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7 Optical dating of Late Holocene storm surges from Schokland 

(Noordoostpolder, the Netherlands)
1
 

 

 

 

 

 

 

 
Abstract 

Storm surges have a major impact on land use and human habitation in coastal regions. Our 

knowledge of this impact can be improved by correlating long-term historical storm records 

with sedimentary evidence of storm surges, but so far few studies apply such an approach. 

Detailed geological data are presented on Late Holocene storm surges from the former island 

Schokland, located in the northern part of Flevoland (central Netherlands).  

During the Late Holocene, Schokland transformed from a peat area that gradually inundated 

(~1350 yr ago) via an island in a marine environment (~400 yr ago) to a land-locked island in 

the reclaimed Province of Flevoland (~70 yr ago). Deposits formed between 1350±30 BP and 

70 year ago on the island, consist of silty clay and contain sandy intervals deposited during 

storm surges. The top of the peat underlying the silty clay layer was dated to AD 650–690 

using 
14

C accelerator mass spectrometry (AMS) of terrestrial plant and seed material. The 

sandy storm-surge deposits were dated using a series of ten quartz OSL ages, which were 

obtained using state-of-the-art methods to deal with incomplete resetting of the OSL signal. 

Results indicate two periods of deposition, around 400 years and between 270 and 230 years 

ago. These new findings demonstrate that the clay deposits and related sandy storm-surge sedi-

ments are younger than previously assumed. Laboratory analyses (thermogravimetry, grain-

size, foraminifera, bivalves and ostracods) corroborates the existence of the two sets of storm 

surge deposits within the clay sequence.  

 

 

7.1 Introduction 

 

Storm surges have a major impact on land use and human habitation in coastal regions. One of the 

coastal areas where storms had a major influence on the lives of its inhabitants was the former island 

Schokland in the Province of Flevoland (central Netherlands) (Fig. 45A,B). During the Late Holocene, 

Schokland transformed from a peat area that gradually inundated (~1200 yr ago) (Ente et al. 1986, 

Van den Biggelaar et al. 2014 / Ch. 6) via an island in a marine environment (~400 yr ago) to a land-

locked ‘island’ in the reclaimed Province of Flevoland (~70 yr ago) (e.g. Van der Heide & Wiggers 

1954). A detailed overview of the island’s depositional history during the last 1200 years is presented 

by Van den Biggelaar et al. (2014). 

Deposits formed on Schokland between 1200 and 70 year ago, consist of silty clay and sand layers, 

with the latter being attributed to reworking of the Pleistocene subsurface by storm surges (Van den 

Biggelaar et al. 2014 / Ch. 6). These sandy layers have been tentatively correlated to Late Holocene 

storm surges (Van den Biggelaar et al. 2014 / Ch. 6), but their exact age is thus far unknown. The 

main aim of this research is to date the sandy laminae in the clay deposits on Schokland using 

optically stimulating luminescence (OSL). To fulfil this aim, we used a new mechanical core to obtain 

ten OSL samples from sandy layers in the clay. The dates of these sandy laminae are used to date 

storm events  on Schokland. 

To strengthen the age model for the basal part of the core, two additional OSL age determinations 

(sand material), and one 
14

C accelerator mass spectrometry (AMS) dating (organic material) were 

made. In addition, the core was analysed for thermogravimetric analysis (TGA), grain size analysis 

(GSA), foraminifera, bivalves and ostracods. 

