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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
have applied such an approach. Here we apply, for the first time, state-of-the-art optically stimulating luminescence (OSL) methods
to obtain high-resolution age information on a sequence of Late Holocene storm surge deposits. By combining this chronological
framework of storm surges with other reconstruction methods, we investigate the storm surge impact on the former island Schokland,
located in a former inlet of the North Sea (central Netherlands).During the Late Holocene, Schokland transformed from a peat area
that gradually inundated (~800CE) via an island in a marginal marine environment (~1600CE) to a land-locked island in the
reclaimed Province of Flevoland (1942CE). These transitions are recorded in the sediment archive of the island, consisting of silty
clay with sandy intervals deposited during storm surges. A series of ten quartz OSL ages, obtained using best-practice methods to
deal with incomplete resetting of the OSL signal and dose rate heterogeneity, reveal two periods of storm surge deposition, around
1600CE and between 1742 and 1822CE. Historical sources indicate that major storm surges hit Schokland during these periods.
Laboratory analyses (thermogravimetry, grain-size, foraminifera, bivalves and ostracods) corroborates the existence of the two sets
of storm surge deposits within the clay sequence. Our study sets a benchmark for obtaining robust depositional age constraints from
storm surge sediments, and demonstrates the great potential of modern OSL methods to contribute to improved assessment of storm
surge risk. © 2018 John Wiley & Sons, Ltd.
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Introduction

Storm surges have a major socioeconomic and environmental
impact in coastal regions. This impact is reflected by disasters
such as the 1953CE flooding in the southern North Sea area,
which resulted in over 2200 fatalities across the Netherlands,
the United Kingdom and Belgium (Steers, 1953; Waverley,
1954; Rijkswaterstaat and KNMI, 1961; Gerritsen, 2005). For

the Netherlands, the financial cost of this disaster was estimated
at 1.5 billion Dutch guilders (~675 million euro), which
corresponded at that time to 6% of the gross national product
and 23% of the national budget (Klijn and De Grave, 2008).
More recent examples of storm surge induced disasters are
the 2005CE flooding in New Orleans by Hurricane Katrina that
caused over 1000 deaths and USD 40–50 billion in monetary
losses (unadjusted 2006CE dollars) (Kates et al., 2006;
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Rappaport, 2014) and the 2012CE coastal surge by Hurricane
Sandy in the northeastern part of the US, which resulted in
more than 100 fatalities and approximately USD 50 billion in
damages (unadjusted 2013CE dollars) (Blake et al., 2013;
CDC, 2013). During storm events such as these, there is an in-
creased risk of coastal flooding due to extreme water levels.
The total water level during a storm is the combined effect of
the mean sea level, normal astronomical tide and storm surge
(Flather and Khandker, 1993). As sea-level rise is an important
consequence of the predicted climate change for the 21st cen-
tury (Church et al., 2013), and sea-level rise is most likely ac-
celerating (Haigh et al., 2014), high water levels will occur
more frequently during future storms. This will increase the in-
tensity of coastal hazards in the 21st century. In addition, possi-
ble changes in flood frequency and magnitude related to future
climatic conditions (Seneviratne et al., 2012), would further en-
hance coastal flood impact. Furthermore, in the low-elevation
coastal zone (LECZ), defined by McGranahan et al. (2007) as
the coastal areas that are less than 10m above sea level,
population is estimated to grow to at least a billion by
2060CE (Neumann et al., 2015). This growth will further in-
crease the already high socioeconomic and environmental vul-
nerability of coastal areas to flooding. Apart from natural
conditions, the effectiveness of disaster management measures
also influences flood impact in these areas. Failure of such
measures can have devastating consequences, as is clearly il-
lustrated by the coastal disasters induced by Hurricane Katrina
in 2005CE (Kates et al., 2006), the 2010CE storm Xynthia in

France (Kolen et al., 2010) and the 2017CE hurricanes Harvey
and Irma in the Caribbean and the US Gulf Coast (Peiffer, 2017;
Wintour, 2017; Worland, 2017). Apart from improving disaster
management protocols, decreasing the probability of flooding
is another means to reduce flood risk in the LECZ. Although
there are a number of studies where the frequency of extreme
sea levels is estimated (Lowe et al., 2010; Menéndez and
Woodworth, 2010; Muis et al., 2016), many of these studies
use instrumental records of sea level as input data for model-
ling. The instrumental record of sea level change consists of
tide gauge measurements dating back to ~1700CE and satellite
altimeter data sets that cover the period from 1993CE to
present-day (Church et al., 2013). The period covered in the in-
strumental record is shorter than the return period of major
storm events, thereby reducing the precision in modelling the
surge level of those low-probability events under a changing
climate (Van den Brink et al., 2005). To improve flood risk esti-
mates it is of utmost importance to extend our understanding of
storm frequency and magnitude beyond the period of instru-
mental records (De Kraker, 2002; Buynevich et al., 2007; Cun-
ningham et al., 2011a; Van Vliet-Lanoë et al., 2014). Therefore,
the timing of historical storm surges and their impact on coastal
areas needs to be investigated.

