes were 

blown up in the area may also indicate that this coast in 

between two inlets witnessed a rich sand supply. 

The reconstruction of further developments after 4,250 BP 

is documented by the map of the coastal barr iers on 

which 14C datings are indicated (Figure 32) and the cross

section showing barrier progradation (Figure 31 ). The in

fluence of the tidal inlets, now 30 km to the south (the Old 

Rhine) and 20 km to the north (the so-called Oer-IJ) is far 

less easily traced. Major changes such as more rapid or 

slower progradation or truncations cannot easily be re

lated to the known younger geological history of the in

lets. Nevertheless, for major truncations between 3,800 

and 3,600 BP and between 2,800 and 2,600 BP (cf. section 

3.4, Coastal gradients) the following suggestions may be 

made. 

Th e 3,800/ 3 , 600 BP truncation 

For the inlet north of the transect it is known that the 

coastline was situated at Velsen c. 3,850 BP (Jelgersma et 

al., 1970). From 4,250 BP to 3,850 BP the pattern of Older 

Dune ridges arched in a southwesterly-northeasterly di

rection (Figure 32 ). However, on the basis of the general 

chronology of the barrier deposits between Rhine and 

Oer-IJ , it is unlikely that this dune ridge pattern also indi

cates the beach barrier morphological pattern below the 

dunes. Instead, the pattern could indicate growth of the 

dune system by sand being blown inland during several 

phases. Just north of the Old Rhine estuary, extremely 

rapid progradation took place from 4,500 to at least 3,600 

BP, but this can be considered to be a local phenomenon, 

as almost all beach plains in this area are no longer dis

cernible south of the location of the Haarlem transect. 

This ind icates that the 3,800/3,600 BP truncation in reality 

meant a period of several hundreds of years of non-depo

sition, or, more likely, a period of slow progradation, with 

periods of frequent erosion, as the transect is situated in 

the area halfway between the two outlets. Here the effects 

of slow general progradation of the coastline are clearest 

because of the lack of a major horizontal tidal component 
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Figure 34 

Geological model of 

the Holland coast 

storm deposits. 

in the movement of the shallow coastal waters and re

lated supply of sediment. 

The arguments in favour of truncation are therefore not 

very strong. Another background cause of the 3,800/3,600 

BP event could be the following. A major change occurred 

around 3,900 BP at the mouth of the Rhine outlet south of 

the transect. From that moment onwards, channel axes 

show a consistent shift to the northwest, while the chan

nels were directed to the west before 3,900 BP (unpub

lished data ). A period of a stronger effect of longshore 

drift could be the cause of this shift. Exactly how this ef

fect is related (cause or consequence) to a strongly ham

pered outflow of river water is not well known. That this 

was a hampered outflow could be deducted from the fact 

that a large area in the River Rhine estuary was flooded 

NORTH SEA 

gradient current 

and basin clays were deposited (Dunkirk 0 Deposits; 

Pruissers & De Gans, 1988). 

Th e 2,800/ 2 , 600 BP trunca tion 

In the Rhine outlet area all coastal deposits of this period 

were removed by subsequent erosion (except for coastal 

dune deposits blown inland far enough to escape this ero

sion). Consequently, no data are available for this area. 

North of the Haarlem transect, very few data are avail

able, but Westerhoff et al. ( 1987) have shown that the Oer

IJ was active during this period. No barrier datings in the 

latter area are known, but it is likely that here, as in the 

Haarlem transect, a period of non-deposition or erosion 

occurred. Two barrier shell datings are close to each other 

(2 km), dated 3,400 ± 55 (GrN 4566; Jelgersma et al. , 1970) 

upper shoreface 

-1 6 m 

lower shoreface 

-20 m 

upper shelf 

0,5m 
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and 2,310 ± 35 (GrN 6445; Roep, 1986) (Figure 32) indicat

ing slow progradation. 

Also, a peat layer was observed at Velsen (approximately 

near the location of older dating mentioned above) dating 

from the truncation period (pers. comm. J. de Jong ) 

which was partly removed by aeolian erosion. This type 

of erosion can take place only when the peat has desic

cated through a lowering of the groundwater table. In a 

dune system this can only be effected by a reduction of 

the width of the dune area (cf. Bakker, 1979). As a reduc

tion of dune width in this period cou ld be due either to 

coastal recession at the seaward side, or at the rear of the 

dune area by erosion because of the lateral sh ift of the 

Oer-IJ meanders, it cannot be determined wether or not 

coastal recession did occur. Supplementary evidence on 

the palaeogeographic evolution of the Velsen area is 

needed to permit final conclusions. 

The history of the accumulation of Older Dune sand 

Depth 
in m 

NW 

North Sea 

2km 

Beach Pole 69 

-.,.. 
~ -----

blown onshore might also provide some cl ues as to the 

coasta l erosion associated with the truncation observed 

in the Haarlem transect. Older Dune phase Ila (Jelgersma 

et al. , 1970) can be dated in this period. This deposit has 

recently been mapped (Pruissers & Blokzijl , 1989). It has 

been found to cover a large area, and hence, it may be 

considered to represent a more general dune forming 

phase ending before Roman times, during which open 

dune shrubs flourished (Jelgersma et al., 1970). This indi

cates landinward transport of dune sand. The availability 

of a large volume of dune sand along a long-stretched 

part of the coast between the Rhine outlet and the Oer-IJ 

inlet suggests coastal erosion at the sea-side of the dune 

system on a more than local scale . 

Summarizing, it is li ke ly that what appeared as the first 

truncation of 3,800/3,600 BP, might not be a truncation af

ter al l, whi le the second truncation of 2,800/2,600 BP ap-

leyduin 

...... ~ _. --= - -- --- -~ -- -- ~-- -- -- -:;:: 

Figure 35 

Generalized direction of foresetting of micro- and megastructures of the orientated barrier cores (Haar/em area, the western 

Netherlands). Note general direction of foresetting in the breaker bar sedimentary unit (compare Figure 10) is shoreward; general 

direction of foresetting in the sedimentary zones below the latter reflects varying influence of shoreward and offshore movement of 

bed forms. 
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pears acceptable in view of the regional geologica l devel

opment. On the other hand, the pattern of coastal gradi

ent development of Figure 31 is likely to be genui ne, even 

if uncertainties of the method of age determination are 

taken into consideration. 

Coastal storm sedimentation 

With the help of Figures 10 and 31, the outlines of the 

coasta l depositional system responsible for the formation 

of the Subborea l and Subatlantic barrier sediments in the 

mid-Hol land coastal area ca n be defined. As discussed 

above (section 3.2), the Holland coast was influenced to a 

large extent by the North Sea wave climate. In the same 

section it has also been su ggested that the Holland coast 

sedimentary system is essential ly storm-dominated. Here 

this suggesti on is elaborated upon and a model is pre

sented and discussed. 

The proposed storm-depositional mechanism of the Hol-

L orbital motion 

....,._ direction of wave travel 

Figure 36 

Possible formation of storm deposits on the shoreface of 

the western Netherlands coast. 

A) Two former storm event deposits: both fining up and 

bioturbated. 

8) During the following storm event, particles smaller than 

200 µm are taken into suspension by the oscillatory motion of 

the sea-water under the influence of storm waves at the 

surface. Molluscs (and other biota) are wash ed out of their 

living position and are partly washed away. 

An event-concentration is formed, taking up an earlier 

event-concentration (2). 

C) After the storm, the suspended material is quickly deposited 

under waning storm conditions. A storm-sequence is formed, 

resembling a hummocky cross bedded unit. No surviving 

molluscs or worms, so the area needs to be colonised anew. 

land coast is illustrated in Figure 34. For the constructi on 

of this model , the cores of the Haarlem transect were 

used, in combinati on with data from temporary expo

su res. The latter were added, in view of the limited core 

width of the boreholes in the cross-section. Unfortu

nately, these exposures (mostly shal low pits in construc

tion works), seldom reached deeper than the Low Tide 

Level (LTL). In some deeper exposures, however, data 

cou ld be col lected which are of importance in this matter 

(e.g . Roep et al., 1983 and unpublished data of the au

thor). This means that sed imentary units 7, 6 and 5 (the 

last on ly partly) of Figure 10 are known both from the 

cores and from exposure data. Units 5 (for the la rg er part) 

to 1 are known from cores only. 

The storm-depositional character of this system is docu

mented in several ways. For the sedimentary units: see 

Figure 10. 

Supratidal s torm layers 

(sedimentary unit 6 : top) 

Above the genera l High Tide Level (HTL) frequently thin 

shel l layers are found , which formed on a storm-eroded 

flat beach surface (Roep, 1986; Van der Valk, 1991 ). These 

layers are characterized by the presence of large shells of 

different species, but predominantly of worn she ll s of Ce

rastoderma edule, with holes in the umbones due to aeo

lian sand blasting (Schermer, pers. comm). These layers 

are overlain, and sometimes also underlain by aeo li an de

posits. 

Longshore breaker bars 

(sedimentary unit 6) 

Strictly speaking, the mega-cross bedded deposits cannot 

be attributed to storm processes, since from actual obser

vations it is known th at breaker bars 'shape up' during 

more or less fair-weather conditions. A recent survey by 

Short (1991 ) indicates that morphodynamic changes are 

frequent in this zo ne, higher in frequency than and sur

passing storm frequency (see for other beach surveys: 

Van den Berg, 1977 and Roep, 1986). 

U pper s horeface 

(sedimentary units 5 a nd 4 ) 

A distinctive feature indicating that the upper shoreface 

deposits originated predominantly as storm wave depos

its, is the direction of foresetting, documented in the lac

quer peels taken in a cross-palaeoshore direction (Figure 

35) , in combination with the graded architecture of the in

dividual event-type deposits (Figures 10 and 11 ). Below -

10 m NAP (but sometimes also two or th ree metres 

higher up ), a proporti onal ly la rger part of the directi on of 

foresetting of individual sets (when compared to the de

posits above th is depth) is directed towards the North Sea 

This information is ava ilable as a resul t of the orientated 

way in which most of the co res (6 out of 10) were taken 

(Figure 35). Of cou rse, this is as far as the cores can be 
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interpreted: the core splits were taken perpendicular to 

the coast. This indicates that a longshore component 

could not be measured. The boundary plane between 

sediments which indicate through their sedimentary 

structures a predominantly shoreward sediment move

ment, and sediments which show structures indicating a 

more or less off-shore transport is generally at level from 

E to W. Foresetting directions away from the coast may 

be associated with shoreface storm wave set-up, the wa

ter returning to sea by undercurrent. In conclusion, the 

intermittent depositional activity (event character) and the 

directions of foresetting in combination with depositional 

depth suggest storm-wave action as the most probable 

agent. 

The mechanism of storm-layer formation in unit 5 is illus

trated in Figure 36, but mutatis mutandis it may explain 

the mechanism of unit 4 as well. Before a storm, the sea

bed is in a quiet stage and thoroughly bioturbated (Figure 

36a). When the oscillatory motion of the water near the 

bottom starts during storm build-up, the sediment is 

stirred up and all material smaller in grain size than 200 

µm is taken into suspension (Figure 36b). Shell material 

(dead and alive) is washed out to form an event concen

tration (Kidwell, 1991 ) (Figure 36b). Under waning storm 

conditions, the suspended material rapidly covers win

nowed-out shell concentrations and coarser-grained HCS 

beds, producing a kind of graded unit (Figure 36c) . The 

nature of the event deposits depends on depth in the (pa

laeo-) North Sea. Distal storm event deposits are thin (a 

few centimetres at a depth of c. 15 m) and show the com

plete sequence of winnowed shell lag below, overlain by 

graded sand, top clay bed and burrowing. Higher up, the 

event deposits gradually change into beds of several tens 

of centimetres of thickness, showing a thick shell lag, fol

lowed by HCS bedding. Often, the fine-grained top depos

its and the burrowing are missing from the cores due to 

reworking by the wave action of a subsequent storm. As 

long as the progradation continued, the preservation po

tential of the storm deposits was high for the deeper lying 

deposits, and for higher deposits equal in the truncated 

fashion, as explained above. For recent storm deposits in 

the shallow southern North Sea, unfortunately, there are 

no data. 

Lowe r shoreface 

(sedimentary units 3, 2 and 1) 

Unit 1 is the predominantly sandy unit that occurs in the 

east. This unit is associated with the barrier coastline bor

dering the Haarlem inlet to the south (Figure 33d-e) . Unit 

2 is the very clay-rich unit that occurs seaward of unit 1, 

and interfingers with the latter. Unit 3 comprises bar-like 

sand features that lie still further out to sea (Figure 10). 

Unit 1 shows scours at the base of shelly sands and often 

directions of foresetting towards the west, i.e. towards 

the North Sea. Again several beds show slight clay depo

sition, often worked into the sediment by bioturbation ac-
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tivity. These very probably event-related features point to 

storm deposition. The interfingering with unit 2, depos

ited simultaneously with unit 1 but more seawardly and 

under quieter conditions, shows a progressive fining-out 

into sea. The event character of unit 2 is demonstrated by 

the frequent lithological change from sand to pure clay 

and the occurrence of (mostly thin ) shell lags. Between 

the separate thin beds frequently bioturbation took place. 

Still further out to sea , unit 3 was deposited in the form of 

moderately coarse sands with a very low clay content and 

very little shell material. This unit is supposedly contem

poraneous with the units 2 and 1, but as the number of 
14C datings involved is very low, there remains some un

certainty over their time re lationship. The overall sandi

ness of this unit indicates the wo rk of tides rather than 

storm waves: the fines are permanently winnowed out. 

This sandy character conforms more or less with that of 

the present-day ebb-tidal delta front in the Zeeland area. 

This unit 3 does therefore not show the event character 

that was assumed for the other sedimentary units men

tioned above. 

Progradational sources 

Pre-progradational sand transport ways were normal to 

the present-day coastline, as indicated by the erosion pat

tern of the Early-Holocene Basal Peat occurrences (Fig 

ure 7) and reconstructed palaeogeography (Figure 33) of 

channel pathways. Thus, it is acceptable to assume that a 

certain amount of cross-shore sand transport did take 

place in front of the pre-5,200 barrier. As the Old Rhine 

river outlet was not in operation before 5,000 BP (Pruis

sers & De Gans, 1988), all sand must have come from the 

sha llow North Sea bottom directly offshore of the Haar

lem area, probably supplemented by a more distant sand 

source, a Boreal/Early-Atlantic delta of the Rhine/Meuse 

outlet west of Rotterdam (Beets et al., 1992), which is only 

some 50 km to the south. 

After 5,000 BP the Old Rhine outlet at Leiden may have 

acted as a sand source, contributing in this way to the 

progradational sources. Proof is difficult to find, as miner

alogical features (Eisma, 1968) or other lithological pa

rameters hardly permit to distinguish fluviatile sand from 

sand derived from either the shallow North Sea or the pa

laeodelta west of Rotterdam. There is, however, some 

circumstantial evidence pointing to a post-5,000 BP con

tribution of the Rhine to the coastal sand budget. First, 

there is the rapid coastal progradation west of Leiden, 

which came into existence immediately after the connec

tion of the Rhine to the North Sea (Beets et al ., 1990; Van 

der Valk & Pool, in prep.). The connection is formed by a 

purely sandy river meander belt, suggesting sand trans

port towards the coast at least during the period of barrier 

progradation. Secondly, after c. 3,800 BP a strong shift oc

curs in the sedimentation pattern. The mouth of the River 

Rhine shifted to the north only from that time, and the old 

channels were filled wi th sand. Coastal drift supposedly 
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was the cause of this shift (Roep et al., 1991). Thirdly, 

gravel in the barrier sediments is found predominantly to 

the north of the River Rhine outlet, suggesting a relation

ship with the River Rhine (a Holocene source, however, 

cannot be proved however, since the gravel could easily 

have been reworked from the Ple istocene subsoil (Van 

Straaten, 1991)). Lastly, in the barrier sediments occasion

ally freshwater mol luscs and terrestrial molluscs are 

found at locations north of the River Rhine outlet (Meijer, 

pers. comm. and author's unpublished data), suggesting 

a Rh ine provenance. 

The bulk of the sand used for progradation came from the 

sha llow North Sea, however. This is documented by the 

molluscan fauna, found in the barrier sands. The pres

ence of reworked Atlantic molluscs (species from a tidally 

dominated environment such as Mytilus edulis, Cerasto

derma edu/e, Scrobicularia plana and Littorina /ittorea) in 

these barrier sands progressively declines from east to 

west, i.e. the direction of progradation. This indicates that 

the source (the western part of the so-called Calais De

posi ts, at the start of the progradation lying off-shore: Fig

ure 3) decl ined in vo lume. As soon as this source was de

pleted, sands for further progradation were picked up 

from the seafloor of the adjacent North Sea. Another ar

gument for a sha llow North Sea source is the erosion pat

tern of the Basal Peat (Figure 7). The SW-NE trending ero

sion line below the present-day cities of Lisse and 

Haarlem suggests a truncation parallel to the ancient 

shore brought about by a certain mechanism. This mech-
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Figure 37 

Generalized Subatlantic/Subboreal beach ridge sequence of the 

western Netherlands. 

anism can only have been wave action. The Basal Peat in 

the Velsen-IJuiden area escaped erosion because of its 

deeper occurrence and protection by the stiff clay of the 

Velsen Layer. A tidal current parallel to the coast is not a 

very likely mechanism for uprooting the Basal Peat, con

sidering the shallower depth of the Early-Subboreal North 

Sea, and hence weaker tidal currents (Franken, 1987). This 

leaves wave action as an agent. When the Basal Peat was 

eroded (as is sti ll happening in the area off Bloemendaal : 

with every storm large lumps of Basal Peat reach the 

shore), sands overlying it would be a possible source for 

progradation. When the peat was removed, also the 

underlying Pleistocene sands were available. Recently, 

cores from the shallow North Sea area around the cores 

discussed in this paper have shown that indeed the Pleis

tocene deposits more or less lie at the top of the sea bot

tom covered only with a thin veneer of Holocene sand 

(Beets, pers. comm.; Van de Meene, pers. comm. ). 

5 Conclusions 

1. Over the past 5,000 radiocarbon years relative sea level 

rise in the Netherlands has amounted to 4-5 m. Some 3-4 

m of this rise occurred during the 3,300 radiocarbon years 

of coastal development documented in the sediments of 

the Haarlem cross-section. Despite this the coast showed 

strong stepwise progradation, with marked retardations 

(or slight erosion) around 3,700 and 2,700 BP. 

2. In the course of the progradation of the barrier coast 

near Haarlem a general steepening of the shoreface gra

dient took place: from 1 : 540 at 5,000 BP through 1 : 450 

at 3,800 BP to 1 : 145 at 2,200 BP. Gradients mentioned are 

based on the vertical distance from palaeo-MSL to the 

deepest point where the related shoreface was still ob

served (cf. Figure 31 : 12 mat 5,000 BP, 10 mat 3,800 BP 

and 14 mat 2,200 BP) . When studied in detail , it appears, 

at least at the chronological resolution of c. 200-300 14C 

years which could be achieved, that in the upper -10 m 

subsequent coastal gradients remained basically equally 

steep. The present study does not permit conclusions 

with regard to possible variations in the steepness of the 

upper 10 m of the coastal gradient from phases of barrier 

formation (presumably steeper) to phases of beach plain 

formation (presumably less steep). This can be ascribed 

to too few radiocarbon datings in the barrier section 

above-10m. 

The general trend of gradient evolution is not affected by 

calibration of the radiocarbon datings on which it is 

based, although minor effects occur (e.g . slightly less 

steep gradients pre-3,000 BP when calibrated ages are ap

plied). 

The general steepening and the occurrence of periods of 

marked slow progradation and/or truncation of the barrier 

foot deposits suggests that the concept of the Bruun rule 

(Bruun, 1988) cannot be applied to the prograding barrier 
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of the western Netherlands during the Subboreal and 

Subatlantic sea level rise as indicated above. A more ex

tensive discussion on this subject is made by Van der Valk 

& Pool (in prep.), who will provide an account of the 

quantitative approach towards barrier formation by 

means of mathematical modelling. 

3. So far as the genesis of the barrier sands of the western 

Netherlands is concerned the combined litho- and bio

stratigraphical evidence points to a sedimentary regime 

primarily related to storm-wave action. Minor tidal influ

ence was mainly restricted to larger depths (over 16-18 

m) where it prevented fine-grained sediment particles 

from becoming deposited in open-sea circumstances. 

4. Applying radiocarbon dating of carefully selected re

worked, but fresh-looking molluscan material from the de

posits studied resulted in a plausible, internally and exter

na lly (i.a. first appearance of certa in molluscan species) 

consistent and apparently reliable chronology, with a 200-

300 radiocarbon years resolution (cf. 3.4, paragraph Re

sults). Provided that the same precautions are herded, this 

dating techn ique may be applied generally to establish the 

chronology of barrier (or other sandy coastal ) systems. 

