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Abstract

The rise of Holocene (ground)water level as a function of relative sea-level rise has been extensively investigated in the west-
ern Netherlands, whereas few studies focused on the Flevo lagoon in the central Netherlands. In this study, all available *C
dates from the base of basal peat overlying the top of compaction-free Pleistocene sand in the former Flevo lagoon were eval-
uated in order to reconstruct water-level rise for the period 5300-2000 cal. yr BC. The present basal peat *C data set from
Flevoland consists of two subsets: (1) the largely new Almere data (41 dates) representing the southern part of the former
Flevo lagoon, with 26 dates especially carried out for this study, and (2) the existing Schokland data (21 dates) representing
the eastern part of the lagoon. The Schokland area is located about 50 km from the Almere area. The quality of all basal peat
time-depth data was palaeo-ecologically and geologically evaluated, all 1*C dates were calibrated to the same standards, and
error margins of age and altitude determination were estimated. After plotting the data as error boxes in time-depth graphs,
lower limit curves for water-level rise were constructed for both data sets. Comparison with the mean sea-level curve for The
Netherlands (Van de Plassche, 1982) suggests that water-level rise in the Almere area between 5300 and 2000 cal. yr BC cor-
responded closely to the rise in mean sea level. The same holds for the Schokland area for the period 5000-4200 cal. yr BC.
For the period 4200-2000 cal. yr BC, however, the Schokland data suggest water-level rise to have been slower than mean
sea-level rise, leading to local water levels apparently below mean sea level, which is virtually impossible. Hypothetical expla-
nations for this discrepancy include: errors and uncertainties in mean sea-level and local water-level reconstruction, basin
subsidence and temporal differences in intra-coastal tidal damping. The presently available data are inconclusive at this point
and Holocene water-level rise in the Flevo lagoon awaits further investigations.

Keywords: basal peat bed, *C dates, water level, sea-level change, tidal amplitude, Flevo lagoon, basin subsidence

Introduction sea-level rise (Jelgersma, 1961; Louwe Kooijmans,

1974; Van de Plassche, 1982, 1995a; Van Dijk et al.,

The reconstruction of Holocene sea-level rise by ra-
diocarbon dating of basal peat has a long tradition in
The Netherlands, with a major part of the research
carried out in the western Rhine-Meuse delta (Fig.
1). In this region, the presence of steep Pleistocene
aeolian dunes covered by Holocene peat enabled col-
lection of time-depth data in small areas showing the
evolution of the local water level in the back-barrier
coastal plain, which was principally driven by relative
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1991; Térnqgvist et al., 1998).

A little studied area in this respect is the former
Flevo lagoon, which existed north of the Rhine-
Meuse delta (Fig. 1). A study of Holocene water-level
evolution in this area (Roeleveld & Gotjé, 1993), sug-
gests mean water level in the eastern Flevo lagoon be-
tween 4200 and 2000 cal. yr BC to have been well be-
low mean sea-level [using the mean sea-level curve of
Van de Plassche (1982)], which is virtually impossi-
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Fig. 1. Map of the Netherlands, showing the locations of the for-
mer Flevo lagoon (FL), the Rhine-Meuse delta (RM) and the coast
of Holland. Location of Fig. 2 is also shown.

ble. Although instantaneous water level in the back-
barrier lagoon may be below mean sea level during a
part of the tidal cycle, on the longer term mean water
level has to be at or slightly above mean sea level. Un-
til now, this discrepancy is unexplained. The scarcity
of other basal peat data from the Flevo lagoon pro-
hibited validation of the curve of Roeleveld & Gotjé
(1993) for the evolution of regional water level.

The evolution of water level is relevant for the
study of palaeogeography and prehistoric human oc-
cupation of the Flevo lagoon region. Archaeological
sites have been discovered at several metres below the
present surface and have proven to be rich informa-
tion sources enabling the study of Stone Age forager
behaviour within a palaeo-environmental context
(e.g. Hogestijn & Peeters, 2001). The change from a
‘dry’ coversand woodland area into a vast peat
swamp, which occurred in the major part of the Flevo
lagoon region during the Middle and Late Stone Age
(8800-2000 cal. yr BC), must have had far-reaching
repercussions on the possibilities of land use by pre-
historic foragers and early farmers. In order to model
these consequences in terms of the function and loca-
tion of archaeological sites and the quality of archaeo-
logical remains, reliable data on water-level evolution
and palaeogeography are important. In 1998, the Na-
tional Service for Archaeological Heritage (ROB) ini-
tiated the ‘Southern Flevoland Project’, which aims at
the development of a framework and methodology for
assessment of the archaeological potential of Zuidelijk
Flevoland (Fig. 2) (Peeters et al., 2002). The present
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study forms part of this project of which the integrat-
ed results will be published later.