 

                                                           
1
 Van den Biggelaar DFAM, J Wallinga, AJ Versendaal, RT van Balen, C Kasse, S Troelstra & SJ Kluiving, in 

preparation. 
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Figure 45  A: Location of Schokland within Flevoland (grey area) and the Netherlands is shown. The map has a 

‘Rijksdriehoekstelsel’ coordinate system (Dutch National coordinate system). B: Location of coring with coordi-

nates in the Dutch National coordinate system. C: Detailed view of the core and location of samples for OSL and 

AMS dating. Photo taken of the core at TNO Geological Survey of the Netherlands. 
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7.2 Material and methods 

 

A mechanical bailer-drill coring (10 cm diameter) (Oele et al. 1983) was performed at Schokland by a 

team from Wiertsema & Partners BV (Fig. 45B,C). The undisturbed cored samples were collected in 

three 1-m length light-tight PVC tubes. The location of the coring was measured with a GPS (accuracy 

<1 m). At TNO Geological Survey of the Netherlands (TNO) the cored 1-m tubes were split longitu-

dinally in two parts in a dark room under subdued red light. One half was brought into ambient light, 

and used for the lithological description at TNO according to standard guidelines (see Bosch 2000). 

After description, this half was sampled at 10-cm intervals in the sedimentological lab of the Vrije 

Universiteit Amsterdam for GSA, TGA and palaeo-ecological indicators (foraminifera, bivalves and 

ostracods). In addition, the peat–clay transition was sampled in 1-cm intervals for TGA, and a 2-cm 

thick sample was taken from organic material for 
14

C AMS dating of the top of the peat. From the 

other half, which remained in the dark room, we took twelve samples for OSL dating and four samples 

for gamma-ray spectrometry (Fig. 45C). 

Grain size samples were pre-treated with H2O2 (30%) and HCl (10%) to remove organic matter and 

carbonate. To determine the grain size distribution of the samples (in vol%) a Helos KR Sympatec 

laser diffraction particle sizer was used. The organic matter and carbonate content of the samples (in 

weight %) was determined with a Leco 701 by stepwise heating from 25 to 1000 ºC.  

The terrestrial plant and seed material was manually selected from the 
14

C AMS sample, to avoid 

contamination with younger or older carbon. At the Beta Analytic facility in Miami (US) the sample 

was then prepared for dating by using the AAA method of Mook & Streurman (1983). At this facility, 

the radiocarbon date was calibrated with the IntCal09 calibration curve (Reimer et al. 2009), using the 

software developed by Talma & Vogel (1993). The resulting age is given with a 95.4% confidence 

interval in calibrated years BP.  

 

OSL dating analyses were performed at the Netherlands Centre for Luminescence dating (NCL), 

Wageningen University. To obtain an OSL age the amount of radiation received by the sample since 

the time of burial (palaeodose, Gy) is divided by the yearly radiation dose (dose rate, Gy/ka). OSL 

dating for these type of deposits is not straightforward, due to the lithological heterogeneity, the 

relatively young age, and the depositional environment. A combination of methods was used to over-

come these challenges. With regard to dose rate estimation, two methods were used in combination: 

Firstly, gamma-ray spectrometry to determine average dose rates for larger intervals, and for relatively 

homogeneous intervals. Secondly, Instrumental Neutron Activation Analysis (INAA,) for sandy 

laminae from the heterogeneous parts (performed at the Reactor Institute Delft, TU Delft). For many 

samples, dose rate contributions from different layers were combined to derive dose rate estimates for 

the sample prepared for palaeodose estimation (Wallinga & Bos 2010). Water and organic matter 

content were measured on the samples prepared for gamma-ray spectroscopy, and these estimates (see 

Table 7) are used for calculating attenuation factors. To account for variations over time, relatively 

large uncertainties of 25% were assumed for all estimates. For laminae of pure sand, a water content of 

20 ± 3% was used based on a porosity of 34% and assuming full saturation during the period of burial. 

With respect to the contribution of cosmic rays, gradual burial of the deposits was assumed based on 

the geological setting (Van den Biggelaar et al. 2014 / Ch. 6). 