One of the areas in the LECZ where storms had a major influ-
ence on the lives of its inhabitants was the former island
Schokland in a former inlet of the North Sea (central
Netherlands) (Figure 1(A) and (B)). The population at Schokland
struggled against the impact of the North Sea for several

Figure 1. (A). Location of Schokland within the reclaimed area of Flevoland (grey area) and the Netherlands is shown, together with the areas where
storm surge sediments were located that were investigated by Jelgersma et al. (1995; cwc – central western coast) and Cunningham et al. (2011a; H –
Heemskerk). The map has a ‘Rijksdriehoekstelsel’ coordinate system (Dutch National coordinate system). (B) Location of coring and 14C AMS dates
(circle: this study; square: Van den Biggelaar et al., 2014). Coordinates of the coring are in the Dutch National coordinate system. (C) Detailed view of
the core and location of samples for OSL and AMS dating, together with the position of the distorted sandy layers at –51 to –52 cm OD (108 to 109 cm
below the surface). The depth in cm below surface is plotted on the y-axis. [Colour figure can be viewed at wileyonlinelibrary.com]
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centuries (Van den Biggelaar et al., 2014), which ended after
the evacuation of 1859CE (Handelingen Staten-Generaal,
1858–1859 in Geurts, 1991). During the Late Holocene,
Schokland transformed from a peat area that gradually inun-
dated (~800CE) (Ente et al., 1986; Van den Biggelaar et al.,
2014) via an island in a marine environment (~1600CE) to a
land-locked ‘island’ in the reclaimed Province of Flevoland
(1942CE) (Van der Heide and Wiggers, 1954). A detailed over-
view of the island’s depositional history during the last
1200 years is presented by Van den Biggelaar et al. (2014). De-
posits formed on Schokland between 800 and 1942CE, 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). These sandy layers have been ten-
tatively correlated to Late Holocene storm surges (Van den
Biggelaar et al., 2014), but their exact age is thus far unknown.
To improve flood risk assessment it is important to date storm

surge sediments with a high degree of precision. There are a
number of studies where optically stimulating luminescence
(OSL) dating was used to date major storm surge events and in-
vestigate coastal response to these events (Buynevich et al.,
2007; Cunningham et al., 2011a; Fruergaard et al., 2013). Here
we attempt, for the first time, to establish a high-resolution
storm chronology through direct dating of a sequence of storm
surge deposits. However, dating of storm surge sediments at
Schokland by OSL is complicated by two factors. First, at the
former island these sediments have thin intervals (2–20mm:
Van den Biggelaar et al., 2014), making it challenging to extract
sufficient material for dating. Second, flooding of large parts of
Schokland during storm surges (Meijlink, 1858), combined
with the deposition of reworked Pleistocene sands at the former
island during those storms (Van den Biggelaar et al., 2014), in-
dicates that storm surge sediments were most likely deposited
subaquatic together with large amounts of suspended material.

Under these conditions, there is a high probability that these
sediments were exposed to reduced ambient light levels during
transport, inducing the risk of incomplete resetting of the OSL
signal, which may result in overestimation of depositional ages.
In order to establish a storm surge chronological record of
Schokland, we combine for the first time a set of best-practice
approaches to deal with methodological challenges posed by
the thin flood deposits and difficult bleaching circumstances.
Thereby we present a new benchmark for obtaining robust de-
positional age constraints from storm surge sediments that are
both heterogeneous on a millimetre scale and exposed to lim-
ited amounts of light prior to burial.

To establish a geochronological framework, sandy laminae
in the clay deposits are dated using ten OSL samples from sand
deposits associated with storm surge events. To strengthen the
age model for the basal part of the core, two additional OSL
age determinations (sand material), and one 14C accelerator
mass spectrometry (AMS) dating (organic material) were made.
The second objective of this research is to obtain insight to the
events that lead to the abandonment of Schokland. For this pur-
pose the core was analysed for thermogravimetric analysis
(TGA), grain size analysis (GSA), foraminifera, bivalves and
ostracods to reconstruct palaeoenvironments.

Site

Around 800CE a tidal inlet in the northwestern part of the
Netherlands opened (Vos and De Vries, 2013), advancing the
connection between the North Sea and the Flevo lagoon that
existed at that time in the centre of the Netherlands (Figure 2).
Since the opening of this tidal inlet, storm events have had ac-
cess to this lagoon, hereby transforming the area into an inlet of
the North Sea that was called the Zuiderzee. It is assumed that

Figure 2. Palaeogeographical maps of the northwestern part of the Netherlands (modified after Vos and De Vries, 2013, adapted from Van den
Biggelaar et al., 2014), showing the approximate extent of the Flevo Lagoon in 800 CE, of the Zuiderzee in 1500CE and of Schokland in both 800
and 1500CE maps. The approximate size of Schokland in 800 CE is based on the study by Van der Heide and Wiggers (1954). The western extent
of Schokland at 800CE is unclear and therefore indicated by a dashed line. [Colour figure can be viewed at wileyonlinelibrary.com]
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this transformation was completed by the storm event of
1248CE (Buisman, 1995). For the inhabitants of Schokland
the formation of the Zuiderzee initiated the struggle against
the sea. This struggle started with the construction of embank-
ments at the island around 1200CE (Van der Heide and
Wiggers, 1954; Hogestijn, 1992). Due to the increasing influ-
ence of the Zuiderzee in the area these embankments and their
back-barrier zones were gradually lost to the sea, causing peo-
ple to move to artificially raised areas (mounds) on Schokland
halfway through the 15th century (Figure 3) (Van der Heide
and Wiggers, 1954). Between the early 17th century and late
18th century the surface area of Schokland had shrunk to half
of its original size due to the continued erosion by the
Zuiderzee (Van der Heide and Wiggers, 1954; Figure 3), de-
spite the presence of a wooden sea defence at that time along
parts of the former island (Moerman and Reijers, 1925). To pre-
vent any further loss of land by the Zuiderzee a stone embank-
ment was built at the western coast of Schokland at the
beginning of the 19th century (Moerman and Reijers, 1925).
However, the storm surges of 1824 and 1825CE caused heavy
damage to this embankment and the former island (Moerman
and Reijers, 1925), which led to the replacement of this em-
bankment by a shore consolidated with stones (Mees, 1847).
After the evacuation of Schokland in 1859CE the area suffered
most from the storm surges of 1877 (Van der Heide, 1963) and
1916CE (Zuiderzee-vereeniging, 1916). After the 1916CE
storm surge a bill concerning the construction of the Zuiderzee
works was accepted by parliament in 1918CE (Van der Wal,
1923), leading to the reclamation of land now part of the (pol-
ders of the) Province of Flevoland around 1942CE. Since that
time, Schokland is a unique land-locked island, which has a
UNESCO World Heritage status.

