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Abstract

In view of the current serious concern about the impacts of the greenhouse effect upon the coastal
zone, the understanding of sea-level trends during the last centuries has become of increasing
importance. In the Netherlands, the rate of relative sea-level rise during the last 2000 years is poorly
known, mainly because of the lack of well-datable material associated with sea-level markers
concerning that period. The present study concentrates on data collected on the Frisran @iflds in

the northern Netherlands, as these are derived from well- preserved sed:menrary successions and
from datable material formed during the last two millennia. Cored boreholes and excavations were
analysed with the use of sedimentological and palaeoecological eriteria, and numerous 'C datings,
constraining the boundary between the marine and the terrestrial domains. A palaeo Mean High
Water fMHWJ rrend curve covering the last 2000 years was established. The upper r limit of Gf_!he curve
shows a marked sfeepemng over the last 800 years. The effects of the Little Ice A Age (i.e., a r'EVEHrng

of the trend curve) can be inferred from the data.
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1 Introduction

Future accelerated sea-level rise (SLR) as a result of the
greenhouse effect, is of particular concern to coastal com-
munities around the world. Recent studies of the world
climate system (Houghton et al., 1990, 1992) forecast an
accelerated SLR in the near future on a decadal-to-century
time scale, while the apparently high average rate of rela-
tive SLR (15-20 cm/century), derived from tidal gauge
records in the Netherlands over the last century, remains
unexplained. In any case, forecasting rates of sea-level
change is hazardous, especially over time scales exceed-
ing a century. An understanding of past changes is there-
fore of paramount importance for the explanation of
present conditions and validation of prognosis of future
changes. Where the changes of sea-level are concerned,
little is really known for the last three millennia in the
Netherlands. Instrumental records only extend back a lit-
tle over 200 years and geological data are scarce, because
up to now the main areas of study have been located in
the western part of the country, which was formed mainly
before 3000 BP.

Well-documented Holocene sea-level curves have been
published during the last 30 years (e.g. Jelgersma, 1961
and 1979), based on radio carbon data obtained from Ba-
sal Peat' collected in the western and the northern re-
gions of the Netherlands (Figure 1). This curve was later
improved by the results of Van de Plassche (1982), based
mainly on data from the Province of Zuid-Holland, and by
the curve of Roep & Beets (1988) mainly based on data
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Figure 1

Holocene relative sea-level rise in the coastal plain of

the Netherlands. NAP datum: circa present-day mean sea-level,
After Jelgersma (1979).

from the Province of Noord-Holland. More recently,
curves for the southwestern part of the Netherlands
(Kiden, 1995) and the Belgian coastal zone (Denys &
Baeteman, 1995) not only fill in the southern geographical
gap, but also complete our understanding of the complex
interactions between sea-level changes, tectonics, and cli-
mate. However, almost all of the data pertain to the pe-
riod pfior to 2500 BP. Over the last 2000 years there has
been no coastal progradation in the western part of the
Netherlands and no palaeo sea-level markers were
formed.

In an attempt to remedy this situation and to close the
gap between 2500 BP and the present, a project was car-
ried out by the Rijks Geologische Dienst (Geological Sur-
vey of the Netherlands) between 1987 and 1990. As study
location the Frisian Islands (Figure 2) were chosen, be-
cause most of these islands came into existence in their
present form during the last three millennia (De Jong,
1984; Streif, 1986, 1987).

2 Methodology

Reconstruction of Holocene sea-level changes is made

possible by assessment of the changes reflected by the

geological, pedologic, and biological processes. Data can

be used for such reconstruction when the following re-

quirements are met:

1. A change in the lithological or sedimentological
characteristics related to sea-level must be present.

2. The datum level must be datable.

3. The datum level should have undergone only a
minimal amount of post-sedimentary compaction.

The datable material most commonly used in SLR studies
is peat, e.g. Basal Peat (Jelgersma, 1961), or peat resting
upon more or less compaction-free marine deposits (e.g.
Louwe Kooijmans, 1974; Van de Plassche, 1982). A differ-
ent approach was taken by Roep et al. (1975) and Roep &
Beets (1988) who used sedimentological criteria estab-
lishing the height of Mean High Water (MHW) during the
period of sedimentation. The latter method was used in
the present study.

