Marine Geology 235 (2006) 19 – 33
www.elsevier.com/locate/margeo

Island-terminus evolution related to changing ebb-tidal-delta
configuration: Texel, The Netherlands
Sytze van Heteren a,b,⁎, Albert P. Oost c , Ad J.F. van der Spek a,d , Edwin P.L. Elias e,1
a

TNO Built Environment and Geosciences — Geological Survey of the Netherlands, PO Box 80015, NL-3508 TA Utrecht, The Netherlands
b
Netherlands Centre for Luminescence dating, Mekelweg 15, NL-2629 JB, Delft, The Netherlands
c
National Institute for Coastal and Marine Management/RIKZ, PO Box 207, NL-9750 AE Haren, The Netherlands
d
Netherlands Centre for Coastal Research, Delft University of Technology, PO Box 5048, NL-2600 GA Delft, The Netherlands
e
Faculty of Civil Engineering and Geosciences, Delft University of Technology, PO Box 5048, NL-2600 GA Delft, The Netherlands
Accepted 3 October 2006

Abstract
Historical maps of southwest Texel and the adjacent ebb-tidal delta, supplemented with quartz OSL (Optically Stimulated
Luminescence) ages of dune sand, span four centuries and show several links between coastal development and ebb-tidal-delta
behavior. Updrift inlet migration governed recurved-spit formation, and changes in ebb-tidal-delta size and shape resulted in the
formation of a bulge at the island terminus. Sustained updrift migration of the ebb-tidal delta resulted in a commensurate position
shift of the bulge and eventually in flattening of the coastline. Regional coastal-management measures have had a strong influence
on tidal-inlet and ebb-tidal-delta behavior, and therefore also on the changing shape of southwest Texel. Identification of
relationships between ebb-tidal-delta behavior and changing barrier-terminus erosion-and-accretion patterns on a decadal to
century time scale contributes to our understanding of coastal-system dynamics. Any barrier terminus with preserved sets of dune
ridges holds a potential record on past ebb-tidal-delta orientations, which provide clues on past changes in tidal prisms and wave
versus tide dominance. Under the current ebb-tidal-delta configuration, the entire westward-oriented coast of southwest Texel is too
exposed for lasting accretion. Bulges resulting from future merger of shoals with the coast in this area will be eroded rapidly.
© 2006 Published by Elsevier B.V.
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The updrift terminus (defined with respect to the
longshore current, Fig. 1) of many barrier islands is characterized by recurved ridges developed in response to
wave refraction around ebb-tidal-delta shoals at high tide
and the associated divergence in the direction of local
longshore sediment transport at a nodal point some
distance from a tidal inlet (cf. Hubbard, 1975). Much of
the wave energy that produces the sediment contribution
to the ridges comes from refracted waves across the ebb
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Fig. 1. Location of the study area. On Texel, a dune belt (outlined and white) occupies the western fringe of the island. Other land areas, including
Vlieland, are shown in white, without details. Elsewhere, dark gray tones denote tidal channels and light gray tones denote tidal flats and the shallow
lake that was formerly the Zuider Sea.

delta at high tide, and the landward recurved part of the
ridge is due to waves refracting through the main ebb
channel at high tide. Sediment bypasses inlets in the form
of large landward-migrating swash bars (FitzGerald,
1988). The size and morphology of the ebb-tidal delta
control the location of swash-bar attachment. Generally,
the distance between the inlet and the attachment location
downdrift increases as (1) inlet size increases and (2) the
downdrift skewness of the ebb-tidal delta increases. The
latter condition produces humpbacked or bulbous barrier
islands. The opposite ebb-tidal-delta arrangement produces straighter barrier islands (FitzGerald et al., 1984).
Variability in barrier-terminus shape has been studied
for various barrier-island chains, so that at present, differences among individual barriers can be explained (cf.

Hayes, 1979; FitzGerald et al., 1984). In any single
barrier, similar variability occurs on a temporal level (cf.
FitzGerald, 1984). To explain observed long-term
changes through time, detailed island-terminus erosionand-accretion patterns need to be linked to ebb-tidaldelta behavior. Such comparison requires accurate temporal records of both ebb-tidal-delta configuration and
barrier-island shape. Here, we compare the development
of the southwestern terminus of Texel and the behavior
of the associated tidal inlet, Marsdiep, and its ebb-tidal
delta. These two environments have been monitored
frequently since the 16th century, for coastal-defense and
navigation purposes. Historical maps and documents,
the main source of information for this study, show that
the island tip and the ebb-tidal delta have both changed
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over time, facilitating correlation between major developments in both environments. Additional temporal data
on the dune ridges of southwest Texel come from quartz
OSL (Optically Stimulated Luminescence) analyses of
sand sampled from the seaward base of coastal-dune
ridges (cf. Ballarini et al., 2003).
Understanding relationships between ebb-tidal deltas
and adjacent coastlines on a decadal to century time
scale allows insight into coastal-system dynamics; such
insight is of importance for the development and optimization of coastal-management tools and policies, and
in particular for coastal-defense planning. Primary questions concern future developments and their impact on
navigation and coastal safety, and the impact of human
activities on inlet hazard zones.
2. Physical setting
Texel is the southernmost barrier island of the
Wadden Sea, located in the northwestern part of The
Netherlands (Fig. 1). The core of the island is formed by
a slightly elevated ice-pushed ridge capped by till,
formed during a stillstand phase in the recession of the
Middle-Saalian (Oxygen Isotope Stage 6) ice sheet (Ter
Wee, 1962). Pleistocene eolian sand covers much of the

21

ice-pushed ridge, but till is exposed south of Den Burg,
where it reaches 15 m + NAP (NAP: Dutch Ordnance
Level, which is about mean sea level), and at Den
Hoorn, where a smaller rise reaches 6 m + NAP.
As a result of net coastal accretion, about a millennium
of geological history has been preserved south and
southwest of Den Hoorn. The youngest part of the
accreted area is marked by a sequence of dune ridges,
formed parallel to the coast during the last few centuries
when relative sea level was more or less stable. Growth of
the island is a result of the periodic merger of shoals with
the island. Upon their formation within the confines of the
ebb-tidal delta west of Texel, shoals are separated from
the island by a marginal flood channel. As a shoal and
adjacent channel migrate toward Texel, the channel
usually erodes part of the island before being abandoned
(Schoorl, 1999b). After merging with the island, the shoal
forms a significant sediment source; sand blown from the
widened beach is captured by pioneer vegetation (marram
grass) and by man-made sand fences, and develops into a
dune ridge fringing the beach. Once the dune ridge is
disconnected from the sediment source by a new ridge,
development stops and the dune becomes stabilized by
vegetation (Fig. 2). The dune ridges are generally about
3–10 m high, but some reach a height of 15 m. Although