Storm surges not only caused erosion on the island fringes,
but also brought new sediments, stacked up as storm deposits
in more central parts of the island. The number of sandy laminae
within the clay deposit that formed at Schokland between 800
and 1942CE varies across the former island (Van den Biggelaar
et al., 2014). For this research the location with the highest num-
ber of these laminae was selected (compare Figure 10 in Van
den Biggelaar et al., 2014 and Figure 1(B) in this study).

Methods

Coring and sampling

A mechanical bailer-drill coring (10 cm diameter) (Oele et al.,
1983) was performed at Schokland by a team from Wiertsema
& Partners BV (Figure 1(B) and (C)). The undisturbed cored sam-
ples were collected in three 1-m length light-tight PVC tubes.
The location of the coring was measured with a GPS (accuracy
< 1m). At TNO Geological Survey of the Netherlands (TNO)
the cored 1-m tubes were split longitudinally in two parts in a
dark room under subdued amber light. One half was brought
into ambient light, and used for the lithological description at
TNO according to standard guidelines (Bosch, 2000). After de-
scription, this half was sampled at 10-cm intervals in the sedi-
mentological lab of the Vrije Universiteit Amsterdam for GSA,
TGA and palaeo-ecological indicators (foraminifera, bivalves
and ostracods). In addition, the peat–clay transition was sam-
pled at 1-cm intervals for TGA, and a 2-cm thick sample was
taken from organic material for 14C AMS dating of the top of
the peat. From the other half, which remained in the dark room,
we took 12 samples for OSL dating and four additional samples
for gamma-ray spectrometry (see Figure 1(C)).

Grain size samples were pre-treated with H2O2 (30%) and
HCl (10%) to remove organic matter and carbonate. To deter-
mine the grain size distribution of the samples (in vol%) a Helos
KR Sympatec laser diffraction particle sizer was used. The or-
ganic matter and carbonate content of the samples (in weight
%) was determined with a Leco 701 by stepwise heating from
25 to 1000°C.

C-14 dating

The terrestrial plant and seed material was manually selected
from the 14C 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 and 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 and Vogel
(1993). Following radiocarbon convention, the resulting age is
given with a 95% (2-sigma) confidence interval. To facilitate
comparison with OSL ages, calibrated ages are expressed in
CE (Common Era), using the Gregorian calendar.

OSL dating: OSL dating analyses were performed at the
Netherlands Centre for Luminescence dating (NCL),
Wageningen University. To obtain an OSL age the amount of ra-
diation received by the sample since the time of burial
(palaeodose, Gy) is divided by the absorbed radiation amount
per 1000 years (dose rate, Gy/ka). OSL dating for these type of
deposits is not straightforward, due to the lithological heteroge-
neity, the relatively young age, and expected limited light expo-
sure prior to deposition. A combination of methods was used to
overcome these challenges.With regard to dose rate estimation,
two methods were used in combination: First, gamma-ray spec-
trometry to determine radionuclide activity concentrations for

Figure 3. The loss of land at Schokland since 800CE (after Wiggers,
1955, adapted from Van den Biggelaar et al., 2014), together with the
location of the artificially raised dwelling mounds that were inhabited
since the 15th century (Van der Heide and Wiggers, 1954).
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samples from larger intervals, and for relatively homogeneous
intervals. Second, Instrumental Neutron Activation Analysis
(INAA, performed at the Reactor Institute Delft, TU Delft) for de-
termining elemental concentrations for sandy laminae from the
heterogeneous parts. No radioactive disequilibrium was ob-
served for any of the samples measured with gamma-ray spec-
trometry. For many samples (see Table I), dose rate
contributions from different layers were combined to derive
dose rate estimates for the sample prepared for palaeodose esti-
mation, taking into account the penetration depth of beta parti-
cles (typically 1–2mm) and gamma-rays (roughly 20 cm). A
layer model was constructed towards this, to allow determina-
tion of the relative contribution of different layers, based on for-
mulas provided in Aitken (1985), and using methods previously
described in Wallinga and Bos (2010) and Cunningham et al.
(2011b). Radionuclide activity concentrations (gamma spec-
trometry) and elemental concentrations (INAA) were converted
to dose rates using the conversion factors of Guérin et al. (2011).
Grain-size attenuation for beta particles was incorporated fol-
lowing Mejdahl (1979). Water and organic matter content were
measured on the samples prepared for gamma-ray spectros-
copy, and these estimates (Table I) are used for calculating atten-
uation factors (following Aitken, 1998). To account for
variations over time, relatively large uncertainties of 25% were
assumed for water and 10% for organic content estimates. For
laminae of pure sand, a water content of 20 ± 5% was used
based on a porosity of 34% and assuming full saturation during
the period of burial. A full account of which input was used for
each of the samples is provided in Table I. 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), and calculations were based on Prescott and
Hutton (1994) and Madsen et al. (2005).
Sand-sized grains of quartz were prepared for OSL analysis.