5. Faci es evo lution, including both lithogical (cf. 3.2, para

graph on Sedimentary units) and palaeontological (cf. es

pecia lly 3.3.5 on Molluscs) aspects, of the Haarlem barrier 

deposits shows that per time unit the amount of wave en

ergy on the coastal profile must have increased during 

the c. 3,300 years of progradation. Several causes may be 

considered: 

1. the sand sources from which the barrier sand wedge 

was constructed during progradation reached deple

tion, which meant changi ng morphology of the shal

low North Sea coastal area; 

2. a climatic change in the southern North Sea area re

sulted in increased windiness. Indeed, Van Straaten 

(1961) showed that such could have been the case, but 

up to now no unambiguous data for the Subboreal 

and Subatlantic have been published with regard to 

the western Netherlands in this respect; 

3. an intermingling of the effects mentioned under 1. 

and 2. 

Should the energy increase on the coastal profile be due 

exclusively to depletion of the sand sources, then the to

tal of the progradation of the Subboreal/Subatlantic coast 

must be considered to represent the result of the slowing 

down of the rate of sea level rise in the southern North 

Sea subsequent to c. 5,500 BP. As far as a climatic cause 

for the end of the progradation is concerned, Van Straaten 

(1965) remarked that the shore-parallel orientation of the 

Older Dune ridges might point to a more southerly wind 

climate than the present-day westerly wind climate. The 

present author does not consider this a sound argument, 
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sin ce the orientation of the Older Dunes on top of the pre-

3,500 BP barrier ridges (to which Van Straaten referred) is 

primarily related to the rate of progradation of the total 

barrier. This implies that rather too little time was avail

able for aeo lian transportation away from the shore than 

that the orientation was climatically forced. On the other 

hand, short-term changes in wind cl imate in historic 

times have been documented, which influenced aeolian 

deposition (Van Straaten, 1961; Hoozemans, 1990). At this 

moment it cannot be decided which process (sea level 

rise or climatic change) was the most important, but gen

erallyit is assumed that sea level rise was prevalent. 

6. Due to the sing le-section approach used in this study, 

no quantitative remarks can be made with reference to 
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Figure 38 

Schematic reconstruction of the evolution of the beach barrier 

complex between the estuaria of the Old Rhine and the Oer-/J 

from 6000 BP to the present-day. 
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the relative importance of cross-shore transport and long

shore transport. However, some qualitative remarks can 

be made. The general rule seems to have been that cross

shore transport prevailed during the first 1,500 years of 

coastal barrier formation, only to be influenced by long

shore transport associated with the development of the 

Haarlem inlet for short periods of time. 

The next 1,500 years of barrier formation may have 

shown a different picture: the shift to the north of the 

mouth of the Old Rhine river and of the inlet of the Oer IJ 

suggests such. Long-shore transport may have been 

much more important than in the period 5,200-3,800 BP. 

Truncation of the barrier area just north of the mouth of 

the River Rhine is supposed to have taken place in the pe

riod 3,800-1,900 BP and the sand of these deposits was 

used for the progradation near IJmuiden. 

The end of progradation is considered to be the reaction 

of the barrier system to the disappearance of sea level 

rise. As a substantial SLR cannot be demonstrated on the 

Holland coast in post-Roman times, this indicates the pos

sible start of the period of post-SLR. For the Haarlem area, 

Van der Valk & Pool suggest c. 900 AD for the change 

from progradation into landward shift. Thus, the time lag 

involved may be estimated at several hundreds of radio

carbon years to about 1,000 radiocarbon years. 

Another view is that the cross-shore transport invariably 

took place in shallow (less than 10 to 12 m) water depth -

this is presumably what coastal engineers name the 'ac

tive zone'. In our opinion, the word 'active' should be 

interpreted in a relative rather than an absolute sense: in 

fact, the 'active zone' of the shoreface is more active than 

other zones of this area. 

The general picture which emerges from the present 

study with regard to barrier progradation is one of a time

and place-dependent process, forced by: 

changes in the configuration of the southern North 

Sea during the Subboreal and Subatlantic with adjust

ments to more strongly wave-dominated circum

stances 

rate of sea-level rise and 

availability of suitable sediment. 
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Abstract 

The geology and sedimentology of the sandy coastal deposits of the Late Atlantic just north of the 

main river outflow of that time are described. The study area is situated in the western part of the 

Province of South-Holland and it represen ts the earliest progradational coastal development of the 

Holland coastal barrier complex. The sequence shows a general coarsening-up trend in the 

southern part and has a sheet-like appearance. Further north, is shows a fining-upward character 

and is incised into the subsoil. In the southern area a section in a large construction pit was studied. 

The study of the sedimentary sequence in addition to molluscan taphonomy played an important 

role in the in terpreta tion of the upper part of the sequence on the basis of data yielded by the 

temporary exposure. The deposits situated more northerly were studied in cored sections; they are 

interpreted as tidal chan nel deposits. In an Appendix, some methodological remarks are presented 

on the sampling of shell material in a coastal area influenced by admixture of fresh water. 
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1 Introduction 

The aim of the present paper is to reconstruct the coastal 

development during the Late Atlantic in the Rijswijk-Zoe

termeer area, South-Holland (Figure 1 ). In this area an ex

tensive sandy deposit (the Rijswijk-Zoetermeer (RZ) 

sands: a sheetlike deposit in the south and sandy cha nnel 

fills to the north) formed during the Late Atlantic as an on

lap sequence on fluviatile and estuarine clayey sediments 

of Early and Middle Atlantic age (Pruissers & De Gans, 

1988). Based on observations in a large excavation near 

Rijswijk in the topmost part of the sand sheet, an inte

grated picture of facies (sedimentology), faunal (molluscs 

70 80 

470 

N 1 

+ 
460 

and ostracods) and floral (diatom) relationships was 

drawn. The depth of the excavation allowed some insight 

to be gained into the full amplitude of the tidally influ

enced depositional tract of an early prograding barrier. A 

brief discussion of the methodology and sampling strat

egy of radiocarbon dating of coastal deposits will be 

found in an appendix. The stratigraphy of the deposits en

countered is schematized in Figure 2. 

Atlantic tidal channel deposits and associated coastal de

posits in the province of South-Holland have only occa

sionally been studied in recent years. The ma in reason for 

this is the age of the deposits, i.e . older th an 5000 years, 

and consequently the depth at which the deposits are sit-
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Figure 1 

Palaeogeographical map of the Late Atlantic and Early Subboreal coastal deposits in the Province of South-Holland near The Hague. 

The area around and between Rijswijk and Zoetermeer is the main study area of this paper. The position of the temporary excavation 

Rijswijk A4 and the locations of some borings (30G836, 37E526), of four sections (1, 2, 3 and Fig. 5) and of a contour map (Fig. 4! are 

indicated. Grid sides are 10 km. After Pruissers (not published), Van Staalduinen (1979) and Kok (pers. comm.). 
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Figure 2 

Local stratigraphv 

(Upper Pleistocene and 

Holocene) of the 

Rijswijk-Zoetermeer area. 

The Atlantic 

Rijswijk-Zoetermeer sands 

(RZ sands) are the ma in 

subject of this studv. 

uated, namely generally lower than severa l meters below 

surface. Evidently, the sea-level rise that took place during 

the second half of the Holocene in the western Nether

lands buried the Atlantic deposits under younger layers of 

peat and clay (Jelgersma, 1961; Van de Plassche, 1982). 

The South-Holland tidal channels are shallow based, 

mostly less than 10 m deep (De Gans et al. , in prep; Figure 

3). Thi s indicates that the tidal volume, which passed 

through these inlets, cannot have been very large. Conse

quently, the back-barrier area is not very broad: some 

tens of kilometres. Another important factor is the pres

ence of major outlets of the River Rhine and to a far lesser 

extent of the Meuse immediately south of the coastal area 

discussed here. These river branches provided large 

quantities of freshwater and a large volume of mainly 

fine-grained sediment, but more important is the pres

ence of large quantities of sand immediately in front of 

the River Rhine outlet, that were deposited by Boreal and 

Early Atlantic Rhine outlets (De Groot & De Gans, 1996, 

this volume; Beets et al. , 1992). Presumably, this volume 

of sand was in the process of reworking during the forma

tion of the RZ sands. 

2 Geological and palaeogeographical 

settings 

Sedimentation in the coastal plain of the western Nether

lands was strongly governed by sea-level rise. Sea-level 

was situated at approximately 25 m below NAP (= Dutch 

Ordnance Datum, which about equals present-day Mean 

Sea Level (MSL)) at 8000 BP and -7.5 mat 6000 BP, imply

ing a rise of 0.7 to 1 m per 100 radiocarbon years. This 

comparatively rap id rise lasted until about 5000 BP. Fol

lowing 5000 BP, it dropped down to 0.2 to 0.1 m per 100 

radiocarbon years (Je lgersma, 1979; Van de Plassche, 

1982). The change occurred gradually. 

The stud ied deposits are situated between the cities of 

The Hague and Delft, just inland of the Early Subboreal in

itial barrier coastline (Fi gure 1 ), which is thought to have 

been in place from 5000 BP onwards (Van Straaten, 1965; 

Zagwijn , 1965). Prior to th is, between 8000 BP and 6000 

BP (possibly up to around 5000 BP) mainly clay was de

posited in the southern part of the area by west flowing 

River Rhine and Meuse branches (De Groot & De Gans, 

1996, this volume), although some fine sandy channel fills 

vi Rijswijk-Zoetermeer regi onal lithostratigraphi ca l chronost ratigraphy 
area: subdivi sion 
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Tidal deposits, mainly fine grained back-barrier clay (Dunkirk I Deposits): Early Subatlantic 

Barrier deposits (Older Dune and Be ac h Sa nd s): Early Subborea l 

Peat (Holland Peat) : Atlantic - Subbore al 

A Younger phase of 4 (Calais Ill Deposits) : Late Atlantic - Early Subboreal 

Early progra dational barrier and tidal-channel sand s (RZ sands) and more clayey 
tida l deposits (Cala is llb Deposits) : Late Atlantic 

Fin e-grained tidal deposits (Calais Ila Deposits): Late Atlantic 

Peat (Basal Peat) and fine - grained fluviatile/estuarine deposits (Gorkum I and Calais I Deposits): 
Preaboreal - Early Atlantic 

Substratum: Pl eistocene fluviatile deposits 

Figure 3a 

Section 7 The Hague-Delft: perpendicular to the post-5000 BP coastline. Note gentlv sloping Pleistocene surfaces. The Rijswijk A4 

temporarv exposure is indicated. 

Figure 3 

Three sections in the Late Atlantic and Earlv Subboreal coastal district in the Rijswijk-Zoetermeer area. Locations of the cross-sections 

are shown on Figure 1; a stratigrphic overview is is given in Figure 2; see Figures 18 and 19 for more information on radiocarbon 

datings. 
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Section 2 Nootdorp-Stompwijk: Only fragments of the former Holland Peat cover, which was thicker than four meter, remained; 

the peat was removed in historical time due to natural erosion and human peat extraction for fuel consumption. 
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Section 3 Nootdorp-Zoetermeer: Note generally less pronounced topography of the ancient tidal channel fill of 

unit 4 compared to Figure 3b. 
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were also found (De Gans & Pruissers, 1988). Th ese Early 

Atlantic river branches (transporting water and mainly 

fine-grained sediments), flowed from east of Zoetermeer 

to a coasta l area west of the present-day coastline. A tran

sitional zone from fluviatile clayey deposits into estuarine 

clayey deposits is found south of the city of The Hague. 

This indicates that during the Atlantic the mouth of the es

tuary was situated in the present-day North Sea . 

Shortly before 6000 BP, mainly marine-brackish, fining

upward channel fills were laid down rapidly. The channel 

fills themse lves are sandy (the med ian grain size of the 

sand generally< 150 mu ) at their bases, but are fining-up 

quickly into a clayey top layer at the present height of 10 

m below NAP. Towards the south the sediment contains 

an estuarine diatom flora with a large freshwater input 

(De Wolf, 1986a). These estuarine deposits cove red the 

southern part of South-Holland completely (De Groot & 

De Gans, 1996, this vo lume). North of the Rijswijk area, a 

different type of sediment is found. Here, Early Atlantic 

deposits consist of tidal flat and some lagoonal fine

grained sediments (Pruissers & De Gans, 1988). Clayey 

and fine sandy fills of tidal channels are known to occur 

below the coastal barrier sands near the city of The Hague 

(Van Straaten, 1965). These more northerly fil ls presum

ably cont inue into the Late Atlantic (De Jong, 1978; Van 

der Va lk, unpublished data). This age is confirmed by a 

radiocarbon dating of 6240 ± 90 years BP (GrN 12748; see 

Figure 18) of articulated Mytilus edu/is shells from a bore

hole at Harstenhoek. Lithologically, these fine-grained fills 

do not resemble the younger RZ channel sands. Usually 

80 

the channel fills of the period preceding the RZ channel 

period are clayey to a high degree and contain a mono

specific Myti/us fauna . Moreover, mapped occurrences of 

the Basal Peat and the top of the Ple istocene deposits 

(Figure 1) indicate little erosion of both this peat and 

Pleistocene deposits, only in the area north of The Hague 

and under the extreme southwest of this city (De Mulder 

et al., 1983). Th is means that tidal scouring must have 

been restricted to a zone immediately east of the Middle 

Atlantic coastl ine, which was presumably situated in the 

present-day North Sea. These northern clayey channel 

fills are coeval in time with estuarine deposits (more 

strongly influenced by the presence of fresh water) fur

ther south of the city of The Hague (De Groot & De Gans, 

1996, th is vol ume), suggesting that somewhere in the 

present North Sea a barrier island must have been situ

ated wh ich separated the more northerly tidally influ

enced area from the more southerly estuarine area. 

Subsequently peat started to develop on top of these es

tuarine and fine-grained marine deposits. The start of the 

peat growth was dated 5,890 ± 80 y BP at Nootdorp (GrN 

2268 ; Zagwijn, 1965; see paragraph 5). It is not known 

when the peat growth came to an end, presumably before 

5600 BP (see paragraph 5). 

Continued sea-level rise caused further eastward move

ment of the coastline. Severa l large tidal systems devel

oped in the study area after 5600 BP (Figures 2 and 3). 

These Late Atlantic palaeochannels lie roughly at a 45° 

angle to the present-day coastline. They usually consist of 

medium to fine-gra ined sands. Westernmost parts geneti-
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Figure 4 

Depth contours {in m 

below NAP) of the surface of 

the Late Atlantic barrier and 

tidal channel-fill sands 

{the RZ sands). For the 

location of this map, see 

Figure 1. Grid size is 10 x 

5 km. After Van Staalduinen 

(1979), Pruissers and Kok 

{pers. comm. ). 
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cally belonging to these deposits (e.g. ebb-tidal deltas 

and barrier island coastlines) were probably removed by 

erosion prior to barrier formation underneath the present

day towns of Wateringen, Rijswijk, Voo rburg etc. (Figure 

1 ). Remaining parts, north of the Naaldwijk-Kwintsheul 

area were called Older Dune and Beach Sands by Van 

Staalduinen (1979). The question arises how the sand 

sheet between Rijswijk and Naaldwijk should be inter

preted and in how far the channel to Zoetermeer is re

lated genetically with the above-mentioned sand sheet. 

The RZ sands are shown (both the sand sheet and the 

channel fill) to be of about the same age as the Naaldwijk

Kwintsheul Older Dune- and Beach Sands. The results of 

the study of the sandy deposits, belonging to the sand 

sheet are discussed. These deposits could be studied in a 

temporary exposure south of Rijswijk (Figure 1 ). 

3 Distribution of the Rijswijk-Zoetermeer 

(RZ) sands 

Having briefly defined earlier coastal history predating 

the deposition of the RZ sand body, the boundaries of the 

sheet-like sand body are here discussed. Three sections 

are given to illustrate these boundaries (Figures 3a to 3c). 

The RZ sands (most of unit 4 in Figure 3) are underlain by 

a generally fine-grained estuarine and fluviatile sequence, 

assigned to the Calais Ila/I and Gorkum Deposits (Figure 

I 
~ 

3a) and with a wide lateral distribution (De Mulder et al., 

1983). At the present, the RZ Sands are assigned partly to 

the Older Dune- and Beach Sands (Van Staalduinen, 1979 

and Kok, pers. comm.) and partly to the Calais II Deposits 

(De Mulder et al., 1983). Towards the east, the RZ sands 

grade into clayey tidal flat sediments (Calais llb/111 Depos

its) (see Mulder (1989) for the soil map of the area). To

wards the north, the RZ sands also pass into clayey de

posits. The latter are underlain by a peat layer which 

covers the older fine -g rained tidal Calais Ila Deposits. The 

start of the peat growth is dated at about 5900 BP (see 

paragraph 5). This peat level is also present to the south 

of the RZ sand complex (De Groot & De Gans, 1996, this 

vo lume). The lithological boundary of the RZ sands at the 

southern edge of the complex shows a clear-cut contact 

with the peaty and clayey sediments in the hinterland 

(Figures 3 and 4). This indicates erosive action prior to the 

deposition of the RZ Sands. 

No more than a thousand metres southwest of the exca

vation the correlative deposit of the Rijswijk pit showed 

marked facies changes (Figure 5, core 37E526) . The de

posit is also markedly thinner there. 

To the west lithologic change is difficult to trace. Here, the 

prograded barrier complex occurs. Surface expression of 

the barrier dune sands offers some possibilities for a dis

tinction, but these become restricted where westerly RZ 

sands equally show dune morphology on top, as is the 
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Schematic geological and geotechnical section along the A4 Motorway, southeast of Rijswijk, based on boring and CPT data. 

For location of the cross-section, see Figure 1. After drawing Rijkswaterstaat ZH TX 83.9033. 
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case underneath the area of Naaldwijk-Kwintsheul and 

also in the excavation discussed in this paper. A co re 

(30G836: Figure 6; see for location Figure 1) in the oldest 

Subboreal barrier shows a coarsening-up barrier section 

above -6 m. Below, a sandy sequence occurs wh ich has to 

be older, but which also already resembles a North Sea 

environment with regard to facies, mol lusc fauna and di

atom flora (for the latter: see De Wolf, 1990). Finally, the 

deposit is slightly coarsening upward which means that 

storm waves may have been able to transport increas

ingly larger quantities of not only fine sand. The early 

(Subboreal) barrier sands resemble the RZ sands to a 

great extent. It indicates that rapid depositional processes 

and reworking probably may have been resposable for 

this. This phenomenon is not unusual in coastal se

quences (e .g. Curray et al., 1969). 
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Figure 6 

Stratigraphy of the cored 

boring 30G836 (Rijswijk 05), 

showing the change of 

older tidal sediments into RZ 

sands at about -11.50 m NAP 

For the location of the 

borehole, see the Figures 1 

and 3. 



4 Rijswijk A4 temporary exposure: 

description of the RZ sands 

4.1 General 

The Rijswijk pit was dug into the sandy sheetlike deposit 

near to transitional area to the zone of deposition in tidal 

channels (see Figures 1 and 4) . A distinction between this 

deposit and the younger barrier sands to the west can be 

made by the combined data of the lithologic sequence 

and morphology. During the Atlantic, a general WSW

ENE trending coastline existed in this coastal region be

cause of the position of the outlets of the Rivers Rhine 

and Meuse directly south of the studied area. The Rijswijk 

pit approximately parallels this trend (Figure 1 ). The exca

vation reached a depth of-7.5 m NAP, exposing some 4 m 

of the RZ sand deposits. 

A peat bed on top of the marine sands was found at about 

-4 m in the eastern half of the 700 m large excavation. To
wards the west this peat layer and the upper part of the 

post 5000 BP barrier sequence were eroded by a younger 

tidal channel of Pre-Roman age (Dunkirk I Deposits ). Pre

dating this erosion, the 'Holland' peat reached a thickness 

of some 4 m at least, prior to compaction (Kok & De 

Groot, 1990). Most peat in the area was obviously re

moved by erosion (Figures 3 and 5). 

4.2 Subsoil 

Borehole data and core penetration tests (CPT) are avail 

able for the immediate subsoil below the Rijswijk pit (Fig 

ure 5). The above-mentioned peat bed is considered to be 

part of the so-called Holland Member of the Westland For

mation (Dapper! et al. , 1975). The depth of the Pl eistocene 

sandy subsoil varies from -15 to -17 m. On top of it, a 

compressed peat layer (the so-called 'Basal Peat' ) is 

present, which is covered by a fine-grained (clayey) layer 

some 4 m thick. This clay layer is character ized by low 

cone resistance values (< 2 Mpa = MN/m2). 

The sandy Calais Deposits may be subdivided into three 

units, based on CPT's: 

A. Subtidal sandy deposits (between 4 and 6 m thick). 

lnterstratified layers of fine sand and thin clay, of gen

erally rapidly changing cone resistance values in the 

CPT's. 
B. High subtidal and intertidal sediments (between 3 and 

4 m thick). Few thin clay layers are present. Sands of

fer high resistance values. Wave energy is considered 

responsible for these high values (see below). 

C. High intertidal and supratidal sandy sediments (be

tween 1.5 and 2.5 m thick) with generally lower cone 

resistance values. 

In the pit, the top of unit B and unit C could be studied. 