For the present study, a large number of new basal
peat time-depth data (26 dates) were collected in a
study area near Almere in the southern part of the
former Flevo lagoon (Figs. 2 and 3), for palacowater-
level reconstruction. Additionally, 15 dates are avail-
able from near the study area (locations a-f in Fig. 2).
These dates are more or less a by-product of various
archaeological studies (Van Smeerdijk, 1989; Spek et
al., 1997; Gotjé, 2001; Makaske et al., 2002b). To-
gether the Almere data (totalling 41 dates) almost
cover the same time interval as the Schokland data
(21 dates) used by Roeleveld & Gotjé (1993) from lo-
cations g-k in Fig. 2.

The objectives of this paper are: (1) to present the
new data from the Almere area, (2) to reconstruct the
evolution of palacowater-levels in the Almere area, (3)
to compare the palacowater-level reconstructions for
the Almere and Schokland areas with each other and
with the mean sea-level curve of Van de Plassche
(1982).

Holocene geology of Flevoland and the study
area near Almere

All *C dates discussed in this paper represent basal
peat samples from the province of Flevoland, which
comprises three areas that were reclaimed from the
IJsselmeer (Lake IJssel) between 1937 and 1968: the
Noordoostpolder, Oostelijk Flevoland and Zuidelijk
Flevoland (Fig. 2). The former saline Zuiderzee was
transformed into a freshwater lake (Lake IJssel) by
the construction of an enclosure dam in 1932, The
Zuiderzee in turn was a successor of the fresh to
brackish Flevo lagoon, which existed for a major part
of the Holocene until late Subatlantic times (e.g. Zag-
wijn, 1986).

The top of the Pleistocene substratum in Flevoland
consists largely of Weichselian aeolian coversands of
the Twente Formation. In addition, sandy fluvial de-
posits of the Kreftenheye Formation occur in an east-
west trending palaeovalley in the north of Oostelijk
Flevoland and in the Noordoostpolder, and Saalian
glacial tills of the Drente Formation locally occur in
the Noordoostpolder. Overlying Holocene peat and
clastic deposits form part of the Westland Formation.
The study area where the new basal peat samples
were collected is near Almere (Figs 2 and 3). The
lithostratigraphic subdivision, used in this paper ap-
plies to the study area and is given in Fig. 4.

In the study area, the top of the coversand forms a
northward sloping subsurface with considerable relief
(Menke et al., 1998). Buried coversand ridges may
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have steep flanks and typically rise about 2 m above
the surrounding Pleistocene surface, whereas some
(parabolic) dune complexes reach a height of 4 to 5 m.
Small rivers have incised 2 to 3 m into the coversand
plain (Fig. 5). This relief resulted in large spatial and
temporal differences in onset of inundation during
the Holocene transgression. Complex soils developed
in the coversand in the course of the Holocene, prior
to inundation (e.g. Spek et al., 1997; Makaske et al.,
2002b).

Formation of the Basal Peat (Fig. 4) started when
groundwater level reached the surface of the cover-
sand. Subsequently, as groundwater level continued
to rise, a typical Holocene coastal sedimentary se-
quence developed, consisting of intercalated organic
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basal peat sampling locations:
Van Smeerdijk (1989)

. (1997), Gotjé (2001)

Makaske et al. (2002b)

(1986)
& Gotjé (1993)

and clastic layers (Menke et al., 1998). Clastic tidal
deposits of Atlantic age (Older Tidal Deposits; Fig. 4)
in many places erosively overlie the Basal Peat. Local-
ly, tidal channels have scoured deeply into the Pleis-
tocene coversand. At a later stage, mainly during the
Subboreal, the Holland Peat (Fig. 4) formed on top
of the tidal deposits. Near the margins of the Flevo la-
goon, Holland Peat grades into Basal Peat that con-
tinued to form on the submerging Pleistocene sand.
During late Subboreal and early Subatlantic times,
large freshwater lakes gradually expanded at the ex-
pense of the peat area and much of the Holland Peat
and Basal Peat was reworked and deposited on lake
bottoms (Flevomeer Deposits; Fig. 4). Erosion in
these lakes was less rigorous than in the preceding
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Fig. 3. Map of the study area near Almere, showing sampling loca-
tions of '*C-dated basal peat samples from this study and the loca-
tion of the Hoge Vaart archaeological excavation pit. Numbers of
sampling locations correspond to sample numbers given in Table 1
and Figs. 6, 7 and 8. Location of Fig. 5 is also shown.