The 180–212μm fraction was used in case this provided suffi-
cient material. For other samples the 90–180μm (NCL-
7613040), 63–90μm (NCL-7613041-45) or 212–250μm
(NCL-761346-47) fraction was used. For equivalent dose (De)
estimation the Single Aliquot Regenerative (SAR) dose proce-
dure was used (Murray and Wintle, 2003) using a pre-heat of
180°C or 200°C, in combination with a cutheat of 160°C or
180°C. To optimize the contribution of the most light-sensitive
signal (fast component) to the OSL signal, an early background
approach was adopted (Cunningham and 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 radia-
tion doses match closely with the given doses (dose recovery
ratio is 0.97±0.06; n = 14 (pre-heat 180°C) and 0.99±0.03; n
= 19 (pre-heat 200°C)). Equivalent dose measurements were
made on small aliquots (1mm diameter; yielding between 15
and 150 grains, depending on the grain size used for analysis).
These small aliquots were used to obtain insight to grain-to-
grain variations in De. The De distributions of the samples indi-
cate overdispersion (Table II), which, based on the age and de-
positional environment, is most likely caused by heterogeneous
bleaching. To avoid burial age overestimation due to heteroge-
neous bleaching the bootstrapped version of the Minimum Age
Model (MAM; Galbraith et al., 1999; Cunningham and
Wallinga, 2012) was used to estimate the palaeodose from
the measured distribution. In the bootstrapped MAM (BSMAM),
we assumed an overdispersion of 16 ± 4% for well-bleached
deposits with sample grain size of 180–212μm based on an
analysis of observed overdispersion on the best-bleached sam-
ples. The overdispersion assumption was adjusted for other
grain sizes (see Table 2) used for analysis as it depends on the
number of grains contributing to the OSL signal of the aliquot

(cf. Cunningham et al., 2011b, following the procedure
outlined in Chamberlain et al. (in press)).

Following conventions in OSL dating, OSL ages are pre-
sented in ka (relative to year of sampling; 2012CE) with errors
indicating 68% (1-sigma) confidence interval. Presented uncer-
tainties include both random and systematic errors. For com-
parison with radiocarbon ages and historical data, ages are
expressed in CE (Common Era).

Sample summary

The laboratory sampling strategy yielded 34 TGA, 15 GSA, 16
palaeo-ecological, one AMS radiocarbon, 12 OSL (of which
six were also used for INAA and five for gamma-ray spectrom-
etry analyses), and four additional gamma-ray spectrometry
samples.

Results

An overview of the lithology and corresponding GSA, TGA,
palaeo-ecological indicators, 14C AMS date and OSL dating re-
sults is shown in Figure 4. Detailed information on the dating
results is given in Table II (OSL) and Table III (14C AMS).

Lithology

Based on lithological characteristics, the core can be divided
into three units. Unit 1, located at the base of the core (below
–203 cm Dutch Ordnance Datum (OD, ~mean sea level)), con-
sists of slightly and medium silty sand that is light to dark
brownish grey. Unit 2 (–203 to –123 cm OD) consists of dark
brown mineral-poor reed or sedge peat with a total thickness
of 80 cm. The peat is covered by unit 3 (–123 to 57 cm OD),
a clay sequence with a thickness of 180 cm that consists of light
brown–grey medium to very silty clay. This clay sequence con-
tains the thin sandy layers which have been dated by OSL.
Overall, the sand and CaCO3 content in the clay sequence in-
creases towards the top and the organic matter content de-
creases (Figure 4).

Palaeo-ecological indicators

The upper part of the reed and sedge peat sequence of unit 2 (–
128 to –126 cm OD) contains seeds from Galium palustre and
Epilobium, implying that the area was located within a reed-
sedge swamp at the time of formation. The basal 20 cm of the
clay sequence (–123 to –103 cm OD) (unit 3) contains abun-
dant in situ plant remains, relatively low CaCO3 content
(max. ~4.7wt%) and the arenaceous foraminifer Trochammina
sp. (Figure 4). This foraminifer species is indicative of occa-
sional saltwater inundation (e.g. during spring tide) and is com-
monly found in mudflats (Murray, 2006). Seeds of Ranunculus
are also present, which, combined with the presence of agglu-
tinated foraminifera (Trochammina sp.), indicate weakly brack-
ish conditions. The overlying 80 cm of clay (–103 to –23 cm
OD) contains few calcareous foraminifers (e.g. Ammonia
beccarii). The presence of Ammonia beccarii indicate a salinity
between ~10 and 31‰ (Murray, 2006), implying that they can
occur in brackish to marginal marine conditions. The upper
part of the clay deposit (top 80 cm, –23 to 57 cm OD) 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

890 D. F. A. M. VAN DEN BIGGELAAR ET AL.
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~10‰ (Murray, 2006), which, combined with high sand (~10–
62 vol%) and CaCO3 content (~6 – 10wt%) and relatively low
organic matter content (max. ~4.5wt%) (Figure 4), point to a
marginal marine environment.