Fig. 2. (A) Entrapment of wind-blown sediment by man-made sand fences. (B) Formation of embryo dunes on the downwind side of De Hors, a large
inter- to supratidal area on the south side of Texel. (C) Recently stabilized, vegetated embryo dunes. (D) A stable, vegetated dune ridge bordered by
wetlands.
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blowouts do occur, most ridges have remained linear,
indicating that they are more-or-less stable after formation. Active dune management has contributed to this
dune stability. Since the middle of the 19th century, an
increasing part of the west coast of the island has been
eroding. In the 20th century alone, up to 1 km of land has
been lost. To stem this loss, a beach-nourishment program
has been implemented during the last decade, totaling
32 million m3 between 1979 and 2003.
Texel is separated from the mainland to its south by
the largest tidal inlet of the Dutch Wadden Sea: Texel
Inlet. The inlet thalweg, Marsdiep (Fig. 1), is about
2.5 km wide and up to 53 m deep. The southern margin
of Marsdiep has been fixed in position by a sea-defense
structure since the early 17th century, which explains the
extreme depth of the inlet thalweg. The ebb-tidal delta
associated with the inlet protrudes some 10 km into the
North Sea and extends 25 km alongshore, dominating
the nearshore bathymetry of mainland North-Holland
and Texel. Along the Texel coastline, a marginal flood
channel, Molengat, separates the island from an expanding and migrating supratidal shoal, Noorderhaaks
(Fig. 1).

At Texel Inlet, the tide has a mean range of 1.4 m,
increasing to 2.0 m during spring conditions. The
average tidal prism exchanged through the inlet is
1 × 109 m3, with maximum ebb-and flood-tidal velocities ranging between 1 and 2 m/s (Ridderinkhof et al.,
1999). The nearby monitoring station Eierlandse Gat
(Fig. 1, inset), where the water is 26 m deep, measures a
mean annual significant wave height of 1.3 m and a
corresponding mean annual wave period of 5 s. During
storm events, wind-generated waves can reach heights
of more than 4 m. Along the Wadden Sea barrier islands,
the longshore-transport direction is generally from the
southwest to the northeast. Near Texel Inlet, some local
reversals were documented by Sha (1989), but in this
paper, the terms updrift (southward) and downdrift
(northward) refer to the overall regional pattern.
3. Methods and procedures
The recent development of the Texel coast and the
adjacent ebb-tidal delta is well documented in historical
records and maps dating back as far as the end of the
16th century. These records and maps were collated by

Fig. 3. Historical changes of southwest Texel. For clarity, not all maps are depicted. The correlation between present-day dune ridges and past
coastlines is clearly visible. The AD 1595 and 1627 maps are less accurate than the others. The gray tones on the base map (source: altimetry) denote
topography: light is low and dark is high (classes: 0–1, 1–3, 3–5, 5–8, 8–10, 10–15, 15–20, and N 20 m). The gray lines on land are roads.

S. van Heteren et al. / Marine Geology 235 (2006) 19–33

Schoorl (1999a,b). Accurate coastal maps that can be
readily related to existing landmarks and to the present
grid system are available from AD 1749. The most
relevant morphological element depicted on these maps
is the dune foot (the seaward base of the dune, bordering
the beach), a stable feature that can be correlated to the
seaward edge of present-day dune ridges, around the
high-tide level.
Quartz OSL ages of dune sand from Texel provide
additional (primarily for the period AD 1400–1750) and
corroborating information. The OSL analyses were part
of a recent study by Ballarini et al. (2003), who
presented 20 of 28 OSL ages used in the present paper
and described in detail the protocols used for sample
collection and OSL dating. Samples were taken from a
depth of 30 to 85 cm below the surface on the seaward
base of dune ridges, at locations where ridges had
maintained their linear form. First a hole was dug with a
shovel, and then a PVC tube (diameter 10 cm, length
40 cm) was hammered into the internal face, capped and
sealed with black tape. The tubes were opened in subdued orange light. Samples for equivalent dose (De)
determination were obtained from the centre of the
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cores, while the outer parts were used for gammaspectrometry and water-content determination. Material
from both ends of the tube was discarded. The samples
were wet sieved to obtain the 180–212 μm fraction,
which was then treated with HCl, H2O2, concentrated
(40%) HF, and finally with HCl again. Measurements
were made using an automated TL/OSL reader (BøtterJensen and Murray, 1999). Stimulation with blue LEDs
(470 ± 30 nm) was performed at 125 °C; the resulting
OSL signal was detected through 7 mm of U-340 filter.
The OSL signal from the first 0.8 s of stimulation was
measured, and the background signal as observed during
the last 4 s of stimulation subtracted from the measurements. The Single-Aliquot Regenerative-dose
(SAR) protocol (Murray and Wintle, 2000) was used
for the equivalent-dose determination. Test doses were
heated to 160 °C prior to measurement. At least twelve
aliquots were measured for each sample.
Marsdiep and its ebb-tidal delta form one of the
longest frequently monitored inlet systems in the
world. The presence of an anchorage directly east of
Texel, and of important trade routes in and harbors
(e.g., Amsterdam) along the tidal basin, including the

Fig. 4. OSL ages of sand samples from the seaward side of dune ridges (cf. Table 1). The ages, denoted in calendar years AD, show an internal
consistency and are in remarkable agreement with the historical data (cf. Fig. 3).
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Zuider Sea (Fig. 1), has necessitated extensive
monitoring of the inlet system for many centuries.
The most relevant morphological information depicted
on the resulting nautical charts concerns the location
and depth of the main channels and shoals. The
accuracy of the older maps (16th, 17th, 18th century)
is limited compared to present-day standards but
suffices for a large-scale geomorphologic reconstruction (cf. Schoorl, 1999a,b).
Given the high mapping frequency of both the coast
and the ebb-tidal delta, links between coastal and
nearshore changes can be identified with high temporal
resolution: several decades for the period AD 1585–
1850 and a decade or less for the period AD 1850–
present.