The study was carried out on a series of continuously
cored boreholes, after a field survey of each of the five Fri-
sian Islands. In addition, available outcrops and excava-
tions were studied. The borehole locations were selected
according to the most promising sedimentological se-
quences found during the initial field survey. In total, on
the islands of Texel, Vlieland, Terschelling, Ameland, and
Schiermonnikoog (Figure 2), seventeen boreholes and five

" Basal Peat: an early Holocene peat bed in the coastal plain of the Netherlands, lying on top of the Pleistocene sands and at the base of

the Holocene marine sequence (sand, clay and intercalated peat).
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excavations were studied in terms of palaeo MHW levels
using “C datings. The cores were taken through the entire
Holacene series, to obtain indications about problems re-
lated to post-depositional compaction and about the
palaeogeographic evolution of the islands and the Wad-
den Sea (see also: De Jong, 1984; Van der Spek, 1996). The
results deriving from the deeper parts of these cores will
be published in a later phase (Bosch et al., in prep.).

For the purpose of a sea-level curve, the upper five to six
metres were investigated in detail. Lacquer peels from the
cores produced the sedimentological data needed for re-
constructing the palaeo MHW levels in each borehole.
The results were checked against the palaeoecological
data (pollen and diatoms) obtained f-rom the cores and ex-
cavations and dated by means of conventional radio-car-
bon dating of available organic material in the cores or
excavations, as close as possible to the reconstructed
palaeo MHW level.

3 Criteria for the reconstruction of

palaso MHW levels

Sedimentological criteria

As already mentioned, the reconstruction of a relative
SLR curve must be based upon a number of assumptions
and measurable parameters. The curves given by e.g. Jel-
gersma (1961 and 1979) and Van de Plassche (1982), were
based upon the assumption that the oldest available peat
layer found on top of compaction-free Pleistocene sand
would represent the local groundwater rise, the first indi-
cation of marine influence for the period during which rel-
ative SLR was rapid, prior to about 5000 BP. The reliability
and accuracy of the data used were discussed by Van de
Plassche {1982) and Van de Plassche & Roep (1989). With
the levelling-off of the relative SLR after 5000 BP, other
environmental factors became increasingly important in
addition to - and sometimes overprinting - the relative
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Location map of the Frisian Islands with the investigated sites.
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SLR, e.g. the gradual increase of the local tidal range dur-
ing the Holocene (Franken, 1987).

The incorporation of tidal range data in the relative sea-
level curve was first attempted by Roep & Beets (1988).
By the use of detailed sedimentological observations in
excavations and cored boreholes, they were able to re-
construct palaeo MHW levels, and sometimes - albeit with
much less accuracy - palaeo MLW (Mean Low Water) lev-
els (Roep, 1986). From these levels a palaeo-tidal range
and a palaeo MSL (Mean Sea-Level) could be recon-
structed.

For the recognition of palaeo MHW levels in cores or out-
crops, use can be made of _several sedimentological crite-
ria because the MHW datum determines a number of en-
vironmental responses, biological as well as sedimento-
logical. Palaeo MHW levels can be defined using the fol-
lowing macroscopic features (Roep, 1986):
From the bottom upward in cores or outcrops, indica-
tors for deposition in water:
1. The highest level of bioturbation.
2. The highest level of wave-ripple lamination.
3. The highest level of clay layers or clay drapes.
4. The highest level of “bubble”-sand structures
{beach facies).
5. The highest level of marine shells or shell
fragments (with the exception of wind-blown
specimens).