Geochronology

The sand of unit 1 has been dated by two OSL dates (Figure 4;
Table 2), providing age estimates of 5.0 ± 0.8 and 3.5 ± 0.3 ka.
These dates are surprisingly young given the expected Late
Pleistocene age (~14.7 – 11.7 ka) for unit 1 (Wiggers, 1955;
Spek et al., 1997). As the samples were taken from the
palaeosol, and De 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, es-
pecially for the upper sample, hence reflect the time when bio-
turbation at this level ceased due to burial of the deposit (by
unit 2), rather than the time of deposition of the sandy deposits.
This would imply that the peat sequence (unit 2) started
forming after ~1500 ± 300BCE. The age of the lower sample
(~3000 ± 820BCE) is questionable, as only ~17% of single al-
iquot estimates agrees with the BSMAM derived burial dose es-
timate (see Figure 5).

The top of the peat of unit 2 is dated by 14C AMS at 650–
690CE (Table III), indicating the maximum age for the overly-
ing clay (unit 3).

The ten sandy laminae (max. ~2 cm thick) within the clay se-
quence (unit 3) were dated by OSL (Figure 4; Table II). The
lower five samples resulted in ages ranging from 1582 ± 41 to
1662 ± 81CE. There was no trend of age with depth, and most
dates indicate an early 17th century age. A weighted mean of
the ages, taking into account shared and unshared errors be-
tween samples (Rhodes et al., 2003), indicates that deposition
occurred in a relatively short period of time around 1610 ±
26CE. The upper five OSL samples provided age estimates be-
tween 1742 ± 26 and 1822 ± 17CE. The OSL ages are inter-
nally consistent (their ages increase with depth), except for
the upper sample (Schok 1-1). Altogether, the OSL ages suggest
two distinct periods with high accumulation rates, possibly re-
lated to two storm periods.

Discussion

Palaeogeographical development and
geochronology unit 3

Following Van den Biggelaar et al. (2014), the clay sequence
(unit 3) can be divided into three subunits (see Figure 4). From
base to top this sequence is partitioned into subunit 3.1 (–123
to –103 cm OD), subunit 3.2 (–103 to –23 cm OD) and subunit
3.3 (–23 to 57 cm OD). Each of these three subunits represent a
different environment and are discussed below.

The transition from unit 2 to subunit 3.1 was dated by Van
den Biggelaar et al. (2014) to 770–940CE using 14C AMS. In
this study the same transition is dated at 650–690CE (Table III
; Figure 1(B)), also using 14C AMS. The age estimate difference
must be due to the different sampling locations. Spatial varia-
tions 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 erosion during inundation at the onset of clay deposition.
Although the upper surface of the peat unit has some elevation
differences across Schokland (Van den Biggelaar et al., 2014),
this is most likely due to compaction effects by embankments
and the weight of the overlying clay unit 3. As the relief ofTa
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the Pleistocene surface at the former island was levelled by
peat growth (Van den Biggelaar et al., 2014), limited spatial var-
iation in the age of the base of unit 3 is expected. Therefore, the
date 770–940CE presented in Van den Biggelaar et al. (2014)
remains the maximum age of the clay cover (unit 3).
The transition from unit 2 to subunit 3.1 occurred gradually

(Van den Biggelaar et al., 2014), representing the transforma-
tion of the area from a reed-sedge swamp to an environment
that was inundated only occasionally (e.g. during spring tide
and storm surges). The inferred low energetic conditions at that
time are in agreement with the presence of in situ plant
remains, arenaceous foraminifer Trochammina sp., seeds of
Ranunculus and a relatively low CaCO3 content. This is consis-
tent with the results from previous research which also indicate
weakly brackish conditions at Schokland during the deposition
of subunit 3.1 (Van der Heide and Wiggers, 1954; Wiggers,
1955; Van den Biggelaar et al., 2014).
The increased tidal influence that existed at the former island

during the deposition of overlying subunit 3.2 is inferred from
the increase in sand content, together with the presence of cal-
careous foraminifers and storm-sand laminae. This is in accor-
dance with the results from previous research which confirm
the presence of clay with storm surge sediments, brackish fora-
minifer species and increasing sand content (Van den Biggelaar
et al., 2014). The transition from a weakly brackish (subunit
3.1) to a brackish environment (subunit 3.2) was tentatively
correlated to the period 1050–1200CE using archaeological re-
mains (see Van den Biggelaar et al., 2014). In the present 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 1050–1200CE
for this boundary remains tentative.
The top subunit (3.3) at Schokland is characterized by a mar-

ginal marine environment on the basis of the presence of bi-
valve shell remains, ostracods and the calcareous foraminifer
species in that subunit. This is in concordance with the results

from previous research which indicate the presence of clay
with brackish and marine shells, foraminifers and ostracods at
Schokland (Van den Biggelaar et al., 2014) and in the northern
part of Flevoland (Noordoostpolder) (Muller and Van
Raadshoven, 1947). Apart from these palaeo-ecological indica-
tors, the relatively low organic matter content and high CaCO3