4. Historical changes of southwest Texel
The evolution of southwest Texel can be divided into
four phases, as inferred from historical data (Fig. 3) and
OSL ages (Fig. 4, Table 1) of sand collected from welldeveloped linear dune ridges. Each evolutionary phase
was marked by specific erosion-and-accretion patterns
(Fig. 3). Until about AD 1600, spit accretion from the
Pleistocene high area that forms the core of the island
resulted in rapid southward expansion of Texel. Subsequently, between AD 1600 and AD 1800, most of the
accretion took place on the western side, through duneridge formation, as parts of the southern spits were
truncated. The resulting bulge grew slightly and migrated southward between AD 1800 and AD 1925.

Table 1
Summary of radionuclide analyses, dose rates, equivalent doses, and OSL dating results
Samplea

Radionuclide concentrationb (Bq kg− 1)

a

Sample depth

226

232

40

(%)

(cm)

2±4
7±3
6±4
1±3
5±4
2±4
3±4
8±4
7±3
6±3
6±5
10 ± 4
13 ± 4
3±4
2±3
8±4
3±3
3±3
4±3
5±4
8±2
6±3
7±4
3±4
3±4
6±2
2±2
3±3

3.7 ± 0.7
4.5 ± 0.3
4.7 ± 0.3
3.3 ± 0.2
3.9 ± 0.6
2.8 ± 0.6
4.8 ± 0.6
4.1 ± 0.3
4.4 ± 0.3
4.5 ± 0.2
7.8 ± 0.7
5.5 ± 0.3
9.8 ± 0.3
3.5 ± 0.2
3.3 ± 0.2
5.5 ± 0.3
4.2 ± 0.2
3.4 ± 0.2
3.6 ± 0.2
3.8 ± 2.3
4.5 ± 0.4
3.6 ± 0.2
4.0 ± 0.6
3.5 ± 0.3
4.3 ± 0.6
4.0 ± 0.2
4.1 ± 0.2
2.8 ± 0.3

4.7 ± 0.6
5.3 ± 0.3
6.5 ± 0.3
4.4 ± 0.2
4.3 ± 0.5
4.3 ± 0.5
4.5 ± 0.5
5.3 ± 0.2
6.6 ± 0.3
5.7 ± 0.2
12.8 ± 0.7
9.1 ± 0.3
16 ± 0.4
4.8 ± 0.2
4.3 ± 0.2
7.3 ± 0.3
4.9 ± 0.2
4.1 ± 0.2
4.1 ± 0.2
4.8 ± 0.2
4.8 ± 1.0
4.4 ± 0.2
5.1 ± 0.5
5.2 ± 0.2
5.4 ± 0.5
4.6 ± 0.2
4.6 ± 0.2
3.5 ± 0.3

196 ± 17
188 ± 6
192 ± 6
157 ± 5
179 ± 15
155 ± 15
180 ± 15
159 ± 5
167 ± 6
164 ± 4
181 ± 16
155 ± 5
155 ± 5
163 ± 5
112 ± 4
159 ± 5
156 ± 4
194 ± 5
191 ± 4
192 ± 5
203 ± 10
211 ± 5
189 ± 16
202 ± 6
173 ± 15
213 ± 6
164 ± 5
169 ± 6

4±4
9±4
5±4
4±4
2±4
5±4
5±4
16 ± 4
3±4
3±4
3±4
3±4
3±4
4±4
4±4
5±4
3±4
6±4
5±4
4±4
5±4
5±4
5±4
4±4
5±4
3±4
4±4
4±4

55
60
55
60
28
40
60
55
55
60
40
45
50
60
85
55
30
60
60
70
55
64
60
60
60
60
60
60

U

TX02-1
TX02-2
TX02-4
TX02-6
TX02-7
TX02-8
TX02-9
TX02-11
TX02-13
TX02-15
TX02-16
TX02-17
TX02-18
TX02-19
TX02-21
TX02-22
TX02-23
TX02-25
TX02-26
TX02-27
TX02-28
TX02-29
TX02-30
TX02-31
TX02-32
TX02-33
TX02-34
TX02-35

Water content

238

Ra

Th

K

Dose ratec

Equivalent dosed

OSL agee

OSL agee

(Gy ka )

(mGy)

(years)

(AD)

0.94 ± 0.04
0.92 ± 0.04
0.98 ± 0.04
0.82 ± 0.03
0.92 ± 0.05
0.81 ± 0.05
0.90 ± 0.05
0.80 ± 0.03
0.92 ± 0.04
0.89 ± 0.03
1.11 ± 0.05
0.96 ± 0.04
1.11 ± 0.04
0.85 ± 0.03
0.69 ± 0.03
0.92 ± 0.03
0.86 ± 0.03
0.88 ± 0.03
0.92 ± 0.03
0.94 ± 0.04
0.99 ± 0.04
0.98 ± 0.04
0.94 ± 0.04
0.96 ± 0.04
0.89 ± 0.04
1.02 ± 0.04
0.87 ± 0.03
0.84 ± 0.03

233 ± 10
202 ± 7
143 ± 6
133 ± 6
5.9 ± 2.0⁎
6.3 ± 0.9⁎
20 ± 3
19.8 ± 1.4
57 ± 3
12 ± 2
21.0 ± 1.5
35 ± 2
29.1 ± 1.1
136 ± 4
299 ± 26
281 ± 11
63 ± 20
298 ± 18
360 ± 15
305 ± 10
260 ± 10
236 ± 10
250 ± 3
244 ± 9
240 ± 8
335 ± 10
411 ± 22
486 ± 17

248 ± 11
220 ± 12
145 ± 9
163 ± 10
6±2
7.4 ± 1.3
17 ± 3
25 ± 2
62 ± 4
13 ± 2
19 ± 1
36 ± 3
26.2 ± 1.4
160 ± 9
437 ± 43
307 ± 18
73 ± 23
338 ± 25
393 ± 23
324 ± 18
264 ± 18
240 ± 14
266 ± 12
253 ± 14
267 ± 15
330 ± 17
470 ± 31
582 ± 33