From the top downward in cores or outcrops, indica-

tors for deposition on land:

6. The lowest level of eolian lamination: adhesion
ripple lamination (beach facies) or dunes.

7. The lowest level of soil formation or peat growth.

Palaeoecological criteria

Where the features under study have not been formed
during a single event (e.g. storm deposits) but arose as the
result of a gradual sedimentation process, palaeoecologi-
cal criteria can be used to gain a better insight into the sea-
level stand at the time of deposition. From the vegetation
types and plant species living along the shores of the
Wadden Sea, a distinct zonation can be established (Vos &
De Wolf, 1993). These zones have a direct relation to the
frequency of fior'Jding of the vegetation. It is essential to
discriminate between autochthonous successions (e.g.
salt water to fresh water species indicating a decreasing
flooding frequency) and allochthonous (i.e. reworked) as-
semblages. The conservation potential of diatom assem-
blages in particular, is generally better than that of the rest
of the plant community. Diatom assemblages are also
more accurate for use in palaesoenvironmental reconstruc-
tions because they can be recognised on the species level,
whereas pollen are indicative for the genera level. Envi-
ronmental changes in vegetated salt marshes will thus be
registered more accurately by the diatom populations liv-
ing there, in particular by Diploneis interrupta.

72

The following palaececological diagnostics can be used:
- Indicators for a salt marsh (the zone at or just above
MHW):
1. A high percentage of complete (i.e. non-reworked)
Diploneis interrupta diatoms.
2. A high percentage of Chenopodiaceae, Plantago
maritima and sometimes Plantago coronopis.
3. A peak in the occurrence of Foraminifera.
- Indicators for a non-vegetated tidal flat (the zone at or
just below MHW):
4. A high percentage of Melosira sulcata diatoms.
5. A relative abundance of reworked pollen material
(e.g. Calluna, Dryopteris, Sphagnum).

Radio carbon data

To be able to place the reconstructed MHW levels and the
palaeoenvironments in an adequate time frame, samples
of datable material were collected, as near as possible to
the interpreted MHW level. A total of 74 samples from
boreholes and excavations were radio carbon dated. The
material consisted of peat or rootlets, gyttja, or humic
clay, or humic sand and carefully selected (juvenile)
shells (Cerastoderma edule, Spisula subtruncata, Mac-
oma balthica, Mytilus edule, Littorina littorea). It is evi-
dent that this material must have originated from differ-
ent environments. Peat and rootlets are of terrestrial
origin and occur well above the MHW level; gyttja and
humic clay or sand are deposited in aquatic environ-
ments (tidal flat to salt marsh) around the MHW level;
shells, especially, when they are represented by whole
specimen in living position, are found below the MHW
level. When interpreting the '“C data from this material,
the relative position of the samples in relation to the
MHW level must be taken into account. The selected
shell material concerns predominantly the deeper and
older tidal deposits. This will be discussed further in a
later publication concerning the sedimentological evolu-
tion of the tidal channels under the islands (Bosch et al.,
in prep.).

4 Results

All the investigated sites shown in Figure 2 were pro-
cessed as described under section 2: Methodology. How-
ever, all of the sites did not yield complete or useful data,
either for reconstructing palaeo MHW levels (absence of
sufficient diagnostic sedimentological criteria, ambigu-
ous or multi-interpretable sedimentological data) or gaps
in the fossilized palaeoenvironments. In the end, and af-
ter detailed analysis of the data, only eleven locations
(Figure 2) met the three requirements (see under section
2) for the reconstruction of the palaeo-sea-level changes
on the Frisian Islands over the last 2000 years. The re-
sults of the radio carbon dating and the reconstructed
paleo MHW levels from these ten locations are presented
in Figure 3.
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During the present study the investigations were concen-
trated upon the recognition of palaeo MHW levels in the
lacquer peels made from the cores. No evidence pointing
to palaeo MLW levels was found. This is not surprising,
since this level is very poorly defined. It is therefore not
possible to reconstruct the palaeo-tidal range, or the MSL
trend for the Frisian Islands over the last 2000 years.

The reconstruction of the palaeo MHW level from the data

of each location was derived from the following criteria:

- Texel - Paal 10.00 (P1): The dated organic layer, which
represents the base of a former peat layer, was ex-
posed on the present beach, directly overlying about
2 m of dune sands. The highest possible level of MHW
can thus be put at about 0,03 m +NAP.