and sand content in the clay are also indicative for a marine in-
fluence (see also Van den Biggelaar et al., 2014). The start of the
marginal marine environment (subunit 3.3) was tentatively cor-
related to around 1600CE by Van den Biggelaar et al. (2014),
based on historical data indicating the increasing costs for the
defense against the sea (e.g. repairs on embankments and loss
of land: Resolutie Ridderschap en Steden van Overijssel 1620
and 1629 in Geurts, 1991). Furthermore, sediments with brack-
ish and marine shells, foraminifers and ostracods are present in
the Noordoostpolder (Muller and Van Raadshoven, 1947). The
maximum age of these sediments was dated to the early 17th
century on the basis of shipwrecks (Muller and Van
Raadshoven, 1947; Van der Heide and Wiggers, 1954). As
these marine sediments are also present on Schokland itself
(Van der Heide and Wiggers, 1954), a similar age for these sed-
iments on the former island was expected. However, on the ba-
sis of the OSL dates presented in this study (Figure 4), the lower
boundary of subunit 3.3 is slightly younger, and is now dated at
1742 ± 26CE. The surface elevation at the site location was
higher than the surrounding region during the 19th century
(Mees, 1847). Possibly, during the 17th and 18th centuries the
site was also elevated above its surrounding, thereby delaying
deposition of marine sediments.

The lack of sedimentary deposits of storm surges that oc-
curred prior to 1600CE may also be related to elevation of
the site location, but firm conclusions on this issue would re-
quire additional information from other locations. Another pos-
sibility for the age discrepancy of marine sediments between
the site location and the surrounding region is that the postu-
lated increase in marine influence around 1600CE should be

Figure 4. Lithology of coring with grain size, TGA and palaeo-ecological data and dating results (AMS and OSL). Also, the presence of (a) forami-
nifera, (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 differentiation 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) 1742 ± 26CE, OSL date (this study); (2) 1050–1200CE, reclamation of the peatlands and construction of embankments (see Van den
Biggelaar et al., 2014); (3) 770–940CE, AMS dates (Van den Biggelaar et al., 2014); (4) max. 1500 ± 300 BCE, OSL date (this study). For location
of the core, see Figure 1(B). [Colour figure can be viewed at wileyonlinelibrary.com]
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situated at –75 cm OD instead at –23 cm OD. This is based on
the OSL dates in the present study, combined with the elevation
of the lowermost storm-sand laminae, decrease of clay content
and increase of sand and CaCO3 content in the clay sequence
(Figure 4). However, the near absence of palaeo-ecological in-
dicators indicative for a marine environment in subunit 3.2 at
the site location suggests otherwise. To better understand the
reason for this age discrepancy we recommend further investi-
gation regarding the preservation potential of these indicators
at Schokland.

Correlating storm surge signatures at Schokland to
historical storm events

This research shows that storm events dating to the early 17th
and 18th to early 19th centuries flooded Schokland. Buisman
(2000, 2006, 2015) and Van Malde (2003) published data on
storm events that affected the coastal lowlands of the
Netherlands during these centuries. According to these data,
the two major storm surges that hit the area around the early
17th century occurred in 1610 and 1625CE. OSL chronology
of the sedimentary remains at Schokland that date to 1610 ±
26CE indicate deposition within a short period, potentially dur-
ing one or both of these storm surge events.

For the storm surge sediments at the former island that date
between 1742 ± 26 and 1822 ± 17CE, OSL ages suggest depo-
sition over a period of ~80 years. During the 18th and early
19th centuries Schokland was hit by major storm surges in
1775, 1776, 1824 and 1825CE (Meijlink, 1858; Moerman
and Reijers, 1925; Buisman, 2015). The storm surge remains
at Schokland that date between 1742 ± 26 and 1822 ± 17CE
could be the result of deposition by several or all of these
surges.

However, an alternative interpretation of the sequence, with
rapid deposition around 1780CE, is also possible. In that case,
these storm surge deposits could possibly be attributed to either
one or both of the 1775 and 1776CE storm events. Such diffi-
culties in interpreting the data are inherent to uncertainties re-
lated to OSL dating; the slight stratigraphic inconsistency in
this sequence, indicates the presence of an additional source
of error that is not contained in the uncertainty estimates pro-
vided in Table II. Although the OSL ages provide a decadal res-
olution in this age range, robust inferences on deposition
during major event(s) or a sequence of minor events would re-
quire an even larger data set of samples from the interval of
interest.

Interestingly, the light exposure of grains from these deposits
shows a clear trend. The lower sample (NCL-7613040) is
poorly bleached (overdispersion 61%), while the overlying
four samples (NCL7613036-39) are all remarkably well-
bleached (with overdispersion 14–17%) (Table II). This implies
that for the latter samples, nearly all grains were exposed suffi-
ciently to daylight to have their fast-component OSL signal
completely reset. This may suggest reworking of the deposits
in several events, or the uptake of near-coastal material by the
storm-surges that was exposed to light prior to the storm
surge event.

According to Buisman (2000, 2006), major storm surges hit
the Zuiderzee area in 1651, 1665 and 1675CE. The OSL data
in this study indicate a lack of storm surge deposits at the site
location, present in the northwestern part of Schokland, for
the period between 1610 ± 26 and 1742 ± 26CE. Historical
information indicates that, at least until the end of the 18th
century, no wooden sea defence was present in the north-
western part of Schokland (Resolutie Staten van Holland 13Ta
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December 1788 in Moerman and Reijers, 1925). This implies
that this part of the island must have been vulnerable for
storm surges during the period 1610 ± 26 to 1742 ± 26CE.
In addition, the cores and the samples shows no signs of ero-
sion. Altogether, we infer that storm surges flooding the sam-
ple site must have occurred within the period 1610 ± 26 to
1742 ± 26CE. Sediments associated with these events could
possibly be represented by the few thin sandy layers present
at the site location within subunit 3.2 at an elevation of –51
to –52 cm OD (Figure 1(C)). However, these layers were not
sampled for OSL dating as they were mixed with more recent
sediments during the coring process and therefore not suitable
for OSL dating.