1754 ± 11
1782 ± 12
1857 ± 9
1839 ± 10
1996 ± 2
1995 ± 1
1985 ± 3
1977 ± 2
1940 ± 4
1989 ± 2
1983 ± 1
1966 ± 3
1976 ± 1
1842 ± 9
1565 ± 43
1695 ± 18
1929 ± 23
1664 ± 25
1609 ± 23
1678 ± 18
1738 ± 18
1762 ± 14
1736 ± 12
1749 ± 14
1735 ± 15
1672 ± 17
1532 ± 31
1420 ± 33

−1

Most sample ages were first published in Ballarini et al. (2003). Eight samples (bold) are presented here for the first time.
Spectral data from high-resolution gamma-spectroscopy converted to activity concentrations and infinite matrix dose rates using the conversion data
given by Olley et al. (1996). The gamma-spectrometry calibration is described in Murray et al. (1987).
c
The natural dose-rate was calculated from the infinite matrix dose rate using attenuation factors given by Mejdahl (1979). Cosmic-ray contributions
are included in the dose-rate data following Prescott and Hutton (1994). Attenuation factors given by Zimmerman (1971) were used for calculating
the effect of water on the dose rates.
d
Regenerative doses used in the SAR (single-aliquot regenerative-dose) procedure: 0.1, 0.3, 0.5, 0, 0.1 Gy (test dose: 0.7 Gy), apart from samples
marked with * for which doses of: 0.07, 0.13, 0.2, 0, 0.07 Gy (test dose: 0.7 Gy) were used.
e
Uncertainties in the ages are total errors, i.e. including both random and systematic uncertainties added in quadrature.
b
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Finally, erosion on the west side and renewed accretion
on the south side dominated after AD 1925, flattening
the coastline.
4.1. Early spit formation
South of the Pleistocene high occupied by Den
Hoorn, remnants of three spits can be identified: the
Siborsnollen, Neeltjesnol, and Schilbolsnol (Fig. 5).
Using historical documents and maps, the ages of these
remnants can be constrained with good accuracy.
The Siborsnollen, once occupied by the town of
Ouden–Hoorn, must have formed before AD 1378,
when some of the wetlands to its north (De Naal, Fig. 3)
were reclaimed by man. Limited core data show that De
Naal is underlain by Pleistocene sediment capped by
peat at depths of only 2–3 m below NAP (Fig. 6). Thus,
the spit extended into shallow water; a deep channel was
never present in this area, suggesting that the bluff
eroded in the Pleistocene high at Den Hoorn must be an
Eemian feature that underwent only minor modification
during the Holocene (cf. Sha et al., 1996). Archeological
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evidence indicates that Ouden–Hoorn was destroyed by
pirates in AD 1398, but the Siborsnollen continued to be
inhabited until about a century ago. Post-depositional
disturbance by man explains the young age of an OSLdated sand sample from the ridge (AD 1565, Fig. 4); this
sample was collected directly below several disturbed
paleosols.
The second of the three spits, still visible as a truncated ridge forming the extension of Neeltjesnol (Figs. 5
and 7), must have formed before AD 1436, when the
wetlands to its north (Binnenkuil) were reclaimed by
man. The area farther east (Buitenkuil) was reclaimed
at about AD 1500. The age of the ridge is confirmed by
an OSL-dated sand sample (AD 1420, Fig. 4). The
northern half of the Binnenkuil and the northern margin
of the Buitenkuil are marked by very shallow Pleistocene substrate, but towards the south, Holocene marine
sediments reach depths of more than 15 m below NAP
(Fig. 6). The lower part of the Holocene sequence
consists of tidal-channel facies with mainly back-barrier
shells (Cerastoderma sp., Hydrobia sp., Mytilus edulis)
and some Spisula sp. Part of the upper Holocene

Fig. 5. Closure of Spanjaardsgat between AD 1732 and 1749, and size reduction of the remaining embayment (denoted by arrow) behind a migrating
shoal (De Hors) until AD 1851. The low-tide line and dike or dune foot are depicted. By AD 1851, an artificial dike constructed a few years earlier
protects the south side of De Mok in an effort to keep this small bay open. The AD 1732 map is less accurate than the others. Locations of cross
section (Fig. 6) and ground-penetrating-radar record (Fig. 8) are indicated.
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Fig. 6. Cross section through southwest Texel, from Den Hoorn to the southern tip of De Hors. In the core logs, width is a qualitative measure of grain
size, gray tone is a measure of organics content, vertical stripes denote silt and clay, and speckles denote sand.

sequence consists of deposits accumulated in abandoned
channels, which are comparable to those forming the
fill of De Mok, as formed between AD 1732 and 1851
(Fig. 5). Like the Siborsnollen, this second spit formed
in relatively shallow water (b5 m deep) as the inletchannel system shifted southward, extending across
tidal-channel deposits.
The third spit, still visible as a truncated ridge forming
the western end of Schilbolsnol, must have formed
before AD 1627, as shown by historical maps, and
probably before AD 1599, when an area “south of the
Binnenkuil” was reclaimed by man. The age of an OSLdated sample from Schilbolsnol (AD 1695) confirms

historical maps and other records that indicate reworking
of this dune area during storms; the dike between
Schilbolsnol and the eastern side of the Siborsnollen was
breached several times.
As the spits formed, the low embayments on their
landward side were gradually filled with overwash and
wind-blown deposits, as evidenced by ground-penetrating-radar data from transects east of the AD 1595
coastline (Fig. 8). Many old dune ridges, especially
those formed before AD 1600, were transformed into
parabolic dunes (Fig. 3). From AD 1530 (rule of
Charles V), strict rules on use and management were
implemented to prevent further sand drift (Anonymous
document, ± AD 1530).
4.2. Development of a bulbous coastline

Fig. 7. Preserved spit recurve on the south side of the polder
Binnenkuil, dating from the early 15th century.