Texel - Paal 12.89 (P2). The same lithological succes-
sion as Paal 10.00. The highest marine deposits are sit-
uated about 1.30 m +NAP. These, however, probably
represent storm deposits and are not related to the fair
weather MHW.

Texel - Paal 12.98 (P3): The same lithological succes-
sion is found in this excavation. The highest marine
deposits occur beneath dune sands at about 1.15 m
+NAP. The possibility of storm influence on this level is
not excluded (see discussion below).

- Vlieland - 4F35 (V3): From the lacquer peels of the
borehole, the range of palaeo MHW was established
through the sedimentological criteria. The best esti-
mate (0.72 m +NAP) was inferred by constraining as
much as possible the top-downward and the bottom-
upward criteria. Palaeoecological criteria could not be
used at this location,

Vlieland - 4F33 (V12). As for 4F35, sedimentological
criteria were used to establish the range of palaeo
MHW. A best estimate was inferred at about 0.94 m
-NAP. However, the distance between the dated sam-

ple and the palaeo MHW range is great. This leads to
prablems for positioning the MHW range on the time
scale (see discussion below). Palaeoecological criteria
could not be used for the MHW interpretation.
Terschelling - 5A75 (T7): The range of the palaeo MHW
level was determined with use of the sedimentological
criteria from the lacquer peels. The top of the range
was confirmed by palaeoecological data. No best esti-
mate could be arrived at.

Terschelling - 1D29 (T2). Here too, sedimentological
criteria were used for the range of palaeo MHW. The
sedimentological log of borehole 1D29 is shown in
Figure 4. It must be mentioned that not all of the crite-
ria occur in this borehole, which is almost never the
case in natural systems. However, the sedimentologi-
cal criteria shown in Figure 4 (criteria 1, 3, 5, 6, and 7)
and the ratio shift from marine planktonic diatoms
(Melosira sulcata) to the group of marine brackish
aerophile diatoms (Diploneis interrupta), constrain the
best estimate of the palaeo MHW level at 0.10 m +NAP,
within the gyttja and below the peat that forms the top
of the salt-marsh deposits (see also Ameland-Kooi-
hoeve, below).

Terschelling - 1031 (T4): Sedimentological criteria de-
termined the range of the palaeo MHW, but no best es-
timate can be given. Palaeoecological criteria were not
sufficiently distinct to help determine the best estimate.
Ameland - Kooihoeve (A1): The Kooihoeve excavation
was sampled in detail for diatom and pallen analysis.
On the basis of palaeoecological criteria, the range of
the palaeo MHW was determined and the best esti-
mate (1.056 m +NAP) was inferred from the zonation of
the diatom flora (Figure 5). Below about 1.05 m +NAP,
the zone is poor in diatoms of the marine/brack-
ish/aerophile group, whereas the marine planktonic
group (mainly Melosira sulcata) is well-represented,

“ Location Borehole Radio carbon data (conventional) Palaeo MHW (in m to NAP)
Group GrN  YearsBP  Sample type Sample depth Range Best
nr. {in m above NAP) estimate
Paal 10.00 excavation P1 19427 90+70  Sand, humic (extract)  2.03/2.06 /0.03 none
Tl Paal 12.89 excavation P2 19160 12030  Sand, humic (residu)  1.66/1.68 /1.30 none
Paal 12.98 excavation P3 19161  155:30  Sand, humic (extract)  2.06/2.10 {1.15 nong
Vianenslid 4F35 V3 17212 268+35  Peat, sandy (residu) 1.08/1.10 0.41/1.03 0.72
Kaap Bol 4F33 Vi2 17208  1530+30 Peat, sandy 0.16/0.20 _-1.59_;'-0.94 -0.94
Dellewal 5A75 7 17597 1260:50 Gyttja, sandy (residu)  0.51/0.54 041/0.25 none
Terschelling Paradijs 1 1029 T2 17592 1285:30  Clay, humic (residu) 0.18/0.23 -0.40/0.10 0.10
Paradijs 2 1031 T4 17594  B8B0:45 Peat, sandy (residu} 0.52/0.55 031703 none
Amatand Kooihoeve excavation Al 16022  375:25 Peat (residu) 1.27/1.29 102/1.12 1.05
Shiemonnikoog  Westerplas  2G286 S2 16935 525230  Peat, sandy (residu) 1.01/1.08 -0.95/0.90 -0.25
Westerduinen 2G287 S4 17004 455290 Sand, humic (extract)  1.58/ 1.67 0.12/0.57 0.26
Figure 3