Storm surge impact at Schokland

During the deposition of subunit 3.1, between 770 and 940CE
and 1050–1200CE, the connectivity between the North Sea
and the Flevomeer area increased (Vos and De Vries, 2013). Al-
though storm surges could access the area (e.g. 838CE storm
surge: Buisman, 1995; Gottschalk, 1971), the limited thickness
of this subunit (i.e. 20 cm; Figure 4) indicates that there was lim-
ited tidal influence at the site location. This is in agreement with
the limited thickness of this subunit at other parts of Schokland
(max. 88 cm thick; Van den Biggelaar et al., 2014).
The reconstructed brackish environment (subunit 3.2) at the

former island between 1050 and 1200CE and 1742 ± 26CE
is in agreement with the counteractive measures that the inhab-
itants of Schokland took to deal with the impact of the
Zuiderzee at that time. These measures consisted of the con-
struction of coastal defences in the area since 1200CE
(Moerman and Reijers, 1925; Van der Heide and Wiggers,
1954; Hogestijn, 1992), migrating to artificially-created higher
grounds within the Schokland area (Van der Heide and

Wiggers, 1954), changing to a subsistence economy predomi-
nantly oriented on fishing from the 15th century onwards
(Van der Heide and Wiggers, 1954) and maintaining the
wooden sea defence that was present at some parts of
Schokland during the 17th and 18th centuries (Resolutie
Ridderschap en Steden van Overijssel 1629 in Geurts, 1991;
Moerman and Reijers, 1925). Although many of these measures
were taken to protect the inhabitants of Schokland against the
impact of the Zuiderzee, they could not prevent the large-scale
erosion of the former island that occurred between 1200CE
and the end of the 18th century (Figure 3). This increasing im-
pact of the Zuiderzee on Schokland is consistent with the
thicker clay cover of subunit 3.2 compared with that of subunit
3.1 (Figure 4; see also Van den Biggelaar et al., 2014). At the
site location, the major part of the clay of subunit 3.2 was de-
posited around 1610 ± 26CE (~50 cm; Figure 4). Possibly, the
construction of the wooden sea defence that existed at some
parts of Schokland since the early 17th century was initiated
as a response to this deposition.

The dominant impact of the Zuiderzee on Schokland during
the deposition of subunit 3.3 is in agreement with historical ac-
counts that describe this impact (Mees, 1847; Meijlink, 1858).
In addition, to counter the marine influence on Schokland
heavy financial investments were made in coastal defences
by constructing a stone embankment at the beginning of the
19th century and a stone shore halfway through the 19th cen-
tury at the western part of the former island (Mees, 1847). The
increasing influence on Schokland of the Zuiderzee during
the deposition of subunit 3.3 is also reflected by the higher sed-
imentation rate at the site location at that time (80 cm in
200 years) compared to the period when subunit 3.2 was de-
posited (80 cm in 550–700 years). The increase in sedimenta-
tion rate is in concordance with the general encroachment of
the coastline to present-day Schokland (Figure 3; see also Van
den Biggelaar et al., 2014).

Figure 5. Radial plots (Galbraith, 1990) for each OSL sample, indicating single-aliquot luminescence ages (open and filled dots) and the sample age
when applying the bootstrapped MAM (shading: Cunningham and Wallinga, 2012) or the CAM (black solid line: Galbraith et al., 1999). These plots
are similar to the equivalent dose distributions of each aliquot, because these graphs were constructed by dividing the equivalent dose estimates by
the sample dose rate (identical for each aliquot of a sample). The precision used to produce these graphs is based on random uncertainties in equiv-
alent dose only (thus systematic uncertainties in equivalent doses due to beta source calibration as well as dose rate uncertainties are not included).
The age estimate is plotted on the curved y-axis and the measurement precision of equivalent dose estimate on the x-axis. Solid dots fall within the
final age estimate (shaded area). The percentage of single-aliquot ages within the shaded area indicates the robustness of the estimated age. [Colour
figure can be viewed at wileyonlinelibrary.com]
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Correlating storm surge signatures at a regional
scale