Historical maps from AD 1595 to AD 1627 show that
the intervening time interval was marked by rapid
progradation of the western coastline, especially northwest of Den Hoorn (Fig. 3). This progradation marks the
onset of a 200-yr phase during which the southwestern
coast rotated counterclockwise, with about 2 km of net
accretion northwest of Den Hoorn and about 750 m of
net erosion on the south side of the island. The resulting
bulge on the west side of the island reached its
maximum size at about AD 1875. The coastline rotated
in phases, with clear truncation of the southern part of
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Fig. 8. Ground-penetrating-radar record from the Groote Vlak area (Fig. 3), showing the fill of an embayment by washover deposits.

the coast marked by the AD 1664–1672 (OSL-dated;
Fig. 4, Table 1) and AD 1796 ridges (Fig. 3).
The age of the coastline as depicted on the AD 1627
map is confirmed by a sample of the associated dune
ridge, which has an OSL-age of AD 1609 (Fig. 4). The
historical maps of AD 1681, AD 1712, and AD 1732 are
not accurate enough to link the coastlines they depict to a
preserved dune ridge, but two OSL-ages of samples taken
from the ridge fringing the eastern side of Pompevlak/
Groote Vlak (AD 1664 and AD 1672, Fig. 4) allow an
accurate determination of the age of this ridge. West of De
Naal, it merges with the older ridge but farther north, it lies
about 0.5 km westward of the same ridge. South of the
Siborsnollen spit, the ridge assumes a more easterly
orientation, truncating the AD 1627 coastline. Truncation
on the exposed south side of the island continued until
after AD 1732. The historical map of AD 1749 is accurate
enough to link the depicted coastline to the present-day
dune ridge fringing Pompevlak/Groote Vlak on its
seaward side (Fig. 3). The age of this ridge is corroborated
by 6 OSL-ages ranging from AD 1735 to AD 1763
(Ballarini et al., 2003). By that time, most of the truncation
on the south side of the island had taken place, but
continued accretion of the west side of Texel gave the
island terminus an increasingly bulbous appearance.
During the next several decades, a series of subparallel
dune ridges formed. The historical map of AD 1796
shows a dune ridge that is oriented more west-east than the

ridges formed in the preceding decades (Fig. 3), indicating
significant truncation on the south side of the island. By
this time, the bulbous shape of the island terminus had
been attained to its full extent.
4.3. Southward shift of the bulge
The maps of AD 1810 and AD 1816 show continued
but slow accretion on the western side of the bulge.
Comparison of the AD 1816 and AD 1838 maps shows
that the tip of the bulge experienced some brief erosion
but after AD 1838, 125 m of renewed accretion on the
southwestern side of the bulge occurred until AD 1863.
During the same time interval, the northwestern side
experienced neither accretion nor erosion. After AD
1796, a slow southward shift of the bulge began, with
limited erosion in the north and rapid accretion in the
south (Fig. 3). By AD 1896, the prominent dune ridge
fringing the south side of De Geul had formed.
4.4. Flattening of the bulge and rapid southward accretion
Until AD 1916/17, the bulge as a whole migrated
southward but after that time, the coastline flattened
(Fig. 3). Comparison of the AD 1916/17 and AD 1925
maps shows the significance of the erosion (about
100 m) north of Den Hoorn. In contrast, accretion on the
south side of De Geul increased, resulting in a

28

S. van Heteren et al. / Marine Geology 235 (2006) 19–33

humpback west of De Geul. This humpback shape had
been established by AD 1933. Today's dune ridges still
show this pattern. Net erosion on the western side has
totaled about 750 m and net accretion on the south side
about 1 km. The flattening of the bulge appears to have
been accelerated by the closure of the Zuider Sea when
the Afsluitdijk was completed in AD 1932.
5. Historical changes of the ebb-tidal delta of Texel
Inlet
Texel Inlet, which is presently the largest inlet of the
Wadden Sea, was formed by breaching of a vulnerable
area of the North-Holland coastline during a series of
severe storm surges, most likely during the 12th century
(Schoorl, 1973). At the end of the first millennium AD,
the area just south of Den Hoorn was occupied by a tidal
channel that extended more than 10 km inland from the
North Sea coast but did not yet connect to the Zuider Sea
tidal basin farther east (Schoorl, 1973; Hallewas, 1984).
Until the time of the breach, the Zuider Sea was
connected to the North Sea exclusively by way of the
Vliestroom inlet, just east of Vlieland and north of Texel
(Fig. 1).
More than 400 years of frequent bathymetric measurements show that the size of Texel Inlet and the
associated ebb-tidal delta has increased through time.
Analysis by Elias and van der Spek (2006), as
summarized below, revealed significant changes in the
evolution and distribution of channels and shoals. A
periodic, possibly cyclic, morphologic evolution characterized the ebb-tidal delta from before AD 1600 until
about AD 1750 (cf. Joustra, 1973; Sha, 1990). At that
time, the delta was asymmetric, with a downdriftoriented main ebb channel. Early during the same period,
the inlet thalweg migrated about 1 km in an updrift
direction. After AD 1750, a single, updrift-aligned ebb
channel marked a relatively stable ebb-tidal delta for
about 150 years, with periodic but minor sedimentbypassing events in the form of landward migrating bar
complexes (cf. FitzGerald, 1988). The present, asymmetrically shaped ebb-tidal delta with an updrift
alignment of multiple ebb channels developed after
closure of the Zuider Sea in AD 1932.
5.1. Downdrift skewness and cyclic ebb-tidal-delta
breaching
Until about AD 1750, a natural feedback mechanism
of tidal-basin erosion and increasing tidal prism
governed the development of the inlet. According to
Sha (1989), the early downdrift skewness of the ebb-