Radia carbon dates and reconstructed palaeo MHW levels used in this study.
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especially by incomplete specimens. In the upper
zone, above about 1.05 m +NAP, the diatom Diploneis
interrupta is the dominant species within the ma-
rine/brackish/aerophile group, and the marine plank-
tonic group is significantly poor in specimen. The
changes in the ratio between complete and broken
tests reflects the differences in lithology. Complete
tests are found more or less in situ in the fine-grained
sediments; broken tests are found in sand layers and
were damaged during transport by wind or water. The
pollen zonation shows a similar picture with high per-
centages of Gramineae, Plantago, and Triglochin in
the upper zone, which represents a salt-marsh vegeta-
tion. From the changes between the occurrence of
Melosira and Diploneis and the occurrence of salt-
marsh vegetation, the best estimate for the palaeo
MHW level can be inferred at 1.05 m +NAP.

- Schiermonnikoog - 2G286 (S2): This borehale contains

a very wide range of palaeo MHW based on sedimen-

tological criteria, probably due to a relatively slow net
sedimentation rate determined by repeated |ocal sedi-
mentation/erosion phases. Moreaver, the criteria were
not clear enough to define the range limits further. The
top of the range is confirmed by the palaeoecological
data. Nevertheless, a best estimate palaso MHW level
could be inferred at about 0.25 m -NAP.

- Schiermonnikoog - 2G287 (S4): In contrast with the

preceding borehole, the palaeo MHW range is much
smaller, The best estimate is inferred at 0.26 m +NAP.
However, the distance between the range and the
nearest radio-carbon date is much more than at the
other locations. This complicates estimation of the ex-
act position on the time scale (see discussion below).

All the radio-carbon and MHW data are shown graphically
on the time/depth diagram in Figure 6. The palaeo MHW
range is represented by a box. The height of the box rep-
resents the maximum range of palaeo MHW occurrence,
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Palaeoecological data obtained from the Kooihoeve excavation (Ameland).
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and the width of the box is related to the 2 o range of the
nearest 'C dating within the core. Within each box and -
where possible (see Figure 3) - a line and triangle indicate
the best estimate of the palaeo MHW level. The "C box of
the nearest '“C date within the core, is drawn according to
the 2 o range (box width), and the sample thickness (box
height).

5 Discussion

As already mentioned, all sedimentological criteria sel-
dom occur together. The recognition of the palaeso MHW
range and - increasingly so - the palaeo MHW best esti-
mate, in the Frisian Island cores was either complicated
by the lack of sufficiently clear criteria or by the poor pres-

ervation, since the cores are only ten centimetres wide.
Furthermore, the preservation potential of facies types
can differ widely depending on the local geomorphologi-
cal position (e.g. exposed coastal high-energy domain
versus a sheltered back-barrier domain).

In this context, the Late Holocene dynamics of the barrier
islands, especially the migration and evolution of tidal
channels, undoubtedly played a complex role that has not
yet been elucidated. This is of particular importance be-
cause the facies under study were formed during the last
few thousand years, a period of relatively slow sea-level
rise and thus fewer chances of fossilisation (see also: Van
der Spek, 1996).

The same pertains to analysis of the fossilization potential
of palasoecological data, which generally speaking, are
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subject to the same preservation problems as the sedi-
mentary facies with which they are associated.