These units are described below. 

4 .3 Sedimentology 

In the excavation units 4, 5 and 7 of Figure 3a were ex

posed as the base of the pit reached to -7 .5 m. On the ba

sis of sedimentological characteristics three subunits were 

distinguished in the exposed part of unit 4 (Figure 7): 

Subunit 1. Generally below -6 m, consisting of fine sand 

characterized by trough shaped crossbedded units separ

ated by slightly bioturbated levels. 

Subunit 2. Between -6 and -5.4/-5.1 m, locally eroding into 

subunit 1 to -7 m, consisting of medium to moderately 

coarse sands with horizontal parallel lamination and 

large-scale cross bedding. Subunit 2 was further subdi

vided into three units: 2a, 2b and 2c. 

Subunit 3. Between -5.4/-5 .1 and generally -4 m, consist

ing of horizontally bedded and crosslaminated fine sands 

with occasional thin clay beds, which are often burrowed. 

The top beds consist of very low-angle crossbedded clean 

sands, showing a low dune topography of the upper sur

face. Subunit 3, further subdivided into units 3a and 3b, is 

overlain by a freshwater gyttja (in depressions only), an 

aeolian sand sheet and regionally by a thin clay layer. 

Micromorphological ana lysis showed that this clay layer 

postdates the earlier subunit 3a by several centuries 

(Mucher, 1985). 

Subunit 1 

It consists of fine to medium sand of uniform average 

grainsize, slightly coarsening up. Bioturbation traces oc

curs frequently, presumably stemming mostly from 

worms. At least three types of this kind of bioturbation 

were distinguished: 1. Arenico/a type (diameter> 0.5 cm ), 

2. intermediate type (in size between 1 and 3) , and 3. 

Heteromastus filiformis type (diameter 1-2 mm). No mol

luscs in life position were observed. Occasional clay 

layers are soft and often contain sand lenses. Peat detri

tus is common as are smaller rounded and flattened peat 

lumps. 

Bedding type: planar bedding of 0.3-0.5 m scale. These 

plane beds are often covered or slightly truncated by a 

bioturbated surface (Figure 8, lower part; Figure 9; Figure 

15, lower part). Within the beds frequent formation of low 

angle to trough-cross bedded sand occurs, accompanied 

to a minor degree by flaser bedding, below -7 m NAP. The 

foresets are concave-upward, changing from slipface into 
low angle foresetting . Last stages of infilling usually carry 

laminae of peat detritus, wood remains and remains of 

Echinocardium and molluscs (Figure 15, lower part). Fore

setting of these lunate megaripples is generally to the 

SSW (Figure 10a). On the basis of palaeogeography this 

is roughly perpendicular to the strike of the contempora

neous coastline. 

The lamination of the sand layers is sometimes disturbed 

in such a fashion that it resembles disturbance as a result 

of entrapment of air into the sediment, called "bubble 

sand formation". This type of deformation could be re-
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lated to the tidal working (Reineck & Singh, 1980). This 

type of deformation generally occurs to depths of -6.5 m 

in the Rijswijk pit, but occasionally down to -7 m. No 

channel-like features or spring-neap cycles were found , 

nor were double layered sediments. This implies that a 

strictly tidal origin for this subunit is not very likely. If the 

disturbed lamination indicates entrapment of air and thus 

emergence during low tide, its presence then implies the 

working of tides, occasionaly reaching down to -7 m. 

The sandy layers in this subunit are generally well -sorted 

(Ruegg, 1985). This indicates that wave influence must 

have been prominent, but not all-overwhelming as some 

clay layers (Figure 9) as well as bioturbation levels occur. 

Their presence indicates a high-preservation potential , 

because otherwise bioturbation layers and clay would 

have been reworked by wave activity. The implication is 

that rapid aggradation may have occurred, not only verti

cally (from one bioturbated level to another should ac-

SW 

-5m --

-7rn ------------------------

count for one year's sed imentation, not counting ero

sional phases in between) but also laterally, meaning 

rapid coasta l progradation. In view of the direction of 

foresetting (Figure 10a), this progradation occurred to

wards the NNE. On the other hand, the presence of bio

turbated levels indicates that the coastal section as ob

served in the pit, could have been a low-energy type of 

coastal section, in which animals were living on the upper 

coastal shoreface. 

Trough fill structures indicate southerly transport of the 

fine to medium grained sand under wave approach from 

the north. Absence of infaunal mol luscs and presence of 

worms in the bioturbated horizons could mean high sedi

mentation rates with which worms could keep up but not 

molluscs. Data for recent Wadden Sea macrofauna (e.g. 

Dekker, 1989) show that most molluscan and worm in

fauna occurs intertidally. The sedimentary environment in 

the subunit 3 cannot be compared readily with the subti-

NE 

Subu nit @ 

SE 

-4 m 

-------------------- -5 m 

-Sm --- - - - ----------------------------------------------------------------------- - ---------- - -- - ---------- - -------- - - ------ -Sm 

Covering layers RZ sands: sed ime ntary structures 

[\2] Holl and Peat ~ cross- lamination ISZill bioturbation 

ITIIl Ca lais I ll Depos its [7lJ cros s- bedd ing B clay flaser 

D eolian sand ~ t roug h cro ss- bedding [ill she lls 

freshw ater depo sits = c::= pa rail el-bed ding 

Figure 7 

Composite sedimentological log of the temporary exposure Rijswijk A4: sedimentary structures and subunits, distinguished in the 

exposed upper part of the RZ sands (cf. Figure 3a, unit 4). The depicted colums were designed after lacquer peels. For the location of 

the former exposure, see Figure 1. 
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Figure 8 

Gradual transition between 

the subunits 1 and 2 in 

the part of the exposure that 

did not show runnel and 

swash bar formation. 

Spade handle scale: 10 cm. 

Orientation approximately 

southwest-northeast, 

approximately coast-paralel. 

Location: Rijswijk A4; 

see Figure 7, west of site 13. 

Photograph RGD. 

dal Wadden Sea environment on the basis of faunal com

position. The lack of infaunal molluscs in the bioturbated 

horizons of this subunit 1 is thought to be due to several 

factors. These factors would be the moving substrate and 

the generally high-energy level in the subtidal zone (clean 

sands) , together with the fact that only very few species 

are adapted to these circumstances of high rates of sedi

ment reworking. Food restrictions were probably no limit

ing factor because of the close proximity of the outflow of 

the River Rhine, supplying large quantities of food parti

cles. 

Large-scale bedforms such as the lunate megaripples 

(Figure 7) are formed by a combination of oscillation and 

(wave-induced) currents. As low-energy bioturbated hori

zons cap the high-energy deposits regu larly, this indicates 

frequent and rapid changes in sed iment movement, 

which is suggestive of a wave-dominated sed imentary 

environment. 

According to Dalrymple et al. (1978) lunate megaripples 

(type 2 ripples in their terminology) are produced at ve

locities exceeding 0.7 m per second in a water depth of 

more than 2 m. Unfortunately, no information is given on 

the spatial distribution of this ripple type in the basin. 

Beets (pers. comm. ) reported them however, from a low

est intertidal shoal on a wave-dominated area of the re

cent flood tidal delta east of the island of Vlieland Wad-

Subunit 3 

Subunit 2 

Subunit 1 

den environment. This indicates that in the more shel

tered position of a recent Wadden Island low intertidal en

vironment, lunate megaripples can occur. The formation 

of lunate mega ripples in the environment of this subunit 

1 was common. In its turn, this indicates circumstances 

like those prevai ling around the present-day Wadden is

lands in the lower intertidal ( and presumably upper sub

tidal ) could have occurred during the deposition of sub

unit 1, causing lunate mega ripples to be formed . 

In the excavation pit on several locations within subunit 1, 

structureless sands were observed. Th is could either indi

cate a loss of sedimentary structures, or their primary ab

scence. Loss of structures was partly the effect of bubble 

sand formation and perhaps other tide-related processes, 

but the possibility of mass deposition without any forma

tion of sedimentary structures, for example by storms tak

ing up sediment from higher up on the coastal profi le and 

bringing it down amass can not be ruled out. If the biotur

bated horizons in this subunit indicate year-to-year 

rhythms, vertical accumulation should have been rapid, 

in the order of several tens of centimetres per year. 

Summarizing, this subunit is characterized by trough 

shaped cross-bedded units separated by slightly biotur

bated levels. Structures are indicative of a high subtidal to 

low intertidal wave-dominated environment. The direc

tion of wave propagation is towards the south. 
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Figure 9 

Subunit 1: trough 

cross-bedded fine sands. 

Lacquer peel and drawing. 

Note frequent bioturbation 

and also frequent erosive 

bed contacts. 

The orientation is 
approximatetv coast-para/et. 

Legend: see Figure 7. 

Location: Rijswijk A4 

temporarv exposure, 

site 15-3 in Figure 7. 

Figure 10 

Rose diagrams: 

A) subunit 1 lunate 

mega ripples; 

8) subunit 2b runnel fill 

phases, order of formation 

indicated. 

Location: Rijswijk A4 

temporarv exposure. 



Subunit 3 

5350 ± 50 -
GrN 12846 

Subunit 2 

Subunit 2 

This subunit has a flat top, situated between -5.5 and -5 m 

(Figure 7). Lithology, for the subunit as a whole, consists 

of medium to moderately coarse sands. Few clay layers 

occur. Only isolated traces of predominantly Macoma bal

thica represent bioturbation throughout the subunit, and 

in the top Scrobicularia plana occurs in life position. 

Some wood lumps and peat pellets were observed. This 

subunit consists of three smaller units. 

Units 2a and 2c 

Bedding types are largely parallel to horizontal or large

sca le low-ang le, cross-bedded (unit 2a; Figure 8, middle 

part). Exceptionally, large-scale convex cross-bedded 

sands occur (units 2b and 2c; Figures 12, 13 and 15, mid

dle part). Lamination is predominantly parallel but rela

tively thin cross-laminated beds were found as well . Fore

setting of low-angle mega cross-bedding took place 

mainly to the south (Figure 11 : lower part; Figure 13), but 

di rections to the north were also observed. An excep

tional case of a runnel fill (unit 2b) shows foresetting to-

Figure 11 

wards the east and south (Figure 12). Unit 2b erodes into 

unit 2a, but is also covered by unit 2a type sediment. 

Cross-bedded structures generally flatten upwards, but a 

major exception exists. A composite bar/swash platform 

in the upper metre of the subunit steepens during build

up (unit 2c; Figure 13). High depositional rate causes pres

ervation of convex mega-ripple cross-bedded sets, indi

cating influence of the rising tidal phase, interbedded by 

rippled sands, which would have originated during high

est stage of the tide. Contemporaneity exists between 

runnel facies (un it 2b) and at least part of the planar bed

ded facies (un it 2a ; Figure 7; Fi gure 12, lower part). 

Unit 2b 

The sediment characteristics comprise a change from pure 

sand deposition to the deposition of sand and clay inter

layered bedding (Figu res 12, 13 and 14), indicating the 

sheltering effect behind the bar in the runnel. The sedi

mentary structures show a steepening of progressive sets 

towards the east in the later stage of infilling, together 

wi th tangential attachment of laminae to the runnel bot-

Subunit 2/3 boundary. Subunit 2: cross-bedded coarse to medium sands with occasional f/aser beds, transitional (with a sharp break: 

Bivalves of Scrobicularia plana in situ) to, subunit 3: low-angle medium to coarse sands with some wave scours and shallow 

channeling. The Scrobicularia bed indicates freshening of the area. Roots of plants in (the upper part of) unit 3, are associated with 

peat growth on top of this section. The south west is towards the left of the photograph. Trowel handle for scale: 10 cm. Photograph 

RGD. Location: Rijswijk A4 temporary exposure, near site 15 in Figure 7. 
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' .... 
-7 
m 

LP 10 

Figure 12 

Mainly subunit 3: backshore wash over deposits, above -5.25 m; and subunit 2 : shallow lagoonal deposits, below -5.25 m. 
The orientation of this figure is approximately at a right angle to the coastline. Only thin subunit 1 shoreface deposits are present: 

in lower right hand corner, below -6 m. • = brinkpoints. Location: Rijswijk A4 temporary exposure, comprising sites 10, 14/9 and 8 in 

Figure 7. After Van der Valk et al., 1985. 

SW 

Figure 73 

Subunit 2: convex laminated bar in high depositionary intertidal environment. Laminated sand (a): breaking waves during rising tide, 

accompanied by erosion in the toe sets. Cross rippled sand (b) : high tide phase. Bar crest structures (c) partly wiped-out by included 

air-bubbles. Escape traces (d) by Macoma balthica. Drawing after lacquer peel. Location: Rijswijk A4 temporary exposure, site 3b in 

Figure 7. 
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tom. This indicates to increased shelter due to increment 

of the sheltering bar. Together with the sediment live and 

fu lly-grown Macoma balthica were washed in. Occasional 

traces of escaping Macoma balthica occur. The direction of 

the foresetting of the runnel fill phases presumably corre

lates with a loca l dominant flood tidal phase (Fig ure 10b). 

Each fill phase comprises a set of plane laminae dipping 

into the runnel topped by some wave-rippled sand with 

some clay flasers. The structu re as a whole is interpreted 

as a berm, driven ashore by the waves. 

Little (preserved) clay deposition indicates high turbulence 

of the sedimentary environment. The driving force of the 

runnel fill , wave energy apparently, changes direction (Fig

ure 10b) as a result of changing wind conditions both in 

force and direction. At first, the runnel is fi ll ed in from the 

north, but in later stages from the west. As a consequence 

of these changes more clay was deposited in later stages 

of the runnel fill. Subsequent loading by the overlying 

sand deposit caused the highly incompetent clay to flow 

and produce extensive distorted features, also by dewater

ing of the sand deposits between the clay layers. Occa

sional failure of bank sediment took place, which might in

dicate a subtidal origin. The wave energy presumably 

declines during the infilling of the runnel, as indicated by 

generally less steep foresetting during the later stages of 

the filling-in and the increase of clay content. 

Successive brink points (* in Figure 12) in the runnel fill 

rise from -6.1 to -5.6 m. Also, the runnel bottom is situ-

NE 

railway crossing 

Th e 
Hague 

216 

ated a few tenths of centimetres higher in the last stage of 

the runnel fill. Groundwater level must have risen. This 

rise, however, is well within natural variations of neap/

spring tidal cycles and/or more usual vs. storm waterlev

els. A confirmation of the sha llow subtidal and intertidal 

origin of this deposit is found in the occurrence of a low

angle berm-like bar at approximately the same height and 

of bubble sand above -6.1 m. In view of the structu ra l set

up, the runnel together with the protective bar must have 

been short-lived phenomena during a later stage of sub

unit 2. 

Subunit 2 is the coarsest grained of all three subunits (see 

also below). It shows the largest bedding features, prob

ably of a larger dimension than could be encountered in 

the 100 m x 400 m compartment of the construction pit, 

which contained the RZ sands. A photograph of the 

southeast face of the excavation shows a low-angle bar, 

cut at an extremely low angle (Figure 14), together with 

runnel development in a later stage of bar progradation. 

This type of low-angle bar shows a strong resemblance to 

the intertidal low-ang le bars, which Beets et al. (1981 ) de

scribed from the North-Holland beach plain sequence. 

This low-ang le bar is of a complex inner structure, indi

cating multi -phased build-up. The individual beds in this 

low-angle bar presumably are comparable to beds in 

other profiles which were visible in the excavation. Prob

ably due to the orientation of the excavation, the ex-

SW 

---- -=:::::--
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Figure 14 
Southeast face of Rijswijk A4 

temporary exposure: 

subunit 2. Oblique 

(southwest-northeast) cut 

through a low-angle bar. 

Bar height approximately 

2 m. Length of profile 

approximately 50 m. 
Photograph RGD. 



Figure 15 

Subunits 1, 2 and 3 in the 

area not dissected by 

runnel development. 

Note gradual transition 

from subunit 1 into 2. 

Location: Rijswijk A4 

temporary exposure, 

site 3 in Figure 7. 

Photograph RGD. 

Subunit 3 

Subunit 2 

Subunit 1 

tremely low-angled bar profiles as of Figure 14 only rarely 

were apparent in the excavation. 

The final phase of this subunit is far less energetic. As 

mentioned above, the fine-grained top of the subunit is 

flat. Loca lly, a Scrobicularia molluscan community devel

oped in clay. This environment is comparable to the 

beach plain environment that prevailed in the area west 

of Rijswi jk-Voorburg (Roep et al., 1983) during the Early 

Subboreal. 

Some concluding remarks on the total structural build-up 

of this subunit 2: this subunit shows coarsest grainsizes. 

On the basis of the low-angle bar and other large bedding 

types, it is argued that subunit 2 as a whole is the low-an

gle barred zone of an open coastal configuration . The 

short-lived unit 2b, the runnel fill , fits this model wel l. Unit 

2c, the stacked convex megaripples, represents a shore

ward incoming intertidal bar crest or berm, filling the high 

intertidal beach runnel. It is, however, remarkable that 

very few parallel bedded swash- and backwash sands 

have been found , as could be expected in an intertidal 

wave-dominated environment. Again, this could be due to 

the ang le of cut. Virtually no observations in a direction 

perpendicular to the presumed ancient shore were pos

sible. In the lower left hand corner of Figure 12, however, 

some coarse parallel bedding is present, internally con

sisting of para ll el laminated sands. Also some beds of this 

nature were analysed for macrofauna (see below), indicat

ing a high-energy environment, interpreted as the swash

and backwash beach zone. The subunit is topped by sedi

ments laid down in a calm beach plain-like environment. 

Subunit 3 

This subunit occupies the upper 1.3 m of the section (Fig

ures 11, 12, 15 and 16) and consists of two units. The 

lower unit 3a is influenced by aquatic deposition, while 

the upper unit 3b is an aeolian one (Figure 7). 

1 m Unit3a 

Unit 3a (Figure 12-top, Figure 15-top and Figu re 16) con

sists of predominantly flat-bedded fine to medium grained 

sands and some clay layers of varying thickness. Top clay 

layers contai n pyrite (FeS2). Fine sandy units are mostly 

cross laminated. Set boundaries generally undulate 

slightly. Frequently, erosion occurs during or prior to dep

osition of a new set (Figure 16). 

The deposit consists of stacked short fining-up cycles 

(80%), interspersed by other deposits of the upper tidal 

zone, which consist of interbedded fine-grained lami

nated sands and bioturbated clays (20%) (versicolored de

posits sensu Gerdes et al., 1985). 

Frequent worm traces occur up to -4.3 m (Figure 17), indi

cating that high-water level was situated slightly higher, 

together with the presence of bubble sand below that 

leve l. A strong contrast exists between generally fine 

0 grained sets and strictly sandy units. Molluscan thanato

coenoses in the sandy units indicate a selection of coarse 
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reworked material, which should be related to wave activ

ity originating from the North Sea. Both this activity and 

intercalated biological traces point to rapidly changing 

depositional circu mstances. Th ese are very probably as

sociated with intermittent overwash activi ty because of 

the flat beds, separated by interm ittent biological acti vi ty, 

not from biva lves but probab ly from root penetration 

from plants. 

Un it 3b 

The top of this unit and therefore of subunit 3, consists of 

an undulating surface. Sometimes low dunes are present, 

sometimes not. In between these low dunes cat-eye ponds 

wash 
over 

were present, wh ich were fil led later by organ ic-rich sedi

ments. The top of the low dunes is usually decalcified for 

several tens of centi metres . Also iron oxides were trans

ported by infil trating groundwater, indicating that soil for

mati on processes were active for probably hundreds of 

yea rs on th is su rface. Later, after soil formation had taken 

place, the sha llow depressions were fill ed with clay de

posi ts (see Figure 7 at -4 m NAP). 

4 .4 Palaeontology and sedimentary 

environment 

In Figure 17 a summary is given of the palaeontogical 

events cl/sd rati o 
sedimentary 
st ructures 

tran sport 
direction 

bubb le 
sa nd 
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Figure 16 

Subunit 3a: washover deposits. Lacquer peel and drawing. Note frequent bioturbated horizons capped by cross bedded and plane 

bedded coarse sands with shells and shell fragments. 'Puckled' appearance of sand due to intertidal (and supratidal ?) bubble sand 

formation (-o-). E =erosional contact. Location: Rijswijk A4 temporary exposure, site 10 in Figure 7; see also Figure 12. Legend: 

see Figure 7. 
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data, together with sedimentologically important data, as 

well as radiocarbon datings (see paragraph 5), which 

were performed on several levels. The main purpose of 

the palaeontological work was the search for important 

levels for the interpretat ion of the sedi mentary environ

ment with levels which cou ld possibly be connected wi th 

Mean High Water (MHW), MSL or Mean Low Water IMLW) 

of the period during which the sed iments were deposited. 

A distinction is made between the micro- and macropa l

aeontolog ical work. 

All micropalaeontologists have reported that their material 

is allochthonous. From the class of molluscs, autochthon

ous species are reported, together with a large nu mber of 
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allochthonous species. Therefore, molluscan analysis is 

treated separately. 