tidal delta reflects a dominance of wave energy over
tidal energy. During this phase, several main ebb
channels formed, rotated updrift, and filled up with
sediment next to Texel following their abandonment.
This process is best illustrated by the evolution of
Spanjaardsgat (Fig. 5).
In AD 1583, the main ebb channel (Spanjaardsgat)
was oriented westward. This main channel and the
adjacent shoals rotated clockwise and migrated in a
downdrift direction and by AD 1623 Spanjaardsgat had
reached a position next to the Texel coastline. It was still
navigable for Dutch warships in AD 1672. With increasing curvature, the channel lost hydraulic efficiency,
and eventually the ebb discharge was diverted into a
straighter, more efficient pathway. By AD 1712, a former
spillover channel (De Slenck) had breached the ebb-tidal
delta (cf. FitzGerald, 1988) and taken over as the main ebb
channel. Less than a decade later, Spanjaardsgat was too
shallow even for many fishing vessels and shortly after
AD 1732, all that remained was a narrow channel
unsuitable for navigation. As Spanjaardsgat declined, it
was forced onshore, causing erosion of the Texel coastline
(Schoorl, 1999b). Following the merger of the shoal
bordering Spanjaardsgat with the Texel coastline in AD
1732, the now-abandoned marginal flood channel
changed into an embayment and gradually filled in with
sediment deposited by wave-generated and tidal currents.
A detailed map from AD 1749 shows how the newly
formed shoal De Hors closes off Spanjaardsgat in the
north. From that time, the bay protected by the Hors shoal
reduced in size until it attained its present dimensions in
AD 1846. In that year a dike was completed, designed to
stem further infilling of the bay with overwash and windblown sediment. De Mok (Fig. 5) is the final remnant of
Spanjaardsgat.
5.2. Stable main ebb channel
From the end of the 18th century onward, clock-wise
rotation and downdrift migration of the main ebb
channel no longer took place. Construction of dikes
and coastal protection works in the basin and at the inlet
thalweg increasingly constrained and affected the
natural inlet behavior. Toward the end of the 18th
century, changes in the southern part of the ebb-tidal
delta were becoming more significant than developments in its northern part. Between approximately AD
1774 and AD 1930, the main channel occupied a stable,
westward-oriented position. This change from the
earlier downdrift skewness signifies in part an increasing importance of tidal over wave energy (Sha, 1989),
governed by an increasing tidal prism resulting
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primarily from human activities such as large-scale peat
excavation in the back-barrier area. The updrift
migration of the inlet thalweg, and its changed position
relative to the main channel in the back-barrier area,
Texelstroom (Fig. 1), also played a role in forcing
the main ebb channel into an increasingly southward
orientation.
In the new situation, marginal flood channels still
extended periodically along the Texel coastline: initially
Noordergat and later Molengat (Fig. 1). Although the
main channel and shoal area (Noorderhaaks) remained
in their same approximate position, a form of sand
bypassing typical of stable inlet systems and larger tidal
prisms took place: the formation (AD 1851), landward
migration (AD 1853–1908) and merger (AD 1916) of
the shoal Onrust to southwest Texel as the channel
Noordergat filled in, while a new flood-dominated
channel (Molengat) formed. Molengat also migrated
toward Texel. In AD 1901, it was still a wide and
shallow flood-dominated channel separating Noorder-
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haaks from Texel. Bathymetric maps show that from AD
1901 to AD 1932, Molengat remained in this position,
but the onshore migration of Noorderhaaks decreased
the width of the deepening Molengat.
5.3. Updrift skewness and formation of multiple updriftoriented ebb channels
The present asymmetrically shaped ebb-tidal delta,
with the updrift alignment of multiple ebb channels,
results from an adaptation to effects of the closure of
the Zuider Sea in AD 1932. In response, the tidal prism
transported through Texel Inlet increased by about 25%
and the southward-directed back-barrier tidal channels
filled up with sediment, leaving Texelstroom as the
primary pathway of water exchange between the North
Sea and the Wadden Sea. The altered hydrodynamic
and morphodynamic forcing of the basin on the ebbtidal delta altered sedimentation and erosion processes
and distorted the autonomous behavior of the inlet

Table 2
Changes in ebb-tidal-delta and island-terminus behavior as observed on the historical maps
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system. The increasingly southward-directed flow of
ebb currents through Texelstroom was an important
forcing factor in the development of multiple updriftoriented ebb channels. These and other changes in the
channel and shoal distribution on the ebb-tidal delta
dominated the morphodynamic behavior of the ebbtidal delta during 40 years after the closure of the
Zuider Sea.

More recently (AD 1975–present), the continuing
development of Noorderhaaks has been marked by
redistribution of sand. The most obvious change has
been the landward migration and northward extension
of the shallow subtidal part of Noorderhaaks. Presently,
it forms a large elongate shoal parallel to the Texel
coastline (Noordelijke Uitlopers van de Noorderhaaks
(northern extensions of Noorderhaaks shoal), Fig. 1),