One major problem is the temporal relationship between
the palaeso MHW range and the nearest "“C dating (Figure
6). In most cases, there is a depth difference varying from
centimetres to several decimetres. In two cases (V12 and
S4), the distance even amounts to about one metre. This
implies that there can be a - sometimes significant - differ-
ence between the time of deposition of the MHW-related
sediments and the earliest time of peat growth in the
nearest datable material. Thus, the datings are too young
and all the palaeo MHW range boxes should be shifted
some distance to the left in relation to the '*C boxes. How-
ever, it is impossible to infer the duration of the interval
between the two boxes. This interval probably varies
from several decades to even centuries. For the time be-
ing and as a working hypothesis, the palaeo MHW range
boxes and the "C boxes have been related vertically to
each other (Figure 6). We assume, however, that if a more
precise assessment could be made, the interpreted palaeo
MHW level over the last 2000 years would not be shifted
significantly backward in time, whereas the shape of the
trend curve will hardly change.

Around the palaeo MHW range boxes (Figure 6) a shaded
zone represents the best possible interpretation of the
palaeo MHW trend during the last 2000 years. The shape of
the upper boundary is constrained by the upper limit of the
palaeo MHW range and the lower limit of the '*C samples.
Three features should be noted here:
1. From about 800 BP onward, the upper boundary
tends to steepen gradually.
2. Around 400 BP, this trend is temporarily interrupted
by a gentle levelling of the upper boundary.
3. The steepening increases again after about 300 BP.
Obviously, the Ameland-Kooihoeve (A1) data lie some-
what above this trend curve. Since it may be assumed
that the Kooihoeve data are reliable, the interpretation
should be that local factors influenced the height of the
MHW, e.g. differences in tidal amplitude due to bottom
friction and dam-up of the tidal prism within the Wadden
Sea tidal basin. In the present island configuration the
variation range of the MHW in the Wadden Sea varies
from 0.80 m +NAP in the tidal channel between Terschell-
ing and Ameland and 0.95 m +NAP on the back-barrier
side of Ameland.
At this stage, however, it is not clear whether the steepen-
ing of the MHW trend between 800 BP and the present is
related to an accelerated sea-level rise (which seems in
contradiction with the tidal gauge records as far as the pe-
riod between 800 BP and 100 BP is concerned), changes
in storm frequencies and storm amplitudes over the last

1000 years, or the influence of the dyke constructed in the
northern part of the Netherlands since about 1000 AD.
Only the last-century part of the curve may be coincident
with the accelerated sea-level rise shown by the tidal
gauges. It should be noted that the Texel data do not de-
rive from locations on the back-barrier part of the island.
This means that the local tidal amplitude (present MHW:
about 0.65 m +NAP) is less than that of the other sites in a
back-barrier position (e.g. Ameland, present MHW: about
0.95 m +NAP) where the effects of the tidal basin geome-
try play an important role. This also means that the rela-
tively high level of the MHW trend on Texel in comparison
with the average present level, may be influenced by
storm activity on the exposed side of the island.

The levelling of the boundary around 400 BP is puzzling,
but is possibly a result of the impact of the Little Ice Age?
climatic change. However, more data are needed to allow
refinement of this part of the curve before a more definite
answer can be given.

Alternatively, as was postulated above for the Ameland-
Kooihoeve data, the shape of the upper boundary may be
related to the position of the samples at the back-barrier
side of the islands. Local differences in tidal amplitude be-
hind each barrier island are able to influence the local
MHW level significantly. These questions cannot be an-
swered adequately by the present study.

6 Conclusions

This paper presents the first results of the analysis of
palaeo MHW changes over the last 2000 years as they af-
fected the Frisian Islands. The combined use of sedimen-
tological and palaeoecological criteria as well as a large
number of "C datings, made it possible to establish a
trend curve for palaeo MHW levels. In particular, the con-
straints determining the shape of the upper boundary of
the MHW trend indicate changes in MHW level over the
last B0O years, possibly related to climatic changes (Little
lce Age), and seem to confirm the accelerated sea-level
rise over the last century. It is expected that the results
will provide a solid basis for future work on MSL recon-
structions over the last 2000 years. However, as already
mentioned, some problems remain to be solved. In partic-
ular, the temporal relationship between the MHW levels
and the 14C datings should be assessed in more detail.
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