As for MHW, this level is easiest to determine. Pa laeonto

logical and sed imentological evidence conve rge in the 

sense that -4.3 m is a level at which major boundaries oc

cu r (diatoms, forams, ostracods and highest bioturbation 

by worms) (Figure 17). 

MLW is much more difficult to define (e.g. Roep & Van 

Regteren Altena, 1988). Thi s difficulty becomes even 

more serious by a lack of biodata in the zone in which 

they should occur. If the -4.3 m is accepted as a reliable 

MHW estimate, then MLW should be encountered some 

two metres lower if tidal amplitude would be about the 
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Figure 17 

Schematic columnar section and range chart of the RZ sands in the Rijswijk A4 temporary exposure. For legend, see Figure 7. 
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same at the time of deposition as it is today. No important 

sedimentological boundaries occur at that level , however, 

except for the boundary between subunits 1 and 2. As 

mentioned above, this is only an arbitrary boundary. 

Distorti on of ripple cross laminati on by the possible for

mation of bubble sand, presumably due to tide-related 

processes took place to a depth of nearly -7 m, while 

highest clay layers thicker than 0.5 cm only occur be low -

7.2 m (not counting the clay with the Scrobicu/aria shel ls). 

This suggests that MLW should be found somewhere 

between -6.3 and -7.2 m. It is suggested that faunal evi

dence is of limited help in determining this level. Major 

boundaries in the diatom, foram and ostracod records oc

cur in a zone 0.5 m below the subunit 1-2 boundary, gen

era lly at -6.2 m. Still, sedimentological evidence is consid

ered the strongest argument in the determination of the 

MLW. This suggests that MLW shou ld occur at a depth of-

6.2 m to -6.8 m. 
Mol luscan evidence is twofold, as mentioned above. The 

par-autochtonous component is composed of a few spe

cies well adapted to the sedimentary environment: an oc

casional Cerastoderma edu/e (juvenile), some washed-in 

Macoma balthica below the -5 m level and the Scrobicu

laria plana-level at -5 m. Nowadays these species mostly 

occur in a Wadden-type enviro nment. Al l other species 

probably would be all ochthonous and should not be used 

as environmental indicators. They can be used, however, 

as indicators of the energy-level in a sed imentary context. 

In that case they reflect various degrees of washing and 

sorting. It is in this way that the molluscan evidence (Sl ig

gers and Meijer, 1985) is interpreted. 

The empty mol luscan she lls generally lie concave down, 

i.e. in posi ti on of greatest stab ility. In lacquer peels the 

molluscan thanatocoenoses are dominated by Macoma 

balthica, accompanied by va rying amounts of Mytilus ed

u/is, Cerastoderma edule, Spisula sp., Peringea ulvae and 

Mactra corallina. Single or articulated va lves of Unio pic

torum occur, indicating a fluviatile connection. Erosion of 

older fluviatile sediments can be ruled out, otherwise the 

Unio pictorum biva lved shells would have become disar

ticulated. Largest concentrations of shell fragments and 

of reworked Eemian species occur in this zone. 

It is remarkable that concentrations of Eemian shell mate

ri al were found. Thi s implies that the Late Atlantic tidal 

currents or waves were able to erode Eemian deposits. 

This agrees with data from Van Regteren Altena (1937), 

who reported that this material occured at the bottom of 

the North Sea below -20 m. Van Staalduinen (1979) indi

cated a provenance of th is materia l from below -27 m 

NAP for the subsoil west of the present study area. 

A gradual transition occurs at the -5.4 m level. Above th is 

level less riverine- and more land-molluscs are present. It 

is also the level above which no bedding types occur, at

tributable to a continuous high-energy level. This implies a 

major break in energy-level, wh ich could ind icate the mid

tide level. The Scrobicularia-leve l at -5 m is a strong ex-
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pression of a drop in the general energy level. Throughout 

the sampled section (-4 m to -6.4 m), levels occur in which 

no spatfall was found. Invariably, these levels pertain to 

str ictly horizontally laminated sands. These sand beds 

may be associated with breaking and spil li ng waves, caus

ing maximum agitation and, hence, removal of all spatfall 

and a great number of the smaller sized molluscan shells 

(e.g. Peringea), non-marine molluscs and Bryozoa. 

In this context, it should be mentioned that the section at 

Benthuizen, that has been analysed by Raven & Kuijper 

(1981), shows on the basis of molluscan evidence that no 

connection existed of the RZ channel with a fluviatile 

channel in the Hinterland. This indicates that the shell ma

terial in the RZ sands for a large part came from the North 

Sea. All the same, alder carr plant seeds drifted in. There 

seems only one way for these seeds to have arrived at 

this location: out of the river mouth, through the shallow 

North Sea by long-shore currents and transported landin

ward, all the way up to Benthuizen. The same transport 

way is supposed for the Unio pictorum bivalves in the 

present excavation, indicating low energy condit ions. 

The dom inant presence of Macoma ba/thica, but also the 

persistent presence of Spisula subtruncata in the excava

tion is known from the barrier sediments as well (com

pare Van Straaten, 1965). 

It is concluded that molluscan evidence can provide valu

able information on sedimentary conditions in intertidal 

and subtidal environments. The importance of informa

tion on species composition is subordinate to sediment

related parameters such as size, weight and shape of the 

molluscs. The fact that in the Rijswijk A4 pit subunit 2 

maximum occurrence of reworked Eemian molluscan 

shells takes place, is no coincidence. It shows that particu

lary in this zone of relatively high sedimentary dynamics 

shell material from the North Sea bottom washes up into 

the interti dal zone. 

5 Age of the RZ sands 

Establish ing the duration of activi ty during wh ich the RZ 

sands were formed, was done by means of radiocarbon 

analysis. In the western Netherlands a substantial amount 

of radiocarbon data ind icative of the start or the end of 

peat growth is ava il able. Th is peat dating the top and 

base of the peat bed, is cal led Holland Peat of the West

land Formation (Van Staalduinen, 1979). Therefore, these 

data indicate the beginning and the end of the process of 

peat growth in the coastal plain and not the age of the 

elastic deposits in between these peat layers. The elastic 

deposits in the Rijswijk pit were dated by radiocarbon 

analysis of molluscan shells preferably sampled in life po

sition. A short methodological discussion is devoted to 

the particular aspect of radiocarbon ana lysis on mollus

can shells (see Appendix). 

Figure 18 shows the datings in three categories: 

1) (peat) datings, predating the RZ sands; 
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2) datings from the RZ sands, all shell carbonate; 

3) datings mostly on peat overlying the RZ sands. 

Figure 19a shows the dating results in years BP, while Fig

ure 19b presents the intervals of grouping of the data af

ter calibration (et. Van der Plicht and Mook, 1988 and as

sociated computer program by Van der Plicht, CIO 

Groningen). 

It is remarkable that the youngest conventional peat dat

ings of Category 1 only just predate Category 2 datings 

(when the latter are not corrected for o13C). This is re-

markable because Category 1 samples reflect bases of the 

strongly compacted peat layers predating the RZ sands 

and not the (usually eroded) top of these peat layers. It is 

generally thought that it takes at least some centuries for 

such peat layers to form. Category 2 datings can become 

much younger when corrected for o13C values, as these 

are between -4.70 and -7.85 per mil (Mook & Van de Plass

che, 1986). This widens the gap between Category 1 and 

Category 2 dates. Category 3 datings postdate Category 2. 

A solitary date on a gyttja is intermediate in time between 

Table Location and Local GrN 14C-years Depths 

(m NAP) 

Sample composition o13C/14C Reference 

no. coord inates no. 

Category 1. Datings on Holland Peat and shell material, predating the RZ sands 

1 Nootdorp 2268 5890 ± 80 8.05 (-) peat 

88.400 - 452.150 

2 Leidschendam- 3 9807 5625 ± 45 

3 Wilsveen 4 9808 6345 ± 40 

89.135 - 454.475 

4 Scheveningen 3 12748 6240 ± 90 

Harstenhoek 

80.430 - 458.870 

Category 2. Datings on shell material, from the RZ sands 

5 Zoetermeer 15111 5560 ± 80 

Driemanspolder 

6 

7 

8 

9 

90.500 - 452.500 

Rijswijk 1-1 12846 

Plaspoelder 2-6/1 12848 

82.200 - 449.500 2-6/2 12849 

37 13490 

5350 ± 80 

5610 ± 70 

5560 ± 60 

5390 ± 60 

7.02 - 7.04 (-) peat 

11 .32 - 11.34 (-) gyttja 

18.20 (-) hinged Mytilus edu/is 

5.00 (-) Scrobicularia plana in viva 

5.05 (-) Scrobicularia p/ana in viva 

5.45 (-) Macoma ba/thica hinged, not in viva 

5.45 (-) Macoma ba/thica, Zirfaea not in viva 

7.50 (-) Macoma ba/thica hinged, not in viva 

Category 3. Datings on Holland Peat and gyttja, postdating the RZ sands 

10 Rijswijk 2267 4670 ± 65 4.00 (-) basis Holland Peat 

Plaspoelder 

82.275 - 450.300 

11 Rijswijk 

Plaspoelder 

82.200 - 449.500 

12 Zoetermeer 

Dorp 

94.075 - 452.310 

13 Leidschendam-

14 Wilsveen 

89.135 - 454.475 

1 

2 

12847 

13461 

9428 

9429 

Figure 18 

4580 ± 35 

4440 ± 60 

4400 ± 40 

5045 ± 40 

3.93 - 3.95 (-) basis Holland Peat 

4.50 - 4.56 (-) basis Holland Peat 

5.07 - 5.09 (-) basis Holland Peat 

6.00 - 6.02 (-) gyttja 

Zagwijn, 1965 

De Mulder et al., 1983 

De Mulder et al ., 1983 

- 3.85 this publication 

- 4.73 

- 7.85 

- 5.0 

- 4.70 

- 5.32 

this publication 

De Jong, 1985 

De Jong, 1985 

De Jong, 1985 

De Jong, 1986 

Zagwijn, 1965 

De Jong, 1985 

De Jong, pers. comm. 

De Mulder et al., 1983 

De Mulder et al., 1983 

Radiocarbon datings from the Rijswijk-Zoetermeer sands, and from the strata immediatelv below and above. 
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Category 2 and 3 datings, but postdates the tidal system 

and is therefore incorporated into Category 3. 

In Figure 19b, the depth/cal BC diagram, the overlap 

between Categories 1 and 2 is even clearer. Secondly, it is 

obvious from this diagram that a disti nct period of some 

400 years elapsed between the period of active sedimen

tation in the tidal system as documented by the mollus

can shell datings and the start of peat growth on top of 

the deposits themselves (a nd sl ightly younger clay sheets 

deposited against the sandy channel fills of the tida l 

system). As the sea level still rose moderately rapid ly, it is 

unlikely that peat growth did not start due to low ground

water leve ls. An emerged position of sampling locations 

can be the only alternative so lution to this problem. Clay 

sheets are known from the flanks of the tidal channel, 

with locally one or two standsti ll phases in clay sed imen

tation (e.g. Van der Knaap, 1959). These phases were not 

dated, but it is likely that they at least fill part of the gap 

between Categories 2 and 3. The thin clay layer just be low 

the peat in the Rijswijk pit is part of thi s comp lex. Local 

freshwater lakes also may have existed (Figure 7: gyttja) 

during the enti re period. Just before peat growth started 

at Rijswijk Pl aspoe lpolder, local ly dy formed by precipita

tion of humic matter in ponds in the brackish environ

ment (Zagwij n, pers. comm.). 
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The beginning of marine activity is indicated by the Noot

dorp dating of c. 5,900 BP of the Holland Peat layer under

lying the RZ sediments (Figure 18, no. 1: GrN 2268; Zag

wijn, 1965). The end of sandy sedimentation in the 

Rijswi jk-Zoetermeer area is indicated by the radiocarbon 

dating of 5,560 ± 80 BP on molluscan shells near Zoeterm

eer (Figure 18, no. 5) . Shortly after this moment the tidal 

marsh reached matu ri ty. This is suggested by a tidal creek 

and low marsh pattern which was mapped during a re

cent soi l survey (Mulder, 1989). Further south, west of 

Delft (Van Staalduinen, 1979), the sta rt of the growth of 

peat on top of sandy Calais II Deposits was dated as 5,470 

(GrN 6497; Van Staalduinen, 1979) to 5,270 BP (GrN 6500; 

Van Staalduinen, 1979). These Calais II Deposi ts are tenta

tively correlated with the RZ sands. As a consequence any 

peat layers formed on top of th is deposit postdate the 

maximum marine flooding and the fixation of the eastern

most border of the sandy deposits south of Naaldwijk

Wateringveldsche Paider (Figures 1 and 4). Hence, the for

mation of the sand sheet of the RZ deposits ca n be dated 

c. 5,500 BP or sl ightly older. 

Summarizing, the RZ sands were deposited in the period 

between c. 5,900 and 5,500 BP, i.e. some 400 (or some

what less) radiocarbon years. This period may become be 
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Figure 19 

Time/depth diagrams for 

the dated sediments 

belonging or related to the 

Late Atlantic coastal deposits 

in the Rijswijk-Zoetermeer 

area (the RZ sands): a) time 

in radiocarbon years BP; b! 

time in calibrated years BC. 



shorter when the radiocarbon datings on shell material 

from the Rijswi jk pit are interpreted alternatively. 

6 Discussion and conclusions 

Tidal amplitude 

Deposi tional processes local ly ca used rapi d aggradation 

covering subtidal and full tidal amplitude ranges. Based 

on sed imentary structures range charts, the tidal ampli

tude is 2.1 to 2.8 m, 2.4 m on average. This figure is indi

cated by the range of sedimentary structures and the dis

tribution of the fossils in the section stud ied in the Rijswijk 

pit (see Figure 17). As may be seen, the uncertainty is 

some 0.7 m; this uncerta inty is due to the quality of the 

sed imentological data, that do not permit a further nar

rowing down of the intert idal range. Taking into account 

that the tidal amplitude at the pa rt of the present-day 

Dutch coast west of the excavation is 1.8 m, it follows that, 

if our assumptions are correct, the tidal amplitude has di

minished by 0.8 m starting from the Late Atlantic. This is 

in agreement with Roep & Beets 's data (1988). MSL for 

the deposits in the Rijswijk pit is situated approximately at 

-5.5 m to -5.7 m NAP with an uncertainty of± 0.4 m accord

ing to the uncertainty of the tidal range (Figure 17). 

Franken (1987) argued that the tidal amplitude in the 

southe rn North Sea never diminished, but instead always 

grew. Franken's data pertain to the open sea-situation, 

while it is clear that in the case presented here a coastl ine 

close to a tidal channel is under discussion. In these areas 

all kinds of resonance problems may be expected. Hence, 

the 2.4 m tidal amplitude is considered not unrealistic, 

though local, probably influenced by resonance in estua

rine environment of the area; there is certainly a need for 

support by data from other areas. 

Depositional en vironrnent, 

rate of deposition and sea-level rise 

In the coastal environment of the Late Atlantic, the Rij

swijk pit offered an insight into a wave-domi nated part of 

this environment. The presence of such deposits may be 

deduced from the palaeogeographical position of the ex

posure relative to the coastl ine configurati on of th at pe

riod. The section that was accessible in the Rijswijk pit 

showed a ra pid coarsening-up sequence at the bottom, 

and a fin ing-up sequ ence above the leve l of inferred MSL. 

Diatom data showed a succession (Fi gure 17) from open 

marine to marine littoral. As this sequence is covered by 

dunes (Figure 7), this may be interpreted as an open 

coastal sequence. 

Micropalaeontolog ica l research and diatom analysis were 

performed on the sediments. Because of the allochthon

ous cha racter of these micro-organisms their va lue for the 

reconstruction lies mainly in providing regiona l images. 

Molluscan analysis, however, yie lded data concerning the 

sedimentologica l interpretation of the deposits. Espe

cially the way in which thanatocoenoses were put to-

gether, was highly instructive for the interpretation of the 

sed imentological record . Parallel laminated beds (high 

energy of breaking waves) show the selection processes 

of the swash and backwash: for instance, no spatfall sta

dia are present. 

In the section as a whole, few infaunal mol luscan species 

occur and when they do, on ly highly adapted ones are 

found. Macoma can su rvive high sedimentation rates (up 

to 0.5 m/hour) provided water temperatures are not too 

low. Scrobicularia enters this system only when a consid

erable drop in energy level has been effectuated. This 

species can withstand varying salinities but not large 

amounts of sediment cover. The drop in energy level is ef

fectuated when sheltering barrier and dune deposits 

reach a posi ti on immediately west of the excavation. Im

mediately, desalination takes place by large vol umes of 

water brought in by rivers and by precipitation, paving 

the way for settlement of Scrobicularia spatfal l. 

When comparing this coastal sequence with other coasta l 

sections reveiling similar structural build-up (e.g. Clifton 

et al., 1971), it appears that the present section is situated 

in an open coastal environment. From the sedimentologi

cal record it is inferred that the preservation potential of 

the sandy deposits can have been extremely high once 

laid down. Lunate mega ripples are rarely found in coastal 

seq uences (Reineck and Singh, 1980), but here they occur, 

separated by probably seasonally induced bioturbated 

horizons, 30-40 cm apart. The lunate megaripples did not 

originate in a tidal environment, but in a wave-dominated 

open coastal configuration . This is indicated by the ab

sence of clay drapes in the lunate ripple deposits and the 

rapid transition from fine sand to shell hash and peat de

tritus. 

The deposition of sediment is mostly influenced by waves. 

Main deposition of sand is towards the south related to 

the west-east trend ing coast line. From the presence of 

several layers of tidally induced disturbed bedding (e.g. 

bubble sand) a local rise in low-water table of -7.0 to -6.2 

m during the deposition of this sequence (which is 

thought to have taken several hundreds of years) is ob

served. This amount of rise (0.8 m) is considered not ex

ceptional for the Late Atlantic. However, this difference 

could also have been caused by fluctuating (neap-spring) 

low tidal levels du ring deposition of the sequence. Com

puted sea-level rise from peat data amounts to 0.7 - 1.0 m 

per 100 radiocarbon years (Jelgersma, 1979; Van de Plass

che, 1982). Th is figure does not conflict with radiocarbon 

data from the RZ deposits. It is not possible however, to 

estimate aggradational rates due to the effect that lowest 

and highest datings showed no significant age differences 

(Figure 18, cat. 2, nrs 9 to 6), not even after cal ibration (Van 

der Plicht & Mook, 1988). Furthermore, the effect of iso

topic fractioning may well lead to a younger age to be as

signed to the sa nd sheet deposits after the appropriate 

co rre lation relative to the degree of fractionation . 

Comparing the radiocarbon data from the basal strata 
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from peat layers covered by sed iments from the RZ sands 

with the radiocarbon data from shell datings of the de

posits themse lves, it can be conclued that only three hun

dred years, or slightly more, were available for the forma

tion of the sandy deposits. 

The Rijswijk pit offered good opportuni ties for sea-level 

rise studies (Roep & Beets, 1988, their figures 3 and 4, site 

no. 19). Probably no compaction or subsidence occurred 

subsequent to the sandy marine sequence. This is be

cause underlying deposits had been subject to compac

tion during the deposition of the sequence itself. At the 

time the top layers were deposited, allmost all compac

tion would already have taken place. 

Summarizing, the sedimentary environment can be char

acterized as an open coastal one. It differs from the 

coastal sequence from the barrier area further to the 

west. Firstly, the lunate megaripples present in the Rij

swijk pit (and on the present-day Wadden island low 

intertidal beaches) were never found in that area and sec

ondly, where two or three stacked longshore bars and/or 

a berm can be found in the barrier area (Roep et al., 1983), 

here only one berm-like bar was found. This indicates that 

the coast in front of the area of the Rijswijk pit must have 

been well sheltered against wave attack. Presumably the 

presence of a large ebb-tidal delta belonging to the tidal 

channel leading into the Zoetermeer area was of impor

tance here, sheltering the beach to the southwest. 

The RZ sand sheet is interpreted to be the earliest sign of 

coastal progradation along the northern shore of the 

Rhine estuary. Progradation in this early stage of coasta l 

evolution is connected with the downdrift activity of the 

Rh ine estuary bordering the island to the south. The sand 

probably originating from the shallow North Sea in front 

of the River Rhine outlet, as most authors agree that the 

River Rhine was not able to bring sand to the sea during 

the Atlantic (Kruit, 1963; Zagwijn, 1986; De Groot & De 

Gans, 1996, this vo lume). Next to this sand source, an

other source may have been present, namely the ebb-ti

dal delta mentioned above. Both sources contibuted to 

the appearantly fast initial progradation. 

The sequence visible in the Rijswijk pit shows a type of 

coarsening-up development, which indicates an open 

coastal configuration, to which waves had direct though 

attenuated access. The direction of the coastal prograda

tion is towards the north, which is in agreement with the 

postulated situation of the coastline before 5,500 BP. The 

coastal profile as a whole reaches down to -13 m at the 

si te of the exposure, indicating a sea depth of about 8 m. 