 

Sand-sized grains of quartz were prepared for OSL analysis. The 180–212 μm fraction was used if this 

provided sufficient material, for other samples the 90–180 μm (NCL-7613040), 63–90 μm (NCL-

7613041-45) or 212–250 μm (NCL-761346-47) fraction  was used. For palaeodose estimation the 

Single Aliquot Regenerative (SAR) dose procedure was used (Murray & Wintle 2003) using a pre-

heat of 180 ºC or 200 ºC, in combination with a cutheat of 160 ºC or 180 ºC. To optimize the contri-

bution of the most light-sensitive signal (fast component) to the OSL signal, an early background 

approach was adopted (Cunningham & Wallinga 2010) using the OSL signal during the first 0.5 s of 

stimulation, minus that observed during the subsequent 1.25 s. The procedure was tested using a dose-

recovery test, showing that measured radiation doses match closely with the given doses (dose reco-

very ratio is 0.97±0.06; n=14 (pre-heat 180°C) and 0.99±0.03; n=19 (pre-heat 200°C)). Measure-

ments were made on small aliquots (1 mm diameter; yielding between 15 and 150 grains, depending 

on the grain size used for analysis) to obtain insight in grain-to-grain variations in palaeodose. 
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Table 7  Water and organic matter content (weight %) used for beta 

and gamma dose rate estimation. 
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Figure 46  (page 103). Radial plots (Galbraith 1990) for each OSL sample, indicating single-aliquot lumine-

scence ages (open and filled dots) and the sample age when applying the bootstrapped MAM (shading; Cunning-

ham & Wallinga 2012) or the CAM (black solid line; Galbraith et al. 1999). These plots are similar to the 

palaeodose distributions of each aliquot, because these graphs were constructed by dividing the palaeodose esti-

mates by the sample dose rate (similar for each aliquot). The age estimate is plotted on the curved y-axis and the 

precision of each estimate on the x-axis. Solid dots fall within the final age estimate (shaded area). The per-

centage of single-aliquot ages within the shaded area indicates the robustness of the estimated age. 

 

The palaeodose distributions of the samples indicate overdispersion (see Fig. 46), which, based on the 

age and depositional environment, is most likely caused by heterogeneous bleaching. To estimate the 

palaeodose from the measured distribution an adapted version of the Minimum Age Model (MAM; 

Galbraith et al. 1999) was used (bootstrapped MAM; Cunningham & Wallinga 2012). This model is 

preferred over the Central Age Model (CAM; Galbraith et al. 1999) due to the over-dispersion of the 

samples. In the bootstrapped MAM, we assumed an overdisperson of 16±4% for well-bleached 

deposits with sample grain size of 180–212 μm. The overdispersion assumption was adjusted for other 

grain sizes used for analysis as it depends on the number of grains contributing to the OSL signal of 

the aliquot (cf. Cunningham et al. 2011). 

In total, the laboratory sampling strategy yielded 34 TGA, 15 GSA, 16 palaeo-ecological, 1 AMS 

radiocarbon, 12 OSL (also used for 6 INAA and 5 gamma-ray spectrometry analyses), and 4 addi-

tional gamma-ray spectrometry samples. 

 

 

7.3 Results 

 

Overview of the lithology and corresponding GSA, TGA, palaeo-ecological indicators, 
14

C AMS date 

and OSL dating results is shown in Fig. 47. Detailed information on the dating results is given in Table 

8 (OSL) and Table 9 (
14

C AMS). 

 

7.3.1 Lithology 

Based on lithological characteristics, the core can be divided into three units. Unit 1, located at the 

base of the core, consists of slightly and medium silty sand that is light to dark brownish grey. Unit 2 

consists of dark brown mineral-poor reed or sedge peat with a total thickness of 0.8 m. The peat is 

covered by unit 3, a clay sequence with a thickness of 1.76 meter that consists of light brown-grey 

medium to very silty clay. This clay sequence contains the thin sandy layers which have been dated by 

OSL. Overall, the sand and CaCO3 content in the clay sequence increases towards the top and the 

organic matter content decreases (Fig. 47). 

 

7.3.2 Palaeo-ecological indicators 

The upper part of unit 2 contains seeds from Galium palustre and Epilobium, implying that the area 

was located at a lake shore at the time of formation. The basal 20 cm of the clay sequence (unit 3) 

contains abundant in situ plant remains and the arenaceous foraminifer Trochammina sp. (Fig. 47). 