tidal channel system, and therefore reworked peat
may presently overlie coversand with a more or less
intact soil profile. In middle and late Subatlantic
times, marine clastic deposition dominated (Almere,
Zuiderzee and IJsselmeer Deposits; Fig. 4). In many
places, the base of the Almere Deposits truncates old-
er deposits. Fig. 6 shows a characteristic Holocene se-
quence of lithostratigraphic units from the study area,
in which the Holland Peat has been totally eroded
and replaced by Flevomeer Deposits.

Data collection

Data on the occurrence of basal peat and the depth of
the Pleistocene coversand in the study area near
Almere (Fig. 3), were kindly supplied by the Direc-
torate-General for Public Works and Water Manage-
ment (Rijkswaterstaat-RIZA, Lelystad) in the form of
unpublished geological maps and borehole descrip-
tions. Although these data provided a useful frame-
work for the present study, 135 additional borings
had to be carried out to select suitable locations for
sampling basal peat for *C dating. Locations featur-
ing a slope in the Pleistocene subsurface were pre-
ferred, to avoid as much as possible situations where
local palacowater-level was raised relative to regional
palaecowater-level due to poor drainage. The palaeore-
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Lithostratigraphic subdivision

Doppert et al. (1975) Menke et al. Period
(1998)
IJsselmeer
Deposits
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Formation i Holocene
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Holland Peat
Calais Older Tidal
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Basal Peat
Twente Formation Pleistocene

Fig. 4. Late-Pleistocene and Holocene lithostratigraphic units in
the Almere area according to the subdivision of Doppert et al.
(1975) with additions of Menke et al. (1998).

lief of the coversand landscape was too limited to al-
low collection of a wide range of time-depth data at
one location. In order to cover the maximum range
possible within the study area, sampling was carried
out at five different (cross-sectional) sampling loca-
tions (Fig. 3). It can not be excluded that sub-region-
al differences in palaeowater-level existed between
these locations.

At each sampling location, a borehole cross-section
gives a detailed picture of the subsurface topography
and local stratigraphy (e.g. Fig. 7). Borehole locations
in the cross-sections were levelled relative to Dutch
O.D. (= NAP). Most cross-sections were oriented
such that basal peat could be sampled on the flank of
coversand ridges. The basal peat was always critically
examined since beds of reworked peat are common in
this area. It was also important to avoid sampling of
early Holocene soil material from the A-horizon un-
derlying basal peat, since this material would yield
‘too old’ ages unrelated to drowning of the coversand
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Fig. 5. Contour map showing the morphology of the Pleistocene
subsurface near one of the studied cross-sections in the study area
(see Fig. 3 for location). Two parabolic dune complexes stand out,
as well as a winding river course. Based on Heidemij (1993) and
unpublished data of the Directorate-General for Public Works and
Water Management (Rijkswaterstaat-RIZA, Lelystad). Map co-or-
dinates according to Dutch co-ordinate system.

surface. However, a sharp boundary between the A-
horizon and the overlying basal peat could not always
be identified in the field. Radiocarbon samples of
basal peat were collected using a gouge (@ 6 cm).
Usually, 40 to 100 cm long sediment cores, including
the sand-peat contact, were packed in plastic boxes
(4 x 5 x 39.5 cm) or PVC-tubes and taken to the lab-
oratory. There the core was cut into 1-cm-thick slices
from each of which two small (around 1 cm?) bulk
samples were reserved for 1*C dating (in case no ter-