Fig. 9. Synthesis of island-terminus development linked to tidal-inlet and ebb-tidal-delta behavior. Scale and North arrow refer to all maps. Thin lines
show old configuration. Thick lines show new configuration. Arrows are a qualitative indication of the observed morphological changes. (A) Maps
from AD 1595 and 1627, showing spit formation governed by updrift inlet migration. Both maps are less accurate than the others. (B) Maps from AD
1627 and 1796, showing bulge formation governed by ebb-tidal-delta size and orientation. (C) Maps from AD 1796 and 1896, showing updrift bulge
migration in response to a commensurate position shift of the ebb-tidal delta. (D) Maps from AD 1896 and 1950, showing bulge flattening as a result
of continued updrift ebb-tidal-delta migration and erosion caused by a narrowing and deepening marginal flood channel. The maps from AD 1595
and 1627 depict shoals. For clarity, the maps from AD 1796, 1896 and 1950 show only the − 7.5 m depth contour.
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which is expected to merge with Texel within several
decades.
6. Coastal development linked to tidal-inlet and
ebb-tidal-delta behavior
From the comparison of the historical changes of the
ebb-tidal delta on one hand and the island terminus on
the other, several links can be established between
coastal evolution and tidal-inlet and ebb-tidal-delta
behavior. Spit formation is governed by southward inlet
migration, bulge formation at the island terminus by
changes in ebb-tidal-delta size, orientation, and configuration, southward bulge migration by a commensurate position shift of the ebb-tidal delta, and bulge
flattening by continued southward migration of the
ebb-tidal delta (Table 2). Aside from autonomous
developments, coastal-management measures have had
a strong influence on tidal-inlet and ebb-tidal-delta
behavior, and therefore also on the changing shape of
southwest Texel.
Historical maps of Texel Inlet and the adjacent
coastal areas show that the southern inlet margin, at Den
Helder, migrated southward by about 500 m between
AD 1571 and AD 1605. During the same period, the
northern inlet margin also migrated southward, as
evidenced by the spit remnants on southwest Texel
(Fig. 9A). This natural process of inlet migration was
stopped soon after AD 1605, as coastal-protection
measures were put into effect by the authorities in Den
Helder to stabilize the eroding south side of the inlet.
From that point in time, the inlet has been stabilized,
affecting its own behavior and configuration as well as
the morphodynamics of the ebb-tidal-delta and tidal
basin.
By the early 17th century, an expanding delta and a
periodically downdrift-rotating main ebb channel
changed wave conditions and sediment availability.
Increased protection of southwest Texel from incoming
waves and the periodic merger of large shoals resulted in
localized coastal accretion and in the formation of a
bulge-shaped coastline (Fig. 9B). The formation of this
bulge is likely due to bars migrating onshore. When
looking at the spatial pattern of erosion and sedimentation during this phase, the supratidal sediment budget
appears to be quite positive, which raises the question
where all the accreted sand originated. It is possible that
much of the sand came from the north as large ebb-tidaldelta shoals fronting the central Texel coast eroded, but
the historical map from AD 1627 is not accurate enough
to determine the exact coastline in areas that have been
eroded subsequently.
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The two truncation events that mark this phase,
which affected mainly the inlet-adjacent south side of
the island, were governed by the eroding capability of
narrowing marginal flood channels shortly before their
abandonment.
As the ebb-tidal delta started to be skewed more and
more updrift, with a main ebb channel that attained a
westerly to southwesterly orientation, the northern part of
the bulbous point started to erode but the southern part
continued to accrete. By AD 1900, the bulbous point had
migrated south by about 1 km (Fig. 9C). Most of the
accretion occurred on the south-southwestern part of
Texel, as the position of shoal merger shifted to the inletadjacent southern coast. This result of a changed sheltering regime is further discussed by FitzGerald (1984).
During the last century, erosion of the bulbous point
was no longer limited to its northern margin. The ebbtidal delta skewed even more downdrift, especially after
construction of the Afsluitdijk (Fig. 1). Although the
ebb shield was still present in the form of a narrow
extension to Noorderhaaks, the bulbous point was
eroded significantly as the shallow-water zone fronting
the island narrowed (Fig. 9D). Coastal erosion increased
after AD 1940, forced mainly by the rotating and
deepening marginal flood channel (Molengat; Sha,
1990). Recent bathymetric maps show that the channel
axis still moves toward the coast (Cleveringa, 2001).
7. Discussion
As observed earlier, ebb-tidal deltas do not only form
large sand reservoirs, but also participate dynamically in
the coastal tract (cf. FitzGerald, 1996; Cowell et al.,
2003). Identification of causal relationships between
ebb-tidal-delta behavior and changes in barrier-terminus
erosion-and-accretion patterns on a decadal to century
time scale contributes to our understanding of long-term
coastal-system dynamics. Knowledge on such relationships is particularly useful where historical data are
scarce and when future developments need to be
considered. Two areas of application are: a) reconstruction of past ebb-tidal-delta orientations from preserved
beach-or dune-ridge patterns, and b) prediction of future
coastal erosion and accretion on the basis of actual or
expected ebb-tidal-delta configuration.
The present study shows that the morphology of
southwest Texel reflects not only accretion at the current,
southern bar-welding position. Earlier, more westwardoriented accretion patterns are also partly preserved, even
though many of the associated dune ridges are out of
equilibrium with the present conditions and therefore
vulnerable to erosion. Size and skewness of ebb-tidal
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deltas are important factors in island-head deposition and
erosion (cf. FitzGerald, 1984). Thus, it is logical to
presume that beach- or dune-ridge patterns can be used to
improve reconstructions of past ebb-tidal-delta orientations where historical data are not available. Any barrier
terminus with preserved sets of ridges provides an opportunity to obtain information on ebb-tidal-delta position
and geometry, which can be used in turn to make inferences on tidal prisms and wave versus tide dominance.
Ongoing monitoring shows that the northward
extension of the Noordelijke Uitlopers van de Noorderhaaks (Fig. 1) continues up to the present. Eventually,
this (or a larger) part of the shoal will be separated from
Noorderhaaks by a new channel. The possible beginnings of this spillover channel were already identified by
Elias and Van der Spek (2006). As this process
continues, the marginal channel Molengat will lose a
major part of its discharge, allowing the breached
Noordelijke Uitlopers to merge with Texel coastline.
Although coastal accretion will take place as a result of
this anticipated event, it will be short-lived. The
accretion will be in an area that enjoys little protection
from incoming waves by an ebb-tidal delta that has

migrated far updrift during the past few centuries
(Fig. 10), which leaves any accreted bulge vulnerable
to rapid, decennium-scale erosion. In the current ebbtidal-delta configuration, the entire westward-oriented
coast of southwest Texel is too exposed for accretion.
Fixation of the southern inlet margin at Den Helder has
prevented inlet migration and limited southward migration of the island terminus. Under natural circumstances,
it is likely that more of the island would be located farther
south, in the area protected by the ebb-tidal delta, and
that southwest Texel would still be bulge-shaped.
8. Conclusions
The development of southwest Texel can be divided
into four phases, as inferred from historical data and
OSL ages. Until about AD 1600, spit accretion resulted
in southward expansion of the island. Between AD 1600
and AD 1800, most of the accretion took place on the
western side of the island, through dune-ridge formation. The resulting bulge migrated southward between
AD 1800 and AD 1925. Subsequently, erosion on the
west side and renewed accretion on the south side have
produced a flattening of the coastline.
Four elements of change have affected the shape of
the terminus of Texel: the increase in size of the ebbtidal delta, its change from a symmetric to an updriftskewed planform, updrift inlet migration, and the
periodic closure of marginal flood channels followed
by the merger of shoals.
Early spit formation was linked to southward migration of the inlet (by as much as 500 m between AD 1571
and AD 1605). Formation of the bulge reflects an increase
in the size of the ebb-tidal delta and a change in its
orientation from downdrift to symmetric. Slow southward
migration of the bulge, by about 1 km, was the result of a
further change in the orientation of the ebb-tidal delta,
from symmetric to updrift. Bulge flattening was governed
by continued southward migration of the ebb-tidal delta,
leaving much of the coast exposed to waves.
The presence of detailed time control is essential
when linking records of island-terminus evolution and
changing ebb-tidal-delta configuration. Luminescence
dating is an important new method to obtain the necessary ages of coastal sediments and landforms.
Acknowledgments

Fig. 10. Updrift (southward) migration of the ebb-tidal delta, leaving
the west coast of Texel increasingly exposed to waves.