This foraminifer species needs only occasional saltwater coverage (e.g. during spring tide) and is 

commonly found in mudflats (Murray 2006). Seeds of Ranunculus are also present, which, combined 

with the presence of agglutinated foraminifera (Trochammina sp.), indicate weakly brackish condi-

tions. The overlying 80 cm of clay contains few calcareous foraminifers (e.g. Ammonia beccarii). The 

presence of Ammonia beccarii indicate a salinity between ~10–31‰ (Murray 2006), implying that 

they can occur in brackish to marginal marine conditions. The upper part of the clay deposit (top 80 

cm) contains bivalve shell material, ostracods and the calcareous foraminifer species Ammonia 

beccarii and Haynesina sp. The presence of both Ammonia and Haynesina indicate a salinity of at 

least ~10‰ (Murray 2006), which, combined with high sand (~10–62 vol%) and CaCO3 content (~6–

10 wt%)  and low organic matter content (max. ~4.5 wt%) (Fig. 47), point to a marginal marine 

environment.  
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Figure 47  (page 105). Lithology of coring with grain size, TGA and palaeo-ecological data and dating results 

(AMS and OSL). Also, the limited availability of (a) foraminifera, (b) ostracods and (c) a general increase in the 

sand and CaCO3 content and decrease in the organic matter content from base to top is shown. The differenti-

ation of the lithological units (red lines) is based on Van den Biggelaar et al. (2014). The age of the (sub)units is 

indicated by the black dates: (1) AD 1745±30, OSL date (this study); (2) AD 1050–1200, reclamation of the 

peatlands and construction of embankments (Van den Biggelaar et al. 2014 / Ch. 6); (3) AD 650–690 AMS to 

AD 770–900/AD 920–940, AMS dates (this study and Van den Biggelaar et al. 2014 / Ch. 6); (4) max. 3500 BP, 

OSL date (this study). For location of the core, see Fig. 45B.  

 

7.3.3 Geochronology 

The sand of unit 1 has been dated by two OSL dates (Fig. 47; Table 8), returning ages of 5.0±0.8 and 

3.5±0.3. These dates seem surprisingly young given the expected Late Pleistocene age (~14.7–11.7 ka) 

for unit 1 (e.g. Wiggers 1955, Spek et al. 1997). As the samples were taken from the palaeosol, and 

palaeodose distributions are highly overdispersed, it seems likely that part of the grains were exposed 

to light due to bioturbation processes after initial deposition. The ages, especially for the upper sample, 

hence reflect the time of burial of the deposit, rather than the time of deposition. This would imply that 

the peat layer (unit 2) started forming after 3.5±0.3 ka. The age of the lower sample is questionable 

due to the high degree of overdispersion of the single-aliquot ages of the lower sample (~83% falls 

outside the shaded band; see Fig. 46).  

The top of the peat is dated by 
14

C AMS at 1350±30 BP (AD 650–690; Table 9), indicating the maxi-

mum age for the overlying clay (unit 3). 

The ten sandy laminae (max. ~2-cm thick) within the clay sequence (unit three) were dated by OSL 

(Fig. 47; Table 8). The lower five samples returned ages around 0.4 ka (~ AD 1615) and the upper five 

between 0.27±0.03 ka and 0.23±0.02 ka (between ~ AD 1745±30 and 1785±20). The OSL ages are 

internally consistent, and suggest two distinct periods with high accumulation rates, possibly related to 

two storm periods. Storm surges that occurred in the area that could correspond to these OSL dates are 

those from AD 1570 (Buisman 1998), AD 1625 (Buisman 2000) and AD 1775 (Hering 1776). 