: restrial macrofossils were found, see below) and
depth of Pleistocene . . .
subsurface below Dutch O.D. pollen analysis. The remainder of the material of each
slice was treated with 5% KOH for 12 hours at room
=1 cross- temperature prior to sieving over a 170 um screen.
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material was selected for Accelerator Mass Spectro-
metry (AMS) C dating. Volumetric sand content of
this slice was always below 10% and usually below
5%. Preferentially, terrestrial macrofossils (such as
fruits and nuts) were picked for dating, using a binoc-
ular microscope. Tornqgvist et al. (1992) showed that
dating of selected terrestrial macrofossils yields more
accurate results than the dating of bulk peat samples.
However, many of our samples consisted of strongly
decomposed peat containing too few terrestrial
macrofossils for AMS dating, forcing us to use bulk
peat samples for dating. Radiocarbon ages obtained
from such bulk peat samples may be affected by a
number of potential error sources (e.g. Mook &
Streurman, 1983), most importantly: (1) allochtho-
nous organic matter, (2) infiltrated younger carbon
(e.g. fulvic and humic acids), and (3) roots from high-
er levels. Thus, erroneously young or old ages may
arise from bulk peat samples and caution should be
used in interpreting the dating results.

In some cases, we selected sub-samples of different
materials (such as wood, charcoal, and Phragmites)
from the same slice as bulk samples for dating, to eval-
uate the effects of these materials on the ages obtained
from bulk samples. In most cases the *C ages of sub-
samples and bulk samples were in close agreement. In
three cases there were significant differences, which
will be discussed in the next section. Twenty-eight sam-
ples were submitted to the Van de Graaff Laboratory
(Utrecht University) for C analysis, two of which
turned out to be too small to be dated (Table 1).

Nw

depth (m relative to Dutch O.D.)

- peat (in situ)
- reworked peat

* fine reworked organic debris

humic clay

clay, silty clay, sandy clay

""I.I’ detritus* and gyttja sand

For a palaeo-ecological evaluation of the “C sam-
ples, a complete macrofossil analysis was carried out
of 3- to 15-cm-thick organic intervals around the dat-
ed levels. In addition, pollen screening was carried
out of strongly decomposed *C samples in which few
macrofossils could be identified. The results of these
analyses are fully described in Makaske et al. (2002a).

New data from the study area near Almere
Data presentation

We used calibrated '*C ages for water-level recon-
struction. Water-level curves based on uncalibrated
ages include the effect of wiggles in the calibration
curve {due to variations in atmospheric ¥C in geolog-
ical time), which may result in apparent fluctuations
in the rate of water-level rise (De Jong, 1981, p. 87).
The Groningen calibration program (version CAL25)
was used for calibration (Van der Plicht, 1993), while
the degree of smoothing of the calibration curve fol-
lowed recommendations of Térnqgvist & Bierkens
(1994) (see Table 1 for details). For four sets of relat-
ed “C dates, weighted means were calculated to im-
prove precision (Table 2), which was justified by the
close agreement of the *C ages of different sub-sam-
ples and bulk samples from exactly the same altitude
and location. Three dates have a large standard devia-
tion due to very low amounts of carbon available for
dating (samples 1, 4 and 17); all other dates have low
standard deviations (Table 1).
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14: 5861 + 43 BP

16: 5398 + 43 BP |
17: 4850 + 140 BP

15: 5980 + 46 BP

— )
0 50m
boring
end of borehole

o '4Csample

Fig. 7. Cross-section showing detailed stratigraphy and sampling locations across the north-western limb of the parabolic dune complex
shown in the middle of Figure 5. Numbers of 1*C sampling locations refer to Fig. 8 and Table 1.
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The time-depth data were plotted as error boxes in-
dicating estimated uncertainty ranges in time and
depth (Fig. 8). Uncertainty ranges in time are repre-
sented by the 1o and 20-confidence intervals (68.3
and 95.4 % statistical confidence, respectively). The
uncertainty range in depth consists of two compo-
nents. Firstly, a vertical error of 5 cm is estimated
for the sampling method and altitude measurement.
Secondly, with respect to the indicative value of the
dated material for local palacowater-level, Van de
Plassche & Roep (1989), Kiden (1995) and T6érngvist
et al. (1998) are followed, assuming that peat growth
will take place within £10 cm of the local water level.
In summary, the total vertical uncertainty for local
water level is estimated to be =15 cm, which is ac-
counted for in the error boxes. In Fig. 8, the new data
plot as a band with a diffuse margin on the left and,
apart from three outliers that appear much too young
(boxes 4, 16 and 17), with a margin on the right that
is better defined. To explain the distribution of the er-
ror boxes, a geological and palaco-ecological evalua-

tion of the data was carried out. Four categories of
dated material could be identified and will be de-
scribed below.

Dates of wood-reed peat

Boxes 23/25/26 and 27/28 represent samples that
were dominated by