Coastal development 

The sand body to which the RZ sand sheet belongs is a 

deposit laid down in a period during which sea-level rise 

took place at higher speed compared to the subsequent 

one thousand years. The transport of sand was probably 

mostly longshore, the sand being provided by reworking 

of the former River Rhine delta sands (Beets et al ., 1992). 
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The deposit is interpreted as the earliest prograding se

quence in the western Netherlands. Probably the best rea

son for the early occurrence of progradation is the pres

ence immediately east of the former delta sands and 

south of the ebb-tidal delta sands belonging to the chan

nel leading to Zoetermeer. In this way, the RZ sand sheet 

formed the progradationa l southern border area to this ti

dal channel. It prograded becau se of the readily available 

sand sources. As far as we know the northern border area 

is still eroded during the same time as the RZ sand sheet 

was formed. 

From the general morphology of the coast (small part of 

which is given in Figure 1 ), an estimate can be made of 

the length of the Atlantic barrier islands. A length of 8 to 

10 km seems reasonable . In this way three barrier islands 

cou ld have been present, bordered by four tidal inlets 

between the present-day Haringvliet and present-day Old 

Rhine. The southern inlets were connected with fluviatile 

water while the more northerly inlets were not. 

Coastline movements during the Atlantic were directed 

inland. The conditions appear to have been: no sediment 

influx from rivers into the coastal area and a high rate of 

sea-level rise. Only in the Late Atlantic, when the tidal ba

sins had been filled to a great extent and, consequently, 

tidal vo lume had decreased dramatically, did coastal con

figuration change into a progradational coastli ne as the 

south- (= shore-) ward displacement of sand by waves 

continued. The sand used earlier for filling in the tidal ba

sins could now be used for barrier progradation. This 

more or less coincided with the decline in the rate of sea

level rise (Beets et al., 1992). 

The oldest preserved barrier cha in presumably rolled in

land and removed a Holland peat bed and, to a lesser de

gree, marine and estuarine deposits underlying this peat 

layer. After this oldest barrier line had become fixed along 

the line Naaldwijk-Kwintsheul, coasta l progradation im

mediately started in front of this base-line. The barrier 

progradation was fed by sediment provided from the 

shallow North Sea floor and/or by coastal longshore drift, 

originating from the Rhine estuaries. It is not known ex

actly when th is early coastal progradation started, but 

radiocarbon datings from the Rijswijk pit suggest that it 

could have started as early as 5,800 BP, which is some 800 

years earlier than generally accepted (e.g . Roep et al ., 

1983). However, when the effect of fractioning present in 

the shells (Figure 18) is taken into account, the outcome 

of the datings could be several hundreds of years 

younger. This issue will be treated in a paper by Van der 

Va lk et al. (in prep). 

The barrier sands were topped by eolian dunes. These 

now buried dunes cover sandy sediments of the RZ sand 

sheet. Assuming that transport capable winds blew gen

erally from the southwest during the Atlantic (j ust as they 

do now), thi s indica tes aeolian coastal drift towards the 

northeast. Dune subcrop and outcrop patterns indicate 

rapid thinning of the barrier complex towards the north-
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east (Figure 1), implying rapid decrease of influence of 

longshore transport in this direction. Therefore, the 

source area of the sediment of the prograded RZ sands 

should be the shallow North Sea area west of Hoek van 

Holland . It is assumed that this progradational phase for 

the coastal area between Naaldwijk and the later River 

Rhine estuary near Leiden, with a major impetus from the 

south, lasted until at least 4,750 BP (Roep et al., 1983; De 

Gans et al. , in prep). The phase of coastal development as 

documented in the RZ sand sheet is seen as a transitional 

phase between a period with many tidal inlets prior to 

5,500 BP (or even 5,900 BP) and a period of 5,000 BP or 

younger with fewer tidal inlets. Progradation during this 

transitional phase was extremely rapid, as a consequence 

of the presence of large volumes of sand available in the 

River Rhine Delta and as ebb-tidal delta sands in the shal 

low North Sea area southwest of the RZ sand sheet. 

Appendix 

Conventional datings on molluscan shells: 

Methodology 

Shells of molluscs are a readily available material of al

most all aquatic depositional environments. Especially in 

coastal areas shell material is present in large quantities. 

In high-energy environments, in tidal channels and on 

beach face profiles, virtually no locations are stable 

enough to support molluscs in life position for a number 

of years, let alone allow fossilization in this position. It is 

well known that the preservation potential of the most bi

valve (98%) molluscan communities is not very high (e.g. 

Eisma, 1966). Bivalve communities in the North Sea 

coastal zone usually are dominated by a single or a few 

species, but the bivalve species present usually occur in 

great numbers. The shells are removed out of their life 

position either by currents or by waves, become disarticu

lated and sorted with respect to shell form and weight ac

cording to the hydrodynamic situation at that particular 

site. High-energy of both waves and currents washes 

them into thanatocoenoses. These accumulations also 

contain transported already (sub)-fossil shell material and 

other organic and lithic material which were subject to 

the same hydrodynamic conditions. It is clear that these 

molluscan shell accumulations are not suited to be col

lected for radiocarbon analysis. 

There is, however, a category of molluscan shells from 

these high-energy environments that can be used for 

radiocarbon analysis: transported bivalves with periostra

cums still present, preferably but not necessarily articu

lated. The Rijswijk pit offered valuable material for testing 

this method. For most bivalve species it is sufficiently 

well known that bivalved specimens quickly become dis

articulated, especially in high-energy environments. Usu

ally this is a matter of just days. Therefore, this material is 

considered qualitatively equal to articulated bivalve shells 

in life position. In the Rijswijk pit, articulated Macoma bat-

thica shell pairs were collected, which were generally not 

in life position. For the uppermost shell-sample, in situ 

Scrobicularia plana were collected. 

A disadvantage of the analysis of shell carbonate in not 

fully marine coastal settings is the probable presence of 

freshwater admixture in the coastal waters. In the case of 

the shell carbonate datings reported upon here, it is very 

likely that some percentage of freshwater has indeed 

been present. Remarkably, diatom analysis showed this 

effect only minimally (De Wolf, 1986b). o13C values of -

4.71 to -7 .85 per mil with regard to the PBD standard how

ever (Figure 18), are suggestive of this freshwater admix

ture. The value of fully marine sea-water is 0 to -1 per mil 

o13C. The effect of the admixture of freshwater is that it 

renders the datings relatively too old , 16 radiocarbon 

years per mil deviation from - 25 per mil , the 'continental' 

standard for 813C (Mook & Van de Plassche, 1986). 

Shell material involved in dating was treated in the usual 

way (cf. Mook & Waterbolk, 1985). Some 30% weight of 

the sample was lost during the pre-treatment due to di

luted HCI solution to remove secondary CaC03. The re

maining shell material was dated. 

Shell carbonate datings as published here in this paper 

were not compensated for the apparent age effect of sur

face ocean water, nor for the delta 13C age effect, as they 

are about equal , but of opposite sign (Mook and Van de 

Plassche, 1986). Consequently, the effect of isotope frac

tionnation due to freshening is not present in the dates. 
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Abstract 

The present paper discusses the evolution of the lowermost Rhine/Meuse fluviatile svstem during 

the last 15000 vears. The respective impacts of climate and vegetation, sea-level change, and 

differential compaction on the facies migration are described. Prior to about 11000 BP 

(Late Glacial I Late Weichselian), the fluviatile svstem evolved from a braided svstem, to an 

entrenched meandering svstem (about 11000-8500 BP), an aggradational meandering svstem 

(about 8500-6500 BP), an anastomosing svstem (about 6500-5000 BP), a second meandering svstem 

(about 5000-2500 BP), and finallv an anabranching svstem (about 2500 BP till the present time). 
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1 Introduction 

This study was initiated in the late eighties during the 

field survey of the Rotterdam area for the geological map 

of the Netherlands, scale 1 :50,000. The basic version of 

this paper was completed in December 1991. More recent 

literature is not assimilated and on ly occasionally men

tioned. 

The evolution of the coasta l area of the Netherlands dur

ing the Holocene has been extensively studied in the re

cent decades. The work of Bennema (1954), Van Straaten 

(1954 and 1963), Jelgersma (1961 ), Pons et al. (1963), 

Louwe Kooijmans (1974) and Van de Plassche (1982), can 

be seen as first-generation stud ies concerned with sea-
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's-Gravenh age 
(Th e Hague) 
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Voo rburg 

leve l curves and with coastal evo lution. In the light of the 

pioneeri ng work of Van Straaten (1965) on the sedimen

tary successions that built-up the coastal area of the Neth

erlands during the Holocene, second-generation studies 

put specia l emphasis on e.g. the sedimentological frame

work of the coasta l system of the Netherlands (see e.g . 

Roep & Beets, 1988; Van de Plassche & Roep, 1989; and 

most commun ications in this volume). 

Van Straaten (1965) already paid special attention to the 

influence of river sed iments on the evolution of the 

coastal area in relation to sea-leve l rise, whereas the evo

lution of the Rhine/Meuse system as such had lately only 

incidenta lly been considered in direct re lation to the Holo

ce ne sea-level rise. A few modern studies, published after 

the completion of the bas ic ve rsion of this paper, have ad-
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Figure 1 

Location map of the study 

area around Rotterdam 

(the Netherlands). 



Figure 2 

Schematic stratigraphic table 

of the Pleistocene 

(post-Tiglian) and Holocene 

deposits in the lowermost 

Rhine/Meuse area. 

dressed this issue, e.g. Van Dijk et al. (1991), Ti:irnqvist 

(1993a and 1993b). The present paper gives an account of 

fluviatile response in the lowermost Rhin/Meuse area dur

ing the last 15000 years. Relevant information on river 

palaeomorphology in the western part of the central 

Netherlands can be found in Pons & Bennema (1958), Van 

der Woude (1981 ), Berendsen (1982), Verbraeck (1970, 

1984, 1990), Van de Meene (1984), Ti:irnqvist (1993b), 

Bosch (1995), and De Groot and De Gans (in prep.). 

The main framework within which sedimentological fa

cies changes occur, can be described as fluviati le adapta

tions within the Glacial/Interglacial (half-)cycle of the 

Weichselian/Holocene periods, in parallel with a coastal 

evolution evolving from a retrograding (open) coast, to a 

prograding (closed) coast, and finally to the present-day 

stationary/erosive one (Beets et al., 1992). Sea-level rise, 

as a direct response to climatic change, was not a linear 

process but a gradual ly decreasing one. Until 7000 BP (14C 

years Before Present), sea-level rise was probably greater 

than 100 cm/century, decreasing until 5000 BP to about 50 

cm/century, and at a global rate of about 5 cm/century 

during the last 2000 years (Jelgersma, 1961 , 1979; see 

also De Groot et al ., 1996). Combined with differential 

compaction and dewatering of backswamp peats and 

flood-plain clays, this sea-level rise led primarily to sedi

ment aggradation on the river plain, which means that the 

lowermost Rhine/Meuse area is particularly accessible to 

research based on boreholes and cross-sections. 

The evo lution of the lowermost Rhine/Meuse system, i.e., 

the eastward shifting of depositional sequences and verti

cal-facies variations through time, will be exemplified in 

the present paper by detailed palaeogeographic recon

structions, both in maps and in cross-sections. The role of 

climate and vegetation, sea-level changes, compaction, 

and dewatering, and the adaptation of river gradients, will 

also be discussed . 

Geological setting 

The area studied (Figure 1) covers the estuarine part of 

the present-day Rhine/Meuse fluviatile complex. The 

Pleistocene and Holocene stratigraphic succession and 

depositional environments of the top 45 meters are sum

marized in the Figures 2, 3 and 4. In parallel to an alterna

tion of cold (glacial) and warm (interglacial) periods, the 

depositional environments are characterized by a succes

sion of fluviatile deposits (Urk Formation, Kreftenheye

and Westland Formation) and marine deposits (Eem For-

Geological Stratigraphy of the lower Rhine I Meuse area 
time scale 
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mation and Westland Formation) reflect ing low and high 

sea-level stands, respectively. The sedimentary systems 

are furthermore separated by generally well-defined ero

sional boundaries (De Jong, 1988a; De Gans & Van Gijs

sel , 1996). Two rivers, the Rhine and the Meuse, we re re

sponsible for the fluviatile sediments in the lowermost 

Rhine/Meuse area. It is, generally speaking, difficult to 

discriminate between the sediments of the two: the de

posits are predominantly a mixture of Rhine and Meuse 

elements with a very strong Rhine dominance; often the 

Meuse element is totally absent or unrecognizable. There

fore, when we refer in this paper to the 'Rhine sediments' 

or the 'lowermost Rhine area', a Meuse influence/area is 

possibly included. 

Two lithostratigraphic un its (Figure 2) are of relevance to 

this study: the predominantly Pleistocene Kreftenheye 

Formation and the Holocene Westland Formation (Zag

wijn & Van Staalduinen, 1975). 

s 
Hollands Diep Maasdam Barendrecht 

10 m 

20 m 

30 m 

40 m 

Holocene 

Kreftenheye Formation 

This formation consists for the greater part of fluviatile 

deposits of Rhine and Meuse origin. Figure 3 shows that 

the main part of the Kreftenheye Formation in the studied 

area forms an almost 40 km wide val ley infill incised in 

the marine sediments of the Eem Formation, and lying 

partially on the top of the older fluviatile deposits (Fig

ure 2). The average thickness varies between 5 and 20 m. 

The sediments consist almost entirely of gravelly coarse 

sands with very few clay intercalations (see also: Ver

braeck, 1970, 1984 and 1990). At the top of the formation 

the sand becomes finer-gra ined locally and is covered by 

an extensive Late Glacia l/Early Holocene clay layer, a few 

decimetres to a metre thick. The clay often shows matura

tion features. In addition, the Kreftenheye Formation 

comprises Late Glacia l/Early Holocene eo lian deposits, 

the so-called 'river dunes' (Figure 3). 

The lithology and sedimento logy of the fluviatile Kreften-
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Figure 3 

Simplified N-5 cross-section 

over Rotterdam through 

a sequence of Lower 

Pleistocene to Holocene 

deposits. Location of the 

cross-section on Figure 1. 
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heye Formation have been interpreted for the greater part 

as braided river deposits formed under co ld climatologi

cal conditions (Doeglas, 1951; Verbraeck, 1984, 1990). The 

characteristic features of braided river systems, that are 

also recognized in the deposits of the Kreftenheye Forma

tion are: (1) the predominance of coarse-grained, poorly 

sorted and gravelly bedload deposits; (2) the predomi

nance of large-scale cross bedding; (3) the absence of 

well-defined fining-upward point bar sequences; (4) the 

almost total lack of fine-grained sediments. 

1 1 

Lek 

Pleistocene 

Krehenheye Formation 

The time of formation of the described post-Eemian Kref

tenheye va lley system (Figure 3) is probably somewhere 

in the Middle Weichselian, when the main discharge of 

the Rhine shifted from a northerly course near Alkmaar to 

the Rotterdam area (Van de Meene & Zagwijn, 1978; De 

Gans & Van Gijssel, 1996). 

Westland Formation 

This formation was deposited under influence of the Hol

ocene sea-level rise. The formation consists of a complex 

N 
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w Water 

1: Anastomosing system 

2: Meandering system (Gude Rijn) 
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Figure 4 
N-S cross-section through the Westland Formation {Holocene) east of Rotterdam. Location of the cross-section on Figure 1. 

After Van de Meene {1984). 
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alternation of marine, coastal, lagoonal, estuarine, and 

fluviatile deposits, with extensive peat layers in between 

(Zagwijn & Van Staa lduinen, 1975). In the studied area, 

the different sedimentary facies grade into each other 

without marked (erosional) bou ndaries (Fi gure 4). In this 

paper, the fol lowing subdivision is used: (a) a lower fluvi 

ati le facies (corresponding approximately to the lower 

half of Figure 4, between -8 and -13 m) grading into (b) an 

estuarine facies (corresponding approximately to the 

middle fluviatile part of Figure 4, between -3 and -7 m), (c) 

a marine lagoonal facies (i n the northern half of Figure 4), 

and (d) an upper fluviatile fac ies (co rresponding to the 

uppermost part of Figure 4). Facies (a), (b), and (d) are 

formed by a complex of coarse- to fine-g rained sandy 

channel, levee and/or crevasse deposits, and clayey back

swamp sediments with intercalated extensive peat layers. 

Facies (c) is formed of predom inantly clayey lagoon and 

tidal-flat deposits, wi th medium- to fine-grained sandy 

channel-fills with intercalated peat layers. Facies b and c 

are more or less time aequ iva lent. 

A more detai led description of the complex facies rela

tions can be found in Van Staalduinen (1979), De Groot & 

De Gans (in prep.) and Bosch (1995). 

2 Pal a eogeographic reconstruction 

of the last 15000 years 

A growing understanding of the sedimentary processes in 

the coasta l area of the Netherlands in relation to sea-level 

rise, and extensive field survey in the fluviati le area, has 

yielded the hereafter described sedimentological model 

for the last 15000 years. Climate and vegetation, sea-level 

changes and groundwater table adjustments, compaction 

and dewatering, and the influence of man, control led this 

complex sedimentary evolution. As cou ld be expected, 

their respective infl uences over the sedimentary processes 

varied with time. Figure 5, further discussed in section 3, 

resumes the account of the sedimentary facies evolution 

and changing sediment deposition through time of the flu

viatile area, in re lat ion to the development of the coastal 

area. In addition, Figure 5 presents estimates of deposited 

sand volumes in cubic metres per thousand years (m3/ka), 

calcu lated from the dig itized surface area of channel pat

terns, and the channel depths deduced from cross-sec

tions. Some of the main sedimentary phases are hereafter 

exemplified by palaeogeographic reconstruction (Figure 

8), based on Van de Meene (1984), Pruissers & De Gans 

(1988), and De Gans (199 1). 

Geochronology Depth below NAP Coastal domain Fluviatile domain Con trolling factors Sand vo lumes 
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Sedimentary facies evolution of the coastal/fluviatile area of the western Netherlands and estimates of deposited sand volumes. 

Facies evolution modified after Coleman & Roberts (1988). 
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Figure 6 

Top of the Pleistocene 

deposits and Holocene 

marine erosion patterns 

in the lowermost 

Rhine/Meuse area. 

Phase 1: Braiding (prior to about 11000 BP) 

At the end of the Pleniglacial (Middle Weichse lian ), the 

sea-level was 100 to 130 m lower than it is today (Zag

wijn , 1986). The North Sea palaeo-coastline lay well -be

yond the Daggers Bank (Jelgersma, 1979). The alluvial 

plain in the studied area consisted of a 40 km wide, shal

low valley (Fi gure 6), filled by coarse-grained bra ided 

river deposits (Kreftenheye Formation ). This braided 

system stayed active well into the Late Glacial (Late 

Weichselian), probably until about 11000 BP (Bosch, 

Holocene marine erosio n 

Present-day outcropping Pleistocene dep os its 

..--'o./" Top of Pleistocene deposits in metres bel ow NAP: 
Ear ly- Holocene relief 

1995), the period in which the oldest clay layer overlying 

the coarse-grained deposits was formed. At that time, flu 

vial drainage was mainly restricted to the northern part of 

the alluvial val ley, and was seemingly bounded by low 

(about 2 m high) river terraces (Figure 3). The clay layer 

partial ly covers the terraces as well , reflecting the large 

water-discharge variations of the braided system. The 

preservation of a clay layer on top of the braided system, 

maturation features inside this clay, and an important 

stratigraphic gap between the clay and the younger fluvi-

10 km 
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atile deposits of Early Holocene age, indicate that a sign if

icant environmental change took place, possibly due to 

the crossing of geomorphic threshold condit ions 

(Sch umm, 1981, 1988) of climatic origin. Datings show 

th at this change took place arou nd 11000 BP. 

Pha se 2 : Entrenchment/ mea ndering, 

eolia n activity, non-depositi on 

(about 11000-8500 BP) 

The change of depositional environment suggested in the 

preceding section was twofold. Disappearance of the al

pine ice sheets and of the regional permafrost, resulted in 

reduced annual discharge and flood peaks. At the same 

s 

5m 

10 m 

15 m 

time, vegetation development in the hinterland trapped in

creasi ng amounts of sediments that had formerly been 

freely transported by the rivers. The consequence of re

duced discharge and reduced sed iment load was a change 

from a bra iding to a meandering river system (Schumm, 

1981, 1988). At the same time and - as far as has been ob

served in the present study - especia lly in the western 

reaches of the river plain, there occurred an important en

trenchment of the river channel which will be called here, 

after the location where it was discovered, the Schiedam 

entrenchment (Figure 3). At least, one deep (17 m) and rel 

atively narrow (a few hundred metres) entrenched channel 

was formed. The mechanism underlying this entrench-

N Figure 7 

Detailed cross-section near 

Bleiswijk, showing channel 

o stacking between 8500 and 

6000 BP. Location of the 

cross-section on Figure 1. 