Jakob Wallinga and Mirko Ballarini of The Netherlands Centre for Luminescence dating (Radiation
Technology Group, IRI, Delft University of Technology) provided the OSL ages, through cooperation with

S. van Heteren et al. / Marine Geology 235 (2006) 19–33

Andrew Murray at the Risø-National Laboratories
(Nordic Laboratory for Luminescence Dating, Department of Earth Sciences, Aarhus University, Denmark).
Remke van Dam, Jelmer Cleveringa, Arthur Coevert
and Jelle Buis helped acquiring the GPR data. Duncan
FitzGerald, Aart Kroon and Niels Vinther reviewed the
manuscript. This paper (TNO 2006-U-P0157) is a
contribution to IGCP project 495 (Quaternary LandOcean Interactions: Driving Mechanisms and Coastal
Responses).
References
Ballarini, M., Wallinga, J., Murray, A.S., van Heteren, S., Oost, A.P.,
Bos, A.J.J., van Eijk, C.W.E., 2003. Optical dating of young
coastal dunes on a decadal time scale. Quaternary Science Reviews
22, 1011–1017.
Bøtter-Jensen, L., Murray, A.S., 1999. Developments in optically
stimulated luminescence techniques for dating and retrospective
dosimetry. Radiation Protection Dosimetry 84, 307–315.
Cleveringa, J., 2001. Zand voor Zuidwest Texel. Report Rijkswaterstaat (in Dutch), RIKZ/OS/2001.031, The Hague, The Netherlands. 59 pp.
Cowell, P.J., Stive, M.J.F., Niedoroda, A.W., De Vriend, H.J., Swift,
D.J.P., Kaminsky, G.M., Capobianco, M., 2003. The coastal-tract
(Part 1): a conceptual approach to aggregated modelling of loworder coastal change. Journal of Coastal Research 19, 812–827.
Elias, E.P.L., van der Spek, 2006. Long-term morphodynamic
evolution of Texel Inlet and its ebb-tidal delta (The Netherlands).
Marine Geology 225, 5–21.
FitzGerald, D.M., 1984. Interactions between the ebb-tidal delta and
landward shoreline, Price Inlet, South Carolina. Journal of
Sedimentary Petrology 54, 1301–1316.
FitzGerald, D.M., 1988. Shoreline erosional–depositional processes
associated with tidal inlets. In: Aubrey, D.G., Weishar, L. (Eds.),
Hydrodynamics and Sediment Dynamics of Tidal Inlets. SpringerVerlag, New York, pp. 269–283.
FitzGerald, D.M., 1996. Geomorphic variability and morphologic and
sedimentologic controls on tidal inlets. Journal of Coastal Research
23, 47–71.
FitzGerald, D.M., Penland, S., Nummedal, D., 1984. Control of barrier
island shape by inlet sediment bypassing: East Frisian Islands,
West Germany. Marine Geology 60, 355–376.
Hallewas, D.P., 1984. The interaction between man and his physical
environment in the county of Holland between circa 1000 and
1300 AD: a dynamic relationship. Geologie en Mijnbouw 63,
299–307.
Hayes, M.O., 1979. Barrier Island morphology as a function of tidal
and wave regime. In: Leatherman, S.P. (Ed.), Barrier Islands: From
the Gulf of St. Lawrence to the Gulf of Mexico. Academic Press,
New York, pp. 1–28.

33

Hubbard, D.K., 1975. Morphology and hydrodynamics of the
Merrimack River ebb-tidal delta. In: Cronin, L.E. (Ed.), Estuarine
Research. Geology and Engineering, vol. 2. Academic Press, New
York, pp. 253–266.
Joustra, D.S., 1973. Geulbeweging in de buitendelta's van de
Waddenzee. Report Rijkswaterstaat (in Dutch), W.W.K. 71–14,
The Hague, the Netherlands. 27 pp.
Mejdahl, V., 1979. Thermoluminescence dating: beta dose attenuation
in quartz grains. Archaeometry 21, 61–72.
Murray, A., Wintle, S., 2000. Luminescence dating of quartz using an
improved single-aliquot regenerative-dose protocol. Radiation
Measurements 32, 57–73.
Murray, A.S., Marten, R., Johnston, A., Marten, P., 1987. Analysis for
naturally occurring radionuclides at environmental concentrations
by gamma spectrometry. Journal of Radioanalytical and Nuclear
Chemistry 115, 263–288.
Olley, J.M., Murray, A.S, Roberts, R.G., 1996. The effects of
disequilibria in the uranium and thorium decay chains on burial
dose rates in fluvial sediments. Quaternary Science Reviews 15,
751–760.
Prescott, J.R., Hutton, J.T., 1994. Cosmic ray contributions to dose
rates for luminescence and ESR dating: large depths and long-term
time variations. Radiation Measurements 23, 497–500.
Ridderinkhof, H., van Haren, H., Eijgenraam, F., Hillebrand, T., 1999.
Ferry observations on temperature, salinity and currents in the
Marsdiep tidal inlet between the North Sea and Wadden Sea.
Proceedings of Eurogoos Conference, Rome, Italy.
Schoorl, H., 1973. Zeshonderd jaar water en land. Bijdrage tot de
historische geo-en hydrografie van de Kop van Noord-Holland
in de periode ca. 1150–1750. Wolters–Noordhoff, Groningen
(in Dutch) 534 pp.
Schoorl, H.., 1999a. De convexe kustboog, deel 1: het westelijk
waddengebied en het eiland Texel tot circa 1550. Pirola Schoorl,
The Netherlands, pp. 1–187 (in Dutch).
Schoorl, H., 1999b. De convexe kustboog, deel 2: Het westelijk
waddengebied en het eiland Texel vanaf circa 1550 (in Dutch).
Pirola Schoorl, The Netherlands, pp. 189–521.
Sha, L.P., 1989. Variation in ebb-delta morphologies along the West
and East Frisian Islands, The Netherlands and Germany. Marine
Geology 89, 11–28.
Sha, L.P., 1990. Sedimentological studies of the ebb-tidal deltas along
the West Frisian Islands the Netherlands. Geologica Ultraiectina,
Mededelingen van de Faculteit Aardwetenschappen 64, PhD
Thesis, Utrecht University, Utrecht, the Netherlands, 160 pp.
Sha, L.P., Laban, C., Zonneveld, P.C., 1996. Influence of the
Pleistocene topography on the Holocene coastal development off
Texel. Mededelingen Rijks Geologische Dienst 57, 79–96.
Ter Wee, M.W., 1962. The Saalian glaciation in The Netherlands.
Mededelingen Geologische Stichting NS 15, 57–76.
Zimmerman, D.W., 1971. Thermoluminescent dating using fine grains
from pottery. Archaeometry 13, 29–52.