Major storm surges that hit Schokland during the early 17th and
18th to early 19th centuries also had an impact at various other
locations along the Dutch coast (Buisman, 2000, 2006, 2015;
Van Malde, 2003). Although the Dutch coastline has receded
since the Early Medieval Period (Jelgersma et al., 1970), sedi-
ments associated with these surges are sometimes preserved
in this area (Jelgersma et al., 1995; Cunningham et al., 2011a;
Figure 1(A)). Due to this preservation, sedimentary remains of
surges in different parts of the coastal areas of the Netherlands
that are less than 10m above sea level (LECZ) can potentially
be correlated with each other. Based on chronology, there
could be a link between the sandy shell unit near Heemskerk
at the Dutch central western coast that was OSL-dated to
1758 ± 15–1780 ± 11CE by Cunningham et al. (2011a) and
the shell-bearing sandy layers within subunit 3.3 at Schokland
that were dated in this study to 1742 ± 26 to 1822 ± 17CE (Fig-
ures 1(A) and 4). During the second half of the 18th century the
Dutch coast was hit by major storm surges in 1775 and
1776CE (Hering, 1776, 1778). The Heemskerk storm surge de-
posits have been attributed to the 1775CE event based on his-
torical sources combined with modelling of storm surge and
runup (Cunningham et al., 2011a; Baart et al., 2011). Data pub-
lished by Buisman (2015) indicates that Schokland was also hit
during the 1775CE storm event. Although sedimentary remains
of that event could still be present at Schokland within the se-
quence that was dated between 1742 ± 26 and 1822 ±
17CE, this sequence could also be the combined result of de-
position by other storm surges. Therefore, the correlation be-
tween the 1775CE storm surge sediments at Heemskerk and
Schokland remains tentative.
Currently, it is not possible to link the OSL-dated sedimentary

remains of storm surges from the central western coast of the
Netherlands and Schokland to other locations within the LECZ
of the southern North Sea area due to a lack of data on such re-
mains. As storm surge deposits have a high preservation poten-
tial (Kumar and Sanders, 1976), it is most likely that such
deposits are still present in some parts of the southern North
Sea coast, but they have so far not been found and dated. How-
ever, as some of these coastal areas eroded heavily during the
20th century (Reichmüth and Anthony, 2002; Anthony, 2013),
and possibly continued to erode since that time, the number
of preserved late Holocene storm surge deposits in these areas
could decrease rapidly in the future. To establish records of past
flood magnitude and frequency in the southern North Sea re-
gion, storm surge sediments in areas distant from the coastline
that are less affected by present-day marine erosion, such as
back-barrier environments, should also be studied. Previous re-
search in the western North Atlantic indicated that such envi-
ronments contain storm surge sediments that can be used to
reconstruct past storm frequency (Donnelly et al., 2001,
2004; Boldt et al., 2010). In these studies a variety of tech-
niques was used for age control of storm surge records, such
as 14C AMS dating of interbedded organic material, 137Cs mea-
surements and bulk Pb chronology. Although these techniques
provided high resolution flood records, the storm surge sedi-
ments themselves were not dated. With the methodology ap-
plied in this paper, such sediments can be OSL-dated with a
high degree of precision. This precision will likely increase
the resolution of storm surge records and thereby also improve
insight to flood frequency. In addition, the high resolution OSL
dating of storm surge sediments is of paramount importance to
link such sediments of similar age at various locations. These
links could further improve records of past flood frequency.

Apart from frequency, determining the magnitude of past storm
events is also of utmost importance for future flood risk assess-
ment. Although information on storm surge magnitude can be
obtained from storm surge sediments present in coastal dunes
(Baart et al., 2011; Cunningham et al., 2011a), the ability to link
these sediments to storm surge deposits of the same age in other
landscape settings (e.g. back-barrier environments) could pos-
sibly help to improve modelling of the surge and runup that de-
posited these sediments.

Future Implications

TheOSLmethodology presented in this paper can be used to as-
sess flood risk in the LECZ by dating past flooding records,
allowing to infer storm events and associated floods beyond
the period of instrumental records, and matching them to histor-
ical data. This has two advantages. First, this extension is crucial
to improve modelling of the exceedance frequency of extreme
water levels. These levels are used to determine the crest level
of flood defences (Maris et al., 1961) and therefore contribute
to reduce the probability of flooding. In addition, improved in-
sight to extreme water levels is also important for efficient use
of economic resources on flood defence management. Second,
with a possible relationship between change in storminess and
future climatic conditions (Seneviratne et al., 2012), extension
of the data record can be used to better understand this relation-
ship by including storm activity and climatic parameters at cen-
tennial to millennial scales. Aside from reducing the probability
of flooding, flood risk can also be decreased by limiting flood
impact (MVW, 2009). This is illustrated by the Schokland exam-
ple. While large parts of Schokland flooded during major storm
events (Commelin, 1726; Meijlink, 1858), even though em-
bankments were constructed and maintained (Meijlink, 1858;
Moerman and Reijers, 1925), these floods had limited impact
on the urban areas of the former island as they were built on ar-
tificially raised areas. As at Schokland, the combination of re-
ducing the probability of flooding and mitigating flood
consequences could be of paramount importance to reduce
flood risk in the LECZ under a changing climate.

Apart from matching storm surge deposits to historical data,
the state-of-the-art OSL methods applied in this research could
possibly also be used to date pre-historical storm surge de-
posits. Dating such deposits is of major importance to improve
modelling of return periods of extreme water levels beyond the
period of instrumental and historical records and may help to
improve predictions of storminess in a changing climate.

Conclusions

• This study shows that OSL dating can be used to date sedi-
mentary remains that are relatively young, heterogeneous
on a millimetre scale and most likely bleached heteroge-
neously with a high degree of precision.

• The applied OSL methodology is vital to improve records of
past flood frequency and magnitude by extending data on
storm events beyond the period of instrumental records.
Matching these data to historical data on storm events and
associated floods can contribute to the assessment of future
storm surge risk.

• At Schokland flood risk was reduced by the combined ap-
proach of decreasing the probability of flooding (construct-
ing and maintaining embankments) and limiting flood
impact (constructing urban areas at raised mounds). Such a
combined approach could be of major importance for future
coastal management policies under a changing climate.
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