5m 

10 m 

15 m 

0 200 m 

[[[[II] Marine deposits t.: . >'. .> j Channel deposits 

c=J Estua rine deposits Peat 

c=J Flood-pl ain deposits ~ Reworked , raised soil 
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Figures Ba-e 

Palaeogeographic maps of 

the lowermost Rhine/Meuse 

area during the Holocene. 

See Figure 5 for a time-scale 

overview of the depicted 

phases. 

Figure Ba 

Phase 3. 

ment is still poorly understood. A facies change to mean

dering would lead at most to an erosional pattern with a 

depth between 5 and 8 m, as was observed in more east

ward reaches of the rivers Meuse (Westerhoff, pers. 

comm.) and Rhine (Berendsen, pers. comm.). Further-, 
more, east of Rotterdam, no channels of such magnitude 

are known yet. The present tentative suggestion is that 

headward erosion, triggered by an unknown downstream 

event, played an important part in the creation of the 

Schiedam entrenchment. What this event might have 

been is still a matter of debate and a subject for further re

search, but some answers might perhaps be found in the 

southwestern North Sea and English channel area (Smith, 

c. 8500-6500 BP 

Lege nd to Fig ures 8a-8e 

Holocene (Westland F.) 

I< :/·>:-: :I Beach barrier 

1985; see also Roep et al., 1975). Smith describes a deeply 

incised fluviatile palaeo-valley system in the eastern Eng

lish Channel and the Dove r Strait. He suggests a catas

trophic flood resulting from the breaching of a permafrost

sealed chalk barrier at the site of the Dover Strait, draining 

a lake that had developed between an ice front in the cen

tral part of the North Sea and the northern limb of the 

Weald-Artois anticlinorium. One of the consequences of 

this short- lived event wou ld be "erosional features in the 

lower reaches of rivers bordering the North Sea and in the 

Quaternary successions of East Anglia and northwestern 

continental Europe" (Smith, 1985). Although the timing of 

thi s event is a problem, it is not inco nce ivable that it is re-

Ar 

10 km 

Reconstru cted coastline 

C=:J Peat bog 5000 BP Coastline/beach-barrier 
14

C age 

C=:J Lagoon, tidal flat, salt marsch 

C=:J Marine I Fluviatile channel area 

C=:J Fluviatile flood plain 

Pleistocene 

P2 Eolian river-dune sands (Kreftenheye F.) 

P1 C=:J Mainly eo lian cover sands (Twente F.) 
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Figure Bb 

Phase 4. 

Figure Be 

Phase 5a. 



Figure 8d 

Phase 5b. 

Figure Be 

Phase 6a. 

c. 4600-2500 BP 
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lated with the Schiedam entrenchment. Another difficulty 

is the exact timing of the Schiedam entrenchment itself. 

The sedimentary fill is predominantly clay - suggesting a 

cut-off meander infill - with a Boreal pollen content. But in 

view of the early Holocene sea-level stand (at the end of 

the Late Glacial more than 50 m lower than today), and the 

rate of sea-level rise during that period, it seems improb

able that the entrenchment was initiated in Boreal or even 

Preboreal times. In view of the in many places established 

stratigraphic gap between 11000 and 8500 BP, we suggest 

a Late Weichselian (Younger Dryas: 11000-10000 BP) age 

of formation for the entrenchment. 

Entrenchment would have led to an important lowering of 

the groundwater table (Cleveringa et al ., 1988; Cleveringa 

& De Gans, in prep.), which, in turn wou ld lead to in 

creased eolian activity on the flood plain due to de

creased flooding during longer periods. So-called 'river 

dunes' (Kreftenheye Formation: Figures 3 and 4), were 

formed mainly between 11000 and 10000 BP. The height 

of the dunes was enhanced by vegetat ion trapping (Car

ter, 1988): e.g. a 15 m high dune (Hillegersberg) was 

formed near Rotterdam. Outside the river plain, eolian ac

tivity took place as well , and important sand sheets 

(Twente Formation: coversand) were formed. 

Between 10000 and about 9500 BP, eo lian activity de

creased markedly and fluviatile sedimentation was again 

recorded in the area under study. On the flood plain, the 

earliest clay deposits that cover the Late Weichselian ma

tured clay and often also the eol ian dune deposits, con

tain pollen of Preboreal age. The clay filling the Schiedam 

entrenchment has, as already mentioned, been dated by 

pollen analysis to be of Boreal age. Furthermore, the old

est known backswamp peats in the Rotterdam area have 

been dated at 8990 ± 60 and 8490 ± 80 BP (Fi gure 12). 

These dates imply that the probable end of the en

trenched meandering phase occurred between 10000 and 

9000 BP. It may be assumed that mainly sedimentation of 

the sand fraction took place, e.g. in point-bars. In cut-off 

channels thick clay plugs (representing the abandonment 

phase) cou ld develop, as at the Schiedam location. 

Phase 3 : Meandering and flood-plain 

aggradation (about B500-6500 BP), Figure Ba 

Concurrently with the formation of the oldest peat in the 

lower Rhine area, the alluvial plain became elevated by 

meandering river aggradation (Figure Ba). Under the 

pressure of sea-level rise and grad ient flattening, the 

Rhine deposited its sandy sediment load in channel point

bars, levees, and crevasse splays, wh ile clay was depos

ited on the fl ood plain, intercalated wi th backswamp 

peats. The estimated vol ume of the sand deposited in the 

channel system was about 1 billion m3/ka (Figure 5). 

Up to 7000 BP, the meandering river channels became 

stacked one upon the oth er (Figure 7), but between 7000 

and 6000 BP, discharge obstruction became so important 

that the sedimentation pattern changed drastically. 
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Phase 4: Anastomosing (about 6500-5000 BP), 

Figure Bb 

A new sed imentation regime came into existence in the 

lower Rhine area: an anastomosing facies belt, strongly 

influenced by sea-level rise, and migrating eastward at 

the same pace as the coastline. 

Anastomosing fluviatile systems were described by 

Smith & Smith (1980), Smith & Putnam (1980), and Smith 

(1983). The following sedimentary environments are gen

erally associated with an anastomosing fluvial system: 

three channe l-related facies (channe l, levee, crevasse

splay), and three wetland facies (l acustrine, marsh, peat 

bog ). In this paper, only channel deposits and wetlands in 

the widest sense of the terms will be considered. Figure 

8b illustrates the palaeogeography of phase 4; the width 

of the chan nel areas are somewhat exagerated. 

In the area studied the anastomosing system is character

ized by the following features: (a) a complex of multiple, 

narrow (tens to a few hundred metres wide ), anastomos

ing channel areas; (b) rapid vertical aggradation, high 

channel area stability and low sinuosity; (c) westward-in

creasing suspended load in the channel sediments; (d) a 

strong flattening of the river gradient; (e) extensive wet

lands. 

The anastomosing system in the lower Rhine area, be

comes more estuarine westwards and also vertically 

through time. Important influxes of brackish to salt water 

fauna and flora are found in the sediments, reflecting in

creasing tidal influence as a result of sea-level rise. In the 

wetl ands, extensive peat bogs were formed , intersected 

by organic-rich clays deposited by river flooding. Gyttja 

was formed in lakes (Van der Woude, 1981; Bosch, 1995; 

De Groot & De Gans, in prep.). 

As shown in Figure 8b, the sand-filled channel system 

disappears west of Rotterdam. The reason for this is two

fold : 

1. Westwards, the deposits are increasingly eroded by 

younger tidal systems. 

2. Westwards, th ere is a gradual change in the composi

tion of the sediment attributed to decreasing mean 

current velocity (increased tidal pressure enhanced by 

sea-level rise) . West of Rotterdam, clay and silt were 

predominantly deposited in the fluvial channels. No 

sand was transported to the North Sea during this 

phase, in contrast to Phase 5. 

The estimated vo lume of sand deposited in the channel 

system during the anastomosing phase was about 1.0 bil

lion m3/ka (Figure 5). 

Phase 5 : Meandering and progradation 

(about 5000-2500 BP), Figures Be and Bd 

The period 5000-4600 BP marked a turning point in the 

coasta l evoluti on of the western part of the Netherlands. As 

a resu lt of the decreasing rate of sea-level rise, the coast 

changed from a retrograding (open coast) to a prograding 
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closed coast. The oldest preserved coastal barrier (Figure 

Sc) was a narrow, elongated sand body lying east of The 

Hague. Two outlets were active through the barrier: 

1. West of Rotterdam, a cuspate "delta " - morphologi

cally very similar to the wave-dominated Sao Fran

cisco delta in Brazil (Galloway & Hobday, 19S9) -

formed the outlet of the decaying anastomosing Rhine 

system. The morphology of the northern part of this 

delta is expressed in the concave form of the beach 

barrier south and south-west of The Hague. The cus

pate coastline is discussed by Beets et al. (1992) who 

state that "removal of sand by longshore drift and ti

dal currents was insufficient to compensate for the 

supply by shoreface retreat at the prevailing rapid rate 

of postglacial sea-level rise ''. However, the influence 

of outflowing river water loaded with silt and clay, in 

the estuary, and the deposition on the coastal plain of 

fine-grained sediments, less susceptible to erosion 

than sand, must be taken into account as having 

played a role in the morphological modelling of the 

coastline. 

2. The second outlet was located near the town of Kat

wijk (Figure 1 ). Once a tidal channel, it beca me the 

new Rhine estuary. Indeed, investigations have indi

cated that as a response to slowing sea-level rise, con

currently with the closing of the coast, the anastomos

ing system was gradually abandoned in favour of a 

shorter, meandering short-cut (probably of lower re

gional elevation) to the North Sea, between Utrecht 

and Katwijk. The outlet, starting as a tidal inlet, 

evolved in the course of the following millennium into 

an estuary embayment (Figure Sd) and transport of 

sand to the North Sea was resumed. 

Between 5000 and 3000 BP, the coastal area of the west

ern Netherlands prograded westward. A series of succes

sive beach barriers was formed. The anastomosing fluvial 

system was completely abandoned, whereas the mean

dering river channel (Oude Rijn) became fully active with 

a small delta at its mouth (see also Kruit, 1963). The for

mer cuspate delta of the anastomosing system became 

dominated by the Meuse and formed a Meuse estuary. In 

between, extensive peat bogs developed on the alluvial 

plain behind the beach barriers. This was the main period 

of peat growth in the western part of the Netherlands. A 

small distributary channel (the Utrechtse Vecht1
) came 

into existence north of Utrecht, and probably drai ned to

wards the North Sea via the Amsterdam area and the so

called 'Oer-IJ tidal inlet'. 

Estimated volume of the sand deposited in the channel 

systems gradually decrease from about 1 billion m3/ka to 

about 0.7 billion m3/ka (Figure 5) . 

Phase 6: Anabranching (about 2500 BP -

present day), Figure Be 

The Oude Rijn delta and channel area began about 2500 

BP to loose importance with respect to the sediment dis

charge, in favour of a complex fluvial system that came 

into existence farther southward (Hollandsche IJssel, Lek, 

Merwede), with outlets into the Meuse estuary; although, 

the Oude Rijn remained active till ea . 1000 BP. Tentatively, 

we introduce here the term anabranching to describe the 

new system. Figure Se shows part of this diverging/con

verging channel-belt system south of the Oude Ri jn. The 

new system has some characteristics in common with the 

anastomosing system, e.g. the narrow and branching, 

stable low sinuosity channel belts, and the extensive wet

land complexes. However, the rate of sea-level rise (about 

5 cm/century) was no longer the main drive behind the 

change to an anabranching system. It is postulated that 

the extensive development of vegetation and peat that 

started after the closing of the coast, had a impeding in

fluence on the drainage system, and the lateral channe l

belt migration. New water courses through the peat 

marshes and avulsions from the meander belt, gradually 

led the Rhine discharge in a more southward direction. In

creasing regulation by man, especially after 1000 BP, fixed 

the system until the present day. The estuary near Katwijk 

was gradually abandoned, and became filled by ri ve r- and 

tidal-marsh sediments, and finally, by the development of 

eolian dunes (the Younger Dunes) from the sand supplied 

by the surrounding barrier system. The Utrechtse Vecht, 

on the other hand, continued to be active up to the 

present. The estuary of the combined Meuse, Hollands

che IJssel, Lek, and Merwede river channels, evolved 

gradually into the present estuary with a marked Rhine 

dominance. 

The estimated volume of sand (Figure 5), deposited in the 

channel system continued to decrease during this period 

from about 0.7 billion m3/ka to the present-day sedimen

tation rate of 0.2 m3/ka . 

3 The role of climate. vegetation and 

sea level 

Galloway (19S9) discussed the variables influencing the 

depositional history of prograding basin margins (Figure 

9). In the case of the North Sea Basin, of which the stud

ied Rhine/Meuse area is a part, glacial eustasy was the 

dominant variable influencing eustatic sea-level change 

during the period under study. According to Galloway, 

sediment supply is strongly influenced by climatic change 

rather than by climatic stability. In addition, climatic 

change, and the absence or presence of vegetation, influ

ences river discharge rates, as shown by Cleveringa et al. 

(19SS). It may therefore be said that sedimentation in the 

1 In the Netherlands two rivers bear the name 'Vecht': the Overijsselse Vecht (mentioned by De Gans & Van Gijssel, th is volume) and 

the Utrechtse Vecht (refered to in the present paper). 
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lowermost Rhine/Meuse area (4th-order cycle), was pre

dominantly influenced by eustatic sea-level fluctuations 

and va riations in sediment supply and/or discharge rates 

(3rd-order cycles), controlled by glacial eustasy and 

changing climate (2nd-order cycles) respectively (see also 

Posamentier et al. 1988). 

With respect to the evolution of the different depositional 

domains responding to sea-level and climatic fluctua

tions, the geological data of the lowermost Rhine/Meuse 

area presented here can be summarized as shown in Fig

ure 5. Two domains are distinguished: 

1. A coasta l domain, respond ing to sea-level rise, and 

only known - as far as the coastal area of the Nether

lands is concerned - for approximately the last 5000 

years (Beets et al ., 1992). 

2. A fluviatile domain, responding to climate and vegeta

tion, as well as to sea-level rise, known from a continu

ous sequence of deposits through most of the period 

under study. 

Influence of climate change and vegetation 

Climate change and vegetation, and the related changes in 

discharge and sediment supply during the transition from 

the glacial (Weichselian) to the interglacial (Holocene) pe

riod , can be considered as the major controlling environ

mental factors between 15000 and 11000 BP (Cleveringa et 

al ., 1988). In the lowermost Rhine/Meuse area, threshold 

conditions influenced by climate change induced : (a) the 

facies change from braiding to meandering, as a result of 

a lower and more regular river discharge, but also of a de

creasing sed iment load due to increased vegetation trap

ping in the hinterland (see also Rose et al., 1980); (b) the 

formation of eolian dunes on the ri ver plain. The height of 

these dunes was probably also increased by vegetation 

---- -------- ~ ---------1 

Astronomical I Spreading , I 
forcing f L __ :~~~s ___ J -----.------
Glacial Geoidal Tecto nic 
eustasy eustacy eustacy 

I I 

"' 

trapping (Carter, 1988). After 10000 BP, climate had no sig

nificant influence on the sedimentary history (Figure 5). 

During the Holocene, vegetation and extensive peat 

growth contributed to the development of the anastomos

ing system, and was probably a major factor influencing 

the evolution of the Rhine to an anabranching system 

during the last 3000 years as was outlined above. 

Influence of sea-level change 

A low sea-level stand (>50 m below the present-day level) 

before 10000 BP, made entrenchment of the incipient 

meandering system possible. Sea-level rise - especially af

ter 9000 BP (Figure 5) - played a major role in the evolution 

of the lowermost Rhine/Meuse area, e.g. rapid aggrada

tion and eastward migration of the anastomosing and 

meandering fluvial systems during the period of rapid sea

level rise, and changes in coastal and deltaic/estuarine 

morphology during the period of slowing sea-level rise . 

Several factors played a ro le in the origin of the Late 

Weichselian entrenchment: (a) the transition from a 

braided to a meandering fluvial system; (b) the low sea

level stand during the latter part of the Late Weichse lian 

(causing a gradient adjustment, base-level lowering by 

headward erosion of the meandering system, at least to 

about 70 km east of the present coast line as could be re

constructed from miscellaneous borehole data, see Fig

ure 11); (c) a hypothetical "event" in the southwestern 

North Sea/Channel area. 

Late Weichselian entrenchments - although on a smaller 

scale than the Schiedam entrenchment - were not re

stricted to the lower Rhine/Meuse area, or to major river 

systems. Similar base-level adjustments have been re

ported for the lower river Scheidt in Belgium (Kiden, 1989 
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and 1991) and in small river basins, in both the Nether

lands and Belgium (Cleveringa et al., 1988). 

Rapid sea-level rise until about 5000 BP, resulted in 

groundwater table adjustments and rapid sediment ag

gradation on the river plain. This happened in the mean

dering facies belt prior to about 6500 BP and in the anas

tomosing facies belt after that time. Especially during the 

anastomosing phase, when the river slope was almost 

flat in the most western reaches (Figure 11), this led to ex

tensive floodplain sediment accumulations in surround

ing marshes and peat bogs, and the inability of the fluvial 

system to carry its sandy load all the way to the North 

Sea. The high rates of suspended load accumulations re

sulted in stable, low sinuosity channels, leading to exten

sive backswamp peat development (Rose et al., 1980; 

Brown, 1987). 

Outside the Netherlands, the evolution from a meander

ing to an anastomosing channel complex has also been 

recorded for the lower Severn (Brown, 1987) and the 

lower river Scheidt (Kiden, 1989, 1991). 

The decreasing rates of sea-level rise that led to the clos

ing of the coast by beach barriers (Beets et al., 1992), led to 

a reverse facies shift from anastomosing to meandering in 

the fluviatile area, as the outflowing river power became 

greater than the eastward-oriented pressure of sea-level 

rise. Following a shorter course to the coast, the Rhine -

and probably the Meuse also - were able again to trans

port their sand load all the way to the sea (Fi gure 8d). 

I I 

4 The role of differential compaction and 

devvatering 

The presence of sandy-channel complexes in the under

ground, surrounded by thick sequences of backswamp 

deposits (Figure 4), determined important differential 

compaction. This phenomenon probably influenced 

strongly the sedimentation history of the lowermost 

Rhine/Meuse area. Figures 7 and 10 show the typical re

sults of differential compaction. The ultimate level differ

ences can be as much as about 5 m. Compaction, as a di

agenetic process, was syn- to early post-sedimentary in 

the study area and contributed significantly to the local 

increases of the sedimentary accommodation space. Es

pecially peat layers can be subject to important compac

tion rates by dewatering. Rapid collapse of peat can be 

triggered by the deposition of only a thin layer of elastic 

sediment. The compacted areas, being lower than the 

channel- and levee-systems, are so increasingly subject 

to flooding either by rivers, or - via estuaries and tidal 

channels - by marine activity, transforming large areas 

into lagoons and tidal flats. This seems to have been es

pecially the case between about 7000 and 6000 BP (Figure 

8b and 10). The repeatedly increased accommodation 

space in the flood basin area or in the tidally influenced ar

eas was rapidly filled-in by subsequent flooding and 

growth of new peat layers. As in Figure 10 (see also Fig

ure 4), this explains the succession of alternating peat 

beds and elastic deposits. In the example of Figure 10, 

channel activity stopped about 7200 BP with the infill of 
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Figure 11 

Reconstruction of Late 

Glacial and Holocene river 

gradients in the Rh ine/Meuse 

area. Line of W-E section 

from Hoek van Holland, 

over Leerdam and eastward 

(Figure 1 ). Based on data 

from several authors: see 

Figure 12. 



the rest gully, in the central part of the sandy channel. 

Subsequently, and before about 6000 BP, estuarine flood

ing made the peat to collapse again. After renewed peat 

growth about 6000 BP, the same event happened again as 

a result of marine flooding of the area. 

5 Gradient adjustments 

The geological and radiocarbon data made it possible to 

reconstruct some of the gradient curves of the fluvial 

system since Late Weichselian times. Three types of curve 

are shown (Figure 11): (a) top and base of the channel 

sands of the Kreftenheye Formation; (b) the base of the 

entrenchment cut-off fill; (c) the top of (c1) the clayey 

backswamp deposits, and (c2) the related sandy channel 

sediments for selected time slices (Van de Meene, 1984: 

channel-top data). 

In spite of the scarcity of geological information on the 

entrenchment base, the Late Weichselian headward ero

sion seems clearly defined. Between kilometre 0 and 70, 

the gradient is steep and diverges from the surface 

through which the channel was incised (the top of the 

Kreftenheye Formation's channel deposits). Eastward 

from kilometre 70, the entrenchment base becomes ap

proximately parallel to this surface. There, the erosion 

depth of the river channel amounts to about 5 to 8 m, 

which are similar values to those found farther upstream 

in the rivers Rhine and Meuse, and corresponding to the 

erosional values of meandering channels. The meaning of 

this phenomenon is that Late Weichselian headward ero

sion in the lowermost Rhine/Meuse fluvial system ended 

about 70 to 80 km to the east of the present coastline. 