 

 

7.4 Discussion and conclusions 

 

7.4.1 Subdivision clay unit 

Following Van den Biggelaar et al. (2014), the clay layer (unit 3) can be divided into three subunits 

(Fig. 47). Subunit 3.1 consists of a gradual transition from peat to clay. It contains abundant in situ 

plant remains and agglutinated foraminifera (Trochammina sp.). It is poor in CaCO3. This subunit is 

formed in a peatland that gradually inundated. Overlying subunit 3.2 is characterised by clay with a 

lower organic matter content and higher sand and CaCO3 content than subunit 3.1. In addition, few 

calcareous foraminifera (Ammonia) are present. Altogether, these characteristics point to a brackish 

environment. The top subunit (3.3) consists of sand-rich and shell-rich clay, indicating a marine envi-

ronment.  

 

7.4.2 Geochronology unit 3 

The transition to subunit 3.1 was dated via 
14

C AMS by Van den Biggelaar et al. (2014) to AD 770–

900 or AD 920–940. However, in this study this transition is dated by 
14

C AMS at AD 650–690 (Table 

9). Variations in the age of the top of the peat may be related to slow peat accumulation rates (80 cm 

in ~2200 years; top 10 cm = ~275 years), peat oxidation by peat-land reclamation and by minor ero-

sion during inundation at the onset of clay deposition. The date AD 650–690 presented in this study is 

the new maximum age of the uppermost clay cover (unit 3). 

The transition from a weakly brackish (subunit 3.1) to a brackish environment (subunit 3.2) was tenta-

tively correlated to the period AD 1050–1200 with the use of archaeological remains (Van den Bigge-

laar et al. 2014). In this study no age determination for this transition was possible due to the lack of 

dateable organic and/or sandy material at the lower boundary of subunit 3.2. Therefore the date of AD 

1050–1200 for this boundary remains tentative. 
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Table 8  OSL dating results (X/Y coordinates: 181315/517896). Samples 

NCL-7613048 to –51 are used for gamma-ray spectrometry and not for dating. 

The OSL ages for the samples NCL-7613046 and –7 likely indicate the 

time of burial of the soil by the overlying peat, rather than the time of 

deposition of the sand itself. 
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Table 9  
14

C AMS date of top peat sample. For location of the core and the sample see Figure 45B and C. 

 
 

The start of the marine environment (subunit 3.3) was tentatively correlated to around AD 1600 by 

Van den Biggelaar et al. (2014), based on historical data indicating the increasing influence of storm 

surges on Schokland (e.g. Resolutie Ridderschap en Steden van Overijssel 1629 and 1763 in Geurts 

1991, Hering 1776, Seidel 1804, Moerman & Reijers 1925). However, on the basis of the OSL dates 

presented in this research (Fig. 47), the lower boundary of subunit 3.3 is slightly younger , and is now 

dated at AD 1745±30. Factors that may have influenced the delayed marine influence at the location of 

the coring  compared to other parts of Schokland are the distal position with respect to the coastline 

and the high surface elevation at that location (+0.57 m Dutch O.D.; Fig. 47) (compare Fig. 47 with 

Figs. 32B and 35). The lack of sedimentary remains of storm surges that occurred prior to AD 1600 

may also be related to these factors, but firm conclusions on this issue would require additional 

information from other locations.  

 

 

7.5 Summary 

 

 The top of the Late Pleistocene coversand  of unit 1 is dated to ~5 and 3.5 ka. These dates indicate 

post-depositional bioturbation and the time of burial instead of the time of deposition. The latter 

date provides the maximum age for the overlying peat (unit 2). 

 Based on a new AMS date of the peat (unit 2), the maximum age of the uppermost clay cover (unit 

3) is cal AD 650–690.  

 The sandy layers within unit 3 have been dated by OSL at ~0.4 ka and between 0.27±0.03 ka and 

0.23±0.02 ka, possibly corresponding to the storm surges of AD 1570, AD 1625 and AD 1775. 

Based on these OSL ages, the lower boundary of subunit 3.3 is dated at AD 1745±30, which is 

younger than previously postulated. 

 