Another interesting feature on the graph is the relation

ship between the backswamp and channel-top levels for 

6000 and 5000 BP. In the upstream area (between km 40 

and 80), the difference between the curves is about 3 to 5 

m. This is partly due to differential compaction of the 

backswamp deposits, and partly to the high sedimenta

tion rates in the channel systems, relative to those in the 

wetlands. Westwards, this top-level difference tends to

ward zero. This can be explained by the gradually de

creasing rate of sand sedimentation in the channels as a 

result of tidal pressure, as described above. 

Three backswamp curves (6000, 5000, and 3000 BP) show 

a more or less pronounced bulge-an-low on their sub-hor

izontal reaches between km 0 and 60. The bulge migrates 

eastward with time. Although part of the bulge/low can be 

explained also by differential compaction, the main cause 

is probably the friction effect and the so-called "floodba

sin effect" (Van Veen, 1950; Zonneveld, 1960). Van de 

Plassche (1982 and 1984) who mentions these effects in 

the Rhine-Meuse delta, attributes the friction effect to a 

reduction of the tidal amplitude behind the coastline due 

to frictional energy dissipation as the tidal wave moves 

into the estuaries. He explains the floodbasin effect, i.e., 

the lowering of the MHW (Mean High Water) level within 

a given area, to an increase in storage capacity within the 

tidal basin. In our case, the tidal basin refers of course to 

the lower delta plain of the Rhine/Meuse area. Van de 

Plassche shows how the floodbasin effect may cause a 

seaward extension of the non-tidal zone, creating an area 

where sedimentation (or peat growth) occurred well-be

low the contemporaneous coastal MHW level. The east

ward migration of the floodbasin effect is - again - the re

sult of sea-level rise. It is postulated here that potential 

recording of the floodbasin effect in the sediments is en

hanced by sea-level rise. 

This observation, in turn , is not restricted to the lowermost 

Rhine/Meuse area. The floodbasin effect has also been re

ported for the lower river Scheidt (Kiden, 1989, 1991 ). 

The diagram in Figure 11 does not present channel-base 

data for the Holocene system. The reason for this is that 

most of the Holocene channel sands east of Rotterdam, 

are embedded in the Pleistocene sandy deposits. This 

sand/sand contact is very hard to determine from bore

hole data. 

6 Conclusions 

The lowermost Rhine/Meuse area in the Netherlands 

forms a typical example of (4th-order) fluvial response to 

(2nd-order) climatic change and (3rd-order) sea-level fluc

tuations (Figure 9). This study has shown - as far as the 

western part of the Netherlands is concerned - that: 

1. Climate change and vegetation (controlling changes in 

discharge and/or sediment supply) at the transition 

between the last glacial and interglacial periods, re

sulted in facies change from braiding to meandering. 

2. Vegetation probably played a major role in the transi

tion from meandering to anabranching between 3000 

and 2000 BP, and a secondary role in the formation of 

Late Weichselian river dunes. 

3. Response to different stands of sea-level and rates of 

sea-level rise was dominant during a large part of the 

period studied. Main impacts were: (a) headward ero

sion and entrenchment of the incipient Late Weichse

lian meandering system; (b) shifting of the meander

ing/anastomosing facies belts through space and time; 

(c) coastal progradation and closing of the coast by 

beach barriers, and the synchronous facies change 

from anastomosing to meandering. 

The anastomosing system and the meandering system 

are two different facies belts in the continuation of each 

other, i.e., the anastomosing system on the seaward side 

and the meandering system more upstream. Their rela

tionship and respective width are determined by the rate 

of sea-level rise. Prior to 5000 BP, rapid sea-level rise led 

to rapid eastward migration of the anastomosing and 

meandering facies belts in an on lap fashion, overstepped 
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by the marine facies (Figure 13). The subsequent closing figuration once more, whereas the marine facies over-

of the coast had a stabilizing effect on the facies belts. In- stepped locally. 

stead of eastward migration, westward progradation oc-

curred, accompanying the gradual disappearance of the Figure 14 graph ically summarizes the fluviatile facies evo-

anastomosing facies. The meandering facies offlapped lution of the lowermost Rhine/Meuse area during the last 

temporarily over the marine sediments. After 2000 BP, the 15000 years (see also Figure 5). Successively, the braided 

anabranching facies came into existence, in an on lap con- system (prior to about 11000 BP) changed to a entrenched 

GrN nr. 14C age BP Bore-hole name Figure nr. (this paper) Reference Figure 12 

Radio-carbon datings 

10922 5900 ± 35 Berke I 10 de Jong, 1989 used for this studv 

11311 5915 ± 45 Bleiswijk 10 de Jong, 1984 {see Figures 10 and 11 ). 

11312 7225 ± 45 

11313 8490 ± 80 

13471 4395 ± 40 Schipluiden Ill 11 de Jong, 1986 &1987 

13472 4965 ± 40 

13473 5370 ± 40 

13474 6335 ± 45 

13475 7265 ± 45 

15931 8990 ± 60 Schipluiden IV 11 de Jong, 1988 

2823 5770 ± 75 Rotterdam (37H273) 11 de Jong, 1989 

2949 7410 ± 65 

2347 7900 ± 75 

2177 8130 ± 70 

2829 5885 ± 70 Ridderkerk (37H274) 11 de Jong, 1989 

2354 6535 ± 100 

2832 7240 ± 90 

2840 4330 ± 75 Alblasserdam 11 de Jong, 1989 

2342 5245 ± 75 

2827 6780 ± 90 
2821 7350 ± 65 

192 2830 ± 135 Brandwijk 11 Jelgersma, 1961 

191 4590 ± 150 

7862 3340 ± 80 Molenaarsgraaf 11 van der Woude, 1981 

8377 4370 ± 120 

8932 4570 ± 75 

8379 5590 ± 70 

7864 6060 ± 80 

8381 6420 ± 70 

8382 6720 ± 70 

8304 7320 ± 110 

8933 9770 ± 100 

2817 3720 ± 55 Giessendam 11 de Jong, 1989 

2346 4900 ± 75 

2818 6270 ± 85 

2822 6810 ± 60 

787 2820 ± 75 Goudriaan 11 Ve rbraeck, 1970 

784 4095 ± 90 

785 4650 ± 95 

8922 6090 ± 70 Leerdam 11 van der Woude, 1981 

8923 9400 ± 120 

4176 4600 ± 100 Zoelmond 11 Verbraeck, 1984 

4177 8270 ± 90 

4055 5410 ± 90 Ochten 11 Verbraeck, 1984 
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Figure 13 

Time-distance plot of the 

facies migration-trend in the 

lowermost Rhine/Meuse area 

during the last 8000 years. 

Figure 14 

Time-distance plot of 

successive fluviatile facies 

changes in the lowermost 

Rhine/Meuse area during 

the last 15000 years. 
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meandering system (about 11000-8500 BP) , followed by 

an aggradational meandering system (about 8500-6500 

BPI, an anastomosing system (about 6500-4500 BP), a 

northern (Oude Ri jn) meandering system (about 5000-

1000 BP), and finally an anabranching system in the area 

stud ied (about 2500 BP till the present time ). 
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Abstract 

Compilation of existing and new data from boreholes and seismic surveys in the area off Wafcheren 

and Zeeuwsch-Vfaanderen (southwestern Netherlands) has fed to a new insight into the geological 

evolution of that area since Eemian times. During the Eemian, several terrace like levels linked to 

Tertiary escarpments were formed in this area, at feast three of them in the offshore part. At the end 

of the Weichselian and at the onset of the Holocene, a system of Belgian rivers (the Waardamme 

and Leie) eroded into Weichsefian predominantly aeolian and Eemian marine deposits in that area. 

During Atlantic and Subboreaf times these rivers were probably located partly behind barriers or 

coastal dunes, where tidal flats and/or peat could only develop to a small extent. This is in 

contradiction with earlier views, mostly based on data from the land area, in which a large tidal flat 

or peat area was postulated (cf. Zagwijn, 7986). During the Early Subboreal, the old river system 

was used as a starting point for erosion. This erosion created an outer delta environment. 

On top of deposits belonging to that environment, outer ebb-tidal-delta sediments were deposited 

until recent times. In the youngest sediments a medieval erosional phase is recognized, which can 

be linked to the final breakthrough of the river Scheidt to the present Western Scheidt. 

Recent pollen analyses enabled us to produce a correlation diagram of the fithostratigraphic 

systems used in the studied offshore and adjacent onshore areas. 

Nr5 7 1996 Ebbing & Laban: Geological history of the area off Walcheren and Zeeuwsch-Vlaanderen 251 



1 Introduction 

In 1965, the geological mapping by the Geological Survey 

(Rijks Geologische Dienst: RGD) of Zeeuwsch-Vlaanderen 

(the Netherlands), in the 1 :50,000 series, was completed 

(Van Rummelen, 1965), and gives a fairly good under

standing of the geology of that area. The same holds true 

for Walcheren in 1972 (Van Rummelen, 1972). Until re

cently, this was not the case for the offshore area of 

Walcheren and Zeeuws-Vlaanderen. Data acquisit ion in 

that area only started around 1968, and a systematic col

lection of geological data started in the second half of the 

1980s. This yielded maps in the 1:250,000 series: the Os

tend sheets (Laban & Schuttenhelm, 1991; Balson et al ., 

1991) and a map in the 1:100,000 series: the Rabsbank 

sheet (Ebbing et al., 1993). 

The evaluation of this ample set of data on the area 

around the mouth of the Western Scheidt high lighted the 

complexity of the geological setting. This region differs 

from the northern part of the Dutch coast by the high ele

vation of the Tertiary strata, which are in places outcrop

ping. This part of the southern North Sea is situated at the 

margin of the slowly subsiding North Sea basin and, un

like it, is stable or even rising. This led to a somewhat di

vergent behaviour of the area during sea-level changes in 

the Quaternary. 

Since Tertiary deposits occur near the surface, they have 

exerted a strong influence on the development of this 

part of the coast. A palaeoreconstruction should therefore 

start at the end of the Tertiary. However, apart from a few 

small spots in the study area, with an early-Pleistocene 

erosional residue, the deposits from the Eemian form the 

base of the Quaternary (Laban & Schuttenhelm, 1991 ; Eb

bing et al., 1993). It is therefore appropriate to start with 

the "Saalian Palaeorelief" for a reconstruction of the geo

logical history of the area. 

The remnants of the morphology at the end of the Saalian 

offers some clues about the course of the old ri ve rbeds 

and can be used as a starting point for a palaeorecon

struction. Onshore-offshore correlations in the Late Qua

ternary are made as well , and important geological 

events in the area will be indicated and, if possible, dated. 

Basic data and methods 

For the palaeoreconstruction all cores and borehole sam

ples (about 550, excluding the grabsamples), taken over 

the years were used. Several samples had already been 

analysed by various methods (for pollen, molluscs, ostra

cods, and diatoms) and additional cores from crucial loca

tions were sampled for analyzing. No absolute dates were 

available. The distribution of all dated cores is shown in 

Figure 1. Besides the cores, 3.5 kHz seismic lines (about 

385 km) were used to draw a contour map of the pre-Ee

mian in the area (Figure 4). The seismic system used to 

obtain these lines is composed of eight 3.5 kHz ORE trans

ducers built in a PVC fish, with heave compensation. This 

252 

system provided very good seismostratigraphic informa

tion of the first 10 m below the seabed. 

Detailed geological information concerning the land area 

was obtained from the existing 1 :50,000 geological maps 

of Walcheren and Zeeuwsch-Vlaanderen (Van Rummelen, 

1972, 1965) and concerning the offshore area from the 

1:100,000 map of the Rabsbank sheet (Ebbing et al ., 1993). 

Also useful archeological data were included in this study, 

e.g. findings of remains of the Roman occupation in some 

areas (Ova a, 1971 ). 

2 Short description of the 

lithostratigraphic units 

The abbreviations used in the descriptions correspond to 

those concerning the lithological columns of Figure 2. The 

stratigraphic position of the various formations is given in 

Figure 3. 

* Eem Formation (EE): Eemian. Fine to medium-grained, 

locally gravelly and shelly (especially at the base) sand, 

with some clay layers or clay laminae. A major compo

nent of the gravel is chert. The sand conta ins a Eemian 

mollusc association and Corbicula fluminalis, as a fresh to 

brackish estuarine water indicator, as well as a derived 

weathered mollusc fauna including Early Pleistocene ma

rine species. The coarse lag deposits found in the area of 

the Vlakte-van-de-Raan (Figure 1) probably represent 

mainly channel lag deposits (RS, in part FS) and, further 

offshore to the northwest, a barrier like beach (RS ), which 

becomes finer towards the top (MS). On top of the chan

nel lag deposits intertidal deposits (ES) could develop, in 

accordance with the findings of De Moor & Mostaert 

(1988). 

* Twente Formation (TW): mainly Middle- to Late Weich 

selian. Well-sorted, fine-grained, predominantly wind

blown sands with some silt intercalations; evidentially de

posited in a periglacial environment. 

* Buitenbanken Formation (BTK): Middle- to Late Atlantic. 

Yellowish-brown fine- to medium-grained sands some

times gravelly and/or shelly, and composed typ ically of 

reworked Late Pleistoce ne deposits (RS); locally clay 

layers are present as well. The sand contains, besides a 

Holocene mollusc fauna, a reworked mollusc fauna with 

Late Pleistocene marine and fresh-water species and 

Early Pleistocene marine species. The deposits can be 

characterized as nearshore (h igh energy) (RS) or as chan

nel infil ls belonging to an outer delta (RS: partly derived 

from ELW). The nearshore deposits are the result of a re

working of the Eemian barr ie r beach and the channel in

fills partially represent a reworking of Eemian channel in

fills. 

* Elbow Formation (ELW): Middle Atlantic to Late Subbo

real. Clay laminated with fine sand (locally muddy), or 

fine- to medium-grained sand (locally muddy) with clay 

layers and clay laminae. The sediment indicates a tidal 
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Figure 1 

Location map of the study 

area: westerly of Zeeuwsch

Vlaanderen, Walcheren and 

the mouth of the Western 

Scheidt. Indicated are the 

position of two profiles 

(AA ' and 88', see the 

Figures 6 and 9), and the 

location of all dated cores. 

The cores carrying a number 

are mentioned in the text. 

'TW' stands for the position 

of two adjacent cores in 

which the Twente Formations 

has been detected. 
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flat (TF) or outer delta (OD) depositional environment. Es

pecially seaward off the Vlakte-van-de-Raan (Figure 1) the 

Elbow Formation is developed as a tidal flat deposit as a 

product of the steady Holocene transgression. In the 

flooded Vlakte-van-de-Raan area the Elbow Formation is 

developed as an outer delta deposit below the strong 

wave action. This is reflected by a generally coarser grain

size than that in the area off the Vlakte-van-de-Raan. 

* Banjaard Formation: Early Subatlantic to recent. This 

formation is subdivided into two members which pass 

latera lly into one another. The members differ as to the 

grainsize of the sand fraction , they consist of sandy and 

silty outer ebb tidal delta deposits (OTD) derived from the 

coastal area. The sedimentation area is more or less re

stricted to the Vlakte-van-de-Raan (Figure 1 ). The long

shore current ran and stil l runs off the Vlakte-van-de

Raan , making it possible for this sedimentation area to be 

developed as an outer ebb tidal delta with strong wave 

action. 

Raan Member {RM). Grey to light grey, fine to me

dium-grained sands with clay layers and laminae. The 

mollusc fauna is marine and includes the Angulus 

pygmaeus fauna (Spaink, 1973). 

Hompels Member {HM). Grey, very fine- to fine-grained 

muddy sands with clay layers and laminae containing 

the same fauna as the Raan Member. 

* Bligh Bank Formation (BH): Late Atlantic to recent. 

Mainly yellowish-brown, fine to medium-grained sands 

with some gravel and clay laminae. The mollusc fauna is 

characterised by the presence of the mollusc association 
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of Angulus pygmaeus (Spaink, 1973). The sediments are 

deposited in an open marine environment (AS+MS) and 

consist in the first place of reworked Middle- and Late 

Pleistocene fluvial deposits. In the study area they can be 

mainly found on top of all other deposits off the Vlakte

van-de-Raan. In earlier publications these sediments are 

named Young Sea-sand. 

3 Eemian depositional history 

The Eem Formation comprises the relative 'warm ' post

Saalian I pre-Weichse lian interglacial deposits; it is pre

served in about half of the study area (Figure 4) with a 

thickness between less than 1and10 meters. 

The Eemian deposits in the Dutch sector of the southern 

North Sea, occur as a more or less continuous layer in the 

south and also as an infi ll of glacial depressions of Saal

ian age in the north (Oele & Schuttenhelm, 1979), see the 

Indefatigable sheet of the 1 :250,000 series (Cameron et 

al. , 1986). The former auth ors were, however, not certain 

if Eemian deposits were present in the southernmost part 

of the North Sea. Between the Western Scheidt and the 

Sandettie Bank they found only Holocene sediments over

lyi ng Tertiary strata. In the present study we found evi

dence po inting to extensive Eemian deposits off Walch

eren and Zeeuwsch-Vlaanderen. This evidence originated 

from cores S11-284, S8-182, and S7-192 (see Figures 1 

and 2) and is supported by pollen-analytical data (De 

Jong, 1988 & Cleveringa, 1990). In core S7-192, diatoms 

led to the same conclusion (De Wo lf;1990), with the addi

tional remark that is dealt wi th marine Eemian. The analy

sis of core S8-182 yielded samples for clay mineral con

tent. The clay mineral distribution is very similar to that 

found in Eemian sediments from Ostfriesland (Germany) 

(Ziillmer, pers.comm. ). All of the above mentioned infor

mation on the age of parts of the cores made it possible 

to link certain sedimentological features to a time-frame. 

For the open marine and estuarine sands (MS, ES) in core 

S7-192 and Sl 1-284, and the fluviatile/estuarine sands in 

core S8-182 is concluded that the age of those deposits is 

Eemian (see Figure 2). Several other cores from the study 

area (e.g. core Sl 1-284, see Figure 2) show lag and/or 

coarse fluviatile deposits on the Tertiary, containing a 

partly reworked Early Pleistocene (West Kapelle Ground 

Formation " Maassluis Fm?) mollusc association with spe

cies indicating an Eemian age (Sliggers, 1979; Spaink, 

1986; Meijer and Sliggers, pers.comm.). 

Figure 4 gives the contour map of the supposed Late 

Saalian (pre-Emian) morphology, which is almost identi

cal to that of the top of the Tertiary in th is area, as Middle

and Early Pleistocene sediments are scarce (Ebbing et al. , 

1993). Superimposed are the subcrops of the Eemian . A 

striking feature of the map is that relicts of the Late Saal 

ian morphology show some elongated depressions (ri ve r

beds?). This becomes even more striking if this map is 

seen in combination with that of Tavernier and De Moor 
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Figure 4 

Contour map of 

the morphology of 

the pre-Eemian, which is 
almost identical to the top of 

the Tertiary in this area. 

The distribution of the 

Eemian deposits is also 

indicated. Cross-section C-C' 
shows the escarpments in 

the Tertiary basement and 

the distribution of the 

covering Eemian sediments. 
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(1974) (Figure 5). While to the north of the southern North 

Sea, basins or val leys were eroded by the Saalian ice 

sheet (Oele & Schuttenhelm, 1979; Laban et al, 1984; 

Joan et al , 1990); to the south, the depressions were prob

ably incised by Saalian (and older) rivers in the Flemish 

Va lley (Tavenier & De Moor, 1974). From the composite 

map the principle discharge directions of Late Saalian to 

Eemian rivers can be deduced (Figure 5) . The discharge 

direction of the "Leie" and/or "Waardamme" in the off

shore part is less certain, but the lag deposit in cores S11-

193, S11-284 and the fining upward sequences in core S8-

182 (Figure 2) of Eemian age point to a major fluvial 

system in the offshore area. Probably, cores S8-182 and 

S11-284 can be linked to the Leie (with a SSE-NNW dis

charge direction) and core S11-193 to the Waardamme. 

The Leie possibly had a branch flowing into the Waar

damme as indicated in Figure 4. The discharge direction 

of the Waardamme was also initially SSE-NNW but 

changed north of core S11 -193 to SEE-NWW, evidence for 

this development will be given below. 

The Eemian deposits in the Belgian area start with the re

working of a basal cong lomerate on the Tertiary erosional 

surface, a typical example can be found at Meetkerke (De 

51 °30' 

Zeeuws - Vlaanderen 

2°401 

Top of the pre-Eemian deposits 

- +20 - 20m +NAP 

Moor & Mostaert, 1988) and in the valley of the river Leie 

(De Moor & Lootens, 1975). The lag deposits found in the 

offshore area (e.g. cores S11-284 and S11-193, Figure 2) 

probably correspond with the reworked basal conglomer

ate mentioned by these authors. According to De Moor 

and Mostaert (1988), open marine conditions prevailed in 

the major part of the coastal plain, where as the northern 

part of the Flemish Valley was a large intertidal estuary. At 

various places in onshore Belgium they found tidal flat de

posits overlying the basal conglomerate. For the present 

offshore part they postulate an intertidal depositional en

vironment. In core S7-192 an example of this (see Figure 2) 

is probably found. The estuarine sand (ES) containing 

many plant remains overlain by the organic rich lam inated 

clay of Late Eemian age (Cleve ringa, 1990) possibly repre

sents an intertidal gully. The presence of Corbicula flumin

alis points to a brackish environment during sedimenta

tion in Late Eemian times. In all probability intertidal 

sediments were deposited in the offshore area, which 

were extensively eroded during the Weichselian . 

Another interesting feature mentioned by De Moor and 

Mostaert (1 988) are the terrace levels with Eemian depos

its, they recognized in the Flemish Valley. In Figure 4 it 

31°301 
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Figure 5 

Composite contour map 

of the supposed Late Saalian 

morphology of the pre

Eemian, with the principle 

discharge directions of the 

Belgian rivers. 

After Ebbing et al. (1993) and 

Tavenier & De Moor (1974). 
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can be seen that the Eemian deposits are lying on at least 

two, but probably three, different levels, with differences 

in elevation of around 5 m due to escarpments in the Ter

tiary deposits. These escarpments are also visib le in Fig

ure 6, where also about three different levels in the Ter

tiary surface can also be distinguished. These terrace 

levels bear remnants of Eemian deposits (Figures 4 and 

6). The escarpments may have induced a stepwise land

ward migration of the Eemian coastal barriers or shore

face during the Eemian transgression, behind which inter

tidal deposits could develop at the landwa rd side. This 

migration was thus related to the stability of the Tertiary. 

This could yield information on the Eemian sea-level 

curve if an accurate dating tool for those deposits were 

available. Two pollen datings in the area under study 

(core S7-192 at -26 NAP and core S8-182 at -25.5 m NAP) 

both belong to the pollen zone E6 (Cleveringa, 1990 and 

De Jong, 1988) and fit fairly we ll in the high-tide level 

curve constructed by Zagwijn (1983), keeping in mind that 

peat datings are compared with clay datings obtained 

from inter-tidal deposits. Unfortunately, sufficient new 

data to improve the curve for this area are lacking. 

4 Weichselian depositional history 

In the study area the Twente Formation comprises, as 

stated, Weichselian periglacial deposits; offshore only a 

very smal l part of the supposed original formation is pre

served (Figure 7); onshore the unit is extensively pre

served, often with a thickness of more than ten or even 

twenty meters. 

The Weichselian in the southern North Sea started with 

considerable erosion (Oele & Schuttenhelm, 1979), which 

explains the absence of a large part of the Eemian depos

its (De Moor & Mostaert, 1988). Particularly the sandy 

intertidal deposits were relatively susceptible to erosion, 

preferentially leaving behind the gravelly and coarse

grained lag deposits of the Eem Formation. These rem

nants and the again re-exposed Tertiary erosional surface 

became covered by Weichselian sediments in some 

places. Aeolian and fluvio(peri)glacial sands, gravelly 

sands and lacustrine clays were reported from the south

ern North Sea area (Long et al, 1988). In the land area of 

Wa lcheren and Zeeuwsch-Vlaanderen predominantly per

iglacial aeolian sands, loam, and gyttja's we re deposited 

(Van Rummelen, 1965 & 1972), thus forming the Twente 

Formation. Evidence for these continental deposits in the 

offshore area is very scarce (Figure 7); only two of the 

cores studied - almost at the same position, taken near 

the mouth of the Western Scheidt (Figure 1) - conta ined 

the typical aeolian sands. It is difficult to prove whether 

sedimentation during the Weichselian extensively took 

place in the present offshore part of the study area. 

During the Weichselian, aeolian sand was deposited on 

Zeeuwsch-Vlaanderen and Walcheren in SW-NE running 

ridges (Van Rummelen, 1965 & 1972). These ridges prob-
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ably continued in the present offshore area, which implies 

that sedimentation of aeolian sands also took place in the 

triangle between Walcheren and Zeeuwsch-Vlaanderen (

Vlakte-van-de-Raan , see Figure 1 ). If aeolian sands, com

parable to the deposits on land, were deposited in that tri

angle the erosion of them in that area must be explained. 

Certainly since, the absence of the Twente Formation in 

the offshore part is clearly shown on the composite map 

of the base of the Holocene (F igure 7). Almost only within 

the area where a -10 m (NAP) contour line is drawn, the 

Twente Formation was found in the subsurface. The pos

tulated deposits of the Twente Formation in the above 

mentioned triangle (Vlakte-van-de-Raan) must have been 

eroded; probably the erosion took place during the first 

half of the Holocene transgression, since Subboreal de

posits are found at a depth of at least 20 m (-NAP). This 

will be elucidated below. A sediment transport direction 

for the transgression to enter this area (Vlakte-van-de

Raan) has to be determined. 

The deposits of the Twente Formation, especially the aeo

lian sands, form SW-NE running ridges on land as men

tioned above. This direction is more or less the same as 

the direction of most river beds in the Flemish val ley at 

the start of the Eemian (see Tavenier & De Moor, 1974). It 

is credible that, initially, those ridges had a rather strong 

influence on the drainage system of the area at the end of 

the Weichselian and during the Holocene, as shown by 

the course of the river Scheidt up to 800 BP (Zagwijn, 

1986). The Waardamme and the Leie, however, possibly 

have flowed through the ridges near the mouth of the 

Western Scheidt during Late We ichselian or Early Holo

cene times, following the old Late Saalian to Eemian river 

bed system (Figure 5). This river system can be held 

partly responsible for the erosion of the aeolian sands 

and some of the remnants of the Eemian intertidal depos

its. More important, however, it created a pathway for the 

Holocene transgression to enter this area preferentially. 

Evidence for such a scenario will be given below. 

5 Holocene depositional history 

Various formations together compose the Holocene de

posits (Figure 2 and 3); nearly everywhere in the offshore 

area a cover of these young sediments is present, locally 

wi th a thickness up to 30 meters. 

The Vlakte-van-de-Raan (Figures 1 and 6) is traditionally 

dealt with as a more or less uniform sedimentation basin 

behind coasta l dunes, at least until 1900 BP, according to 

Zagwijn (1986), with salt marshes in which peat devel

oped at the margin. Or rather as a lagoon behind a barrier 

during the Atlantic (De Jong et al., 1960). The mapping of 

the offshore part of the study area yielded new data, 

which prove that marine conditions had been present in 

that area at an earlier stage. 

Several long cores (S10-118, S7-92, S8-182, S11-284: Fig

ures 1 and 2) have been dated by pollen for this study 
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Figure 7 

Composite map of the base 

of the Holocene, after Ebbing 

et al. (1993) and Van 

Rummelen (1965, 1972), 

with the offshore subcrops of 

the Twente Formation. 

Two profiles (D-0' and E-E') 

running through the area are 

displayed as well. 

The by lettering indicated 

positions in the profiles 

(e.g. a, band c) show the 

relative depth of deposition 

of the Subboreal (po llen zone 

IV) sediments. A compilation 

of this data is given in the 

accompanying diagram: note 

the large discrepancy 

between the offshore and 

onshore sites. Cores e and f 

correspond to cores 511-193 

and S 11-284 in Figure 2. 
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(De Jong, 1988 ; Cleveringa, 1990), older cores were dated 

before (De Jong, 1970). The results show in general a post

Roman age of the top part of the cores, with a maximum 

depth of ea. -20 m (NAP). The sediments of that age all 

were deposited in a wave-dominated outer ebb tidal delta 

environment (OTD, see Figure 2). Below that depth, or shal

lower (e.g.: in core S11-16 at -15 m NAP), marine sediments 

are present. It seems that the latter were deposited below 

the strong wave action in an outer delta environment (OD) 

with a Subboreal age (pollen zones IVa and IVb). On a pro

file running from NW to SE, into the mouth of the Western 

Scheidt, the Quaternary sediments on the Vlakte-van-de

Raan have been interpreted as belonging to the Banjaard 

Formation on top and below that to the Elbow Formation 

(Figure 6) (Ebbing et al, 1993). Offshore of the Vlakte-van

de-Raan studies have shown tidal-flat deposits (TF) (core 

S7-244: Figure 2) with an Atlantic age, and marine 

sand/clay deposits (MS) (cores S7-250, S7-246, S7-243: Fig

ure 2) with a Subatlantic age (Cleveringa , 1990). The tidal 

flat deposits belong to the lower part of the Elbow Forma

tion. The other cores contain sed iments that can be charac

terized as recent marine sand or clay deposits, which are 

considered to be long to the Bligh Bank Formation. 

The age of the outer delta deposits of the Elbow Forma

tion in this area has been established as Subboreal (5000-

3000 BP, see above), which fits we ll in the model of Eisma 

et al. (1981). These authors estimated that the southern 

area of the Dutch part of the North Sea was occupied by 

the sea only after 5500-5300 BP. Since the offshore sedi

ments were deposited during the Subboreal, this could 

lead to the assumption that they correspond to the Calais 

Deposits on land. The Calais Deposits wh ich were depos

ited in a tidal-flat environment contain peat and lagoonal 

sediments (Zagwijn, 1986). They are invariably shallow 

water deposits. In a tidal -flat setting only in the channels 

or tidal inlets deeper water deposits can be found. Al

though many of the Calais Deposits found on Walcheren 

are channel deposits (Van Rummelen, 1972). It seems un

likely that all dated cores in the offshore part were taken 

in old channel infills. In core S11-284 and in a part of core 

S8-182 there is sedimentological evidence pointing to a 

channel deposit during the Subboreal. This evidence is 

based on some distinct fining-upward sequences situated 

on top of each other (Figure 2). Core S11-193 also shows 

fining-upward sequences (Figure 2), belonging to a chan

nel infill of Subboreal times. This core also contains an 

Eemian lag deposit, in this area often related to an old 

riverbed. The channel deposits represent outer delta 

channel infills, since the sea level at the start of the Sub

boreal was -5 m NAP and thus the channel infills are 

found well below the Subboreal sea level (see Figure 2). 

In all probability, the outer delta channels of Subboreal 

times used old riverbeds as "starting point" (co re S11-

193). In the case of core S11-193 (Figu re 1), the location of 

the core points to the Waardamme (Figure 5) as being the 

river creating the bed. During the Subboreal the Scheidt 
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was following a course flowing into the Eastern Scheidt 

(for location, see Figure 1). Steur and Ovaa (1960), who 

reported a reconstruction of the course of the Scheidt 

during pre-Roman and Roman times, concluded that dur

ing the pre-Roman transgression the coast remained 

closed between Zeeuwsch-Vlaanderen and Walcheren. 

Zagwijn (1 986) concluded that that course persisted until 

after 800 BP. Vos (in prep.) has offered some evidence that 

a branch of the river Scheidt was already partially dewa

tering in a NE-SW direction through Walcheren during the 

Subboreal. Nevertheless, this would imply that it would 

work as a tributary of the above mentioned Waardamme. 

The other cores reaching into Subboreal deposits do not 

contain sedimentological evidence for a channel infi ll. A 

good example is core S10-118 (Figure 2), which contains 

in the Elbow Formation gray sands (d50: 125-260) with 

clay laminae and layers of Subboreal age. If during the 

Subboreal the offshore part (Vlakte-van-de-Raan) had 

been a tidal-flat environment the sediments in this core 

are deposited on a tidal-fl at and not in a channel, they are, 

however, fairly coarse for such an environment. 

Now there is a discrepancy, as illustrated in Figure 7. On

shore Subboreal (pollen zone IV) peat deposits are found 

at 2-4 m (-NAP), formed at the Subboreal mean sea-level 

stand (locations a, b, c and d in Figure 7) . In some cases 

(locations a, band d) below this Subboreal peat, there are 

peat deposits with an Atlantic age (pollen zone Ill ). In 

contrast, offshore "tida l-flat" deposits of Subboreal age at 

-20 m or -15 m (NAP) would be found at locations e and f 

in Figure 7 and in the cores S11-16 and S10-118 of Fig

ure 1. Typically, tidal flats develop at shallow waterdepths 

and subaerially, and not in a waterdepth of 15 m. Further

more, they usually show strong bioturbation. 

It is now acceptable that deposits such as the gray sands 

in core S10-118 (Figure 2) belonged to an outer-de lta set

ting during the Subboreal. Thi s is supported by finding no 

evidence for strong bioturbation in the Subboreal depos

its. This implies that at the moment of entering of the sea, 

about 5000 BP, an old riverbed system was drowned, 

where peat and/or tidal flats could not or cou ld only mar

ginally develop and erosion could start. The transgres

sion must have eroded the remaining Late Pleistocene 

sediments substantially, thus creating an outer-delta set

ting. Peat could only develop further land inwards, where 

the Twente Formation maintained a topographic high 

(Figure 7). On land at location c (Figure 7) no peat layers 

of pollen zone Ill (Atlantic age) were found, but at the 

other land locations they occur. This wou ld point to an in

gression of the Late Atlantic sea from the north, as sug

gested by Zagwijn (1986), who sta ted that coastal dunes 

existed in front of the Vlakte-van-de-Raan (Figure 1 ). In 

conflict with his view, however, tidal flats or peat could 

only develop at a small scale behind a barrier. Since, the 

flooding of the sea during the Late Atlantic to Early Sub

boreal created an outer-delta environment, as postulated 

above. Pointing to an ingression of the sea coming from 
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Figure 8 

Map of the base of 

the Holocene, with 

superimposed the subcrops 

of the Buitenbanken 

Formation. The arrows 

indica te the last recognized 

barrier, which probably 

the northwest or west. Perhaps can this event also be 

linked to the breakthrough of the NE-SW running branch 

of the Scheidt, mentioned Vos (in prep.). 

Additional evidence for deeper water deposits (5-15 m) in 

the offshore part of the study area can be found in the 

work of Eisma et al. (1981 ). These authors determined the 

chlorinity distribution for the Southern Bight during the 

Early and Middle Holocene based on ribbon countings of 

Cerastoderma edule. An interesting feature of their find

ings is the re latively high value (17 promil) found offshore 

of Schouwen and Walcheren (Vlakte-van-de-Raan, Fig

ure 1) compared to that for the remaining southern part of 

the Dutch sector of the North Sea. Lower chlorinity values 

(10-16 promi l) correspond to the intertidal zone and the 

higher values (16-18 promil ) to zones lying below the 

strong wave action (water depth 5-15 m). This means that 

the Middle Holocene deposits in front of Walcheren must 

have been deposited in deeper water (5-15 m), which fits 

with an outer-delta environment. 

The river system in front of Walcheren and Zeeuwsch

Vlaanderen, which was used as a starting point for ero

sion to create an outer-delta environment during Early 

Subboreal and perhaps also Late Atlantic times, was 

3° 05' 

resisted the Holocene 1-'=> 

transgression until 5000 BP 

- 25-

3° 05' 

Base of the Holocene deposits: m -NAP 

Buitenbanken Formation 

Arrows indic ating position of forme r barri er: 
the Buitenbank Formation as a nucleous 

created at the end of the Weichselian or at the beginning 

of the Holocene by Belgian rivers, as already stated. The 

relicts of Eemian barriers as highs might have served as a 

nucleus for newly formed barriers, or even coastal dunes, 

during the Early Holocene. Analysis of the subcrops of the 

Buitenbanken Formation (Figure 8), an Early- to Middle 

Holocene deposit, shows that they overly the Eemian sed

iments. The composition of the former sediments sug

gests a reworking of the Eemian deposits. Thus, the same 

sediments served again as barriers and further land in

wards as channel fills. These barriers and/or coastal 

dunes moved landward (possibly stepwise) during the 

Holocene transgression. The re licts of those barriers coin

cide with the edges of the already mentioned escarp

ments of the Tertiary (Figure 6). The last barrier system 

(indicated by an arrow in Figure 8) probably persisted un

til 5000 BP. After which the old river bed system behind it 

was invaded by the sea and reshaped into an outer delta. 

The date 5500-5300 BP is mentioned in the literature as 

the moment of flooding of the Vlakte-van-de-Raan by 

Eisma (1981 ), and Zagwijn (1986). This agrees quit well 

with the datings already mentioned in this study. Perhaps 

parts of those barriers are now incorporated into the Zee-
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land Ridges (see Figure 1). Laban and Schuttenhelm 

(1981) found evidence for an "initial ridge" in the Schou

wen Bank (20-30 m -NAP), overlying the Eem Formation, 

with an Early Atlantic to Atlantic age. That initial ridge 

could very well represent one of the escarpments that 

created a moment of standstill for the Holocene trans

gression. An other escarpment or standstill could be rep

resented by the initial ridge of the Buitenbanken, found at 

30-40 m below NAP, although at present no proof of this 

is avai lable. 

Offshore on the Vlakte-van-de-Raan (Figure 1) there is ev

idence obtained by pollen analysis in combination with 

shallow se ismics, indicat ing an important post-Medieval 

transgression phase. This transgressional phase can be 

linked to the final breakthrough of the river Scheidt al low

ing it to reach its present position as the Western Scheidt. 

Various pollen analyses (Cleveringa, 1990; De Jong, 1988) 

have shown that at least the top few meters of the sedi

ments (e.g.: core S10-118, S8-182, S11 -284, see Figure 1) 

on the landward side of the Zeeland ridges are of Late 

Medieval age. On a seismic line (Figure 1, B-B') , which 

runs over the Vlakte-van-de-Raan, there is an erosional 

surface visible be low which an infilled gully system oc

curs (Figure 9). This system probably belongs to an envi

ronment of salt marshes with gullies, which existed there 

for severa l centuries as postulated by Ovaa (1971). With 

the help of cores (S11-284 and S10-118) this erosional 

surface cou ld be approximately dated. It is probably of 

Medieva l age (1300 BP), see the pollen diagram of core 

S11 -284 (47F23-1 ) in Figure 10, and can be reconstructed 

at several places in the nearshore area (Ebbing et al, 
1993). 

Another interesting feature of the seismic line in Figure 9 

is the evidence of the landward migration of the Oostgat, 

a depression (old tidal channel?) present off the south

west coast of Walcheren, since Medieval times. This fits 

5m 

15m j 

SW 
B 

Eros ional surface 

with the observation of Trimpe Burger (1960), who found 

evidence for the disappearance of a sett lement on Walch

eren under the landward moving dunes at 1000 BP (thus 

probably accompanied by a landward movement of the 

shoreface). On the seismic line the major channe l infill be

low the erosional surface (F igure 9) might be linked to the 

course of a major tidal channel during Roman times and 

earlier, which coincides with the position of the former 

riverbed of the Waardamme (see Figure 5). 

Proof for a breakthrough of the Scheidt during Medieval 

times can be found in the increased fresh-water influence 

indicated by Ostracod assemblages in the top of the Ban

jaard Formation (Verbeek, 1977a-c). This agrees with Zag

wijn (1986) who concluded that the Scheidt followed it's 

old course until after 800 BP. 

6 Conclusions 

The Eemian terraces known from the Flemish Valley can 

also be recognized in the part off Walcheren and 

Zeeuwsch-Vlaanderen. There, three of them are linked to 

the old Tertiary morphology with escarpments of around 

5 m each and these probably had a barrier function. More 

landward, the Eemian deposits are fluviati le infills of pre

existing riverbeds . Former Pleistocene rivers created the 

river system belonging to the so called Flemish Val ley. 

The Eemian ended with intertidal deposits. 

Especially these intertidal deposits were eroded during 

the Early Weichselian. Then the deposition of predomi

nantly aeolian sands took place. The aeolian sequence 

was partially eroded again during the Late Weichselian 

and at the onset of the Holocene by rivers (Waarda mme 

and Leie) using the old riverbed system. 

When the Holocene transgression flooded the Vlakte van 

de Raan, arou nd 5000 BP, it eroded and reworked remain

ing parts of the Late Pleistocene deposits and deposited 

outer delta sediments during the Subboreal. For its in-

Vlakte v.d. Raan 

Figure 9 

Seismic cross-section 8-8'. Displayed is an erosional surface of Medieval times and below that surface a channel infill belonging to 

a form er creek in an environment of salt marshes. To the northeast, above the Medieval surface, seismic features are represen ting a 

landward movement of the Oostgat. 
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Figure 10 

Pollen diagram of core S 11-284 {for location, see Figure 1 ). The presence of Abies, Carpinus, Fag us, Picea and Cereals {e.g. Cerealia and cf-Secale) in the spectra of the upper part of the diagram {0.00-8.20 m) con trast 

with the lower spectra. On the basis of these pollen data the erosional surface in Figure 9 can be dated. 



gression, the old riverbed system was used once again. 

Linked to this transgression a landward movement of bar

riers can be postulated, which was perhaps related to the 

Tert iary escarpments already mentioned. As soon as the 

outer d.elta was filled , an outer ebb tidal delta could de

velop after the onset of the Subatlantic. In these deposits 

an erosional surface of Medieval times was discove red, 

which can be linked to the final breakthrough of the river 

Scheidt into this area. 

An additional result of this study is that a correlation dia

gram, main ly based on pollen analysis, can be drawn con

cerning the stratigraphy of the studied offshore and adja

cent onshore areas: Figure 11. 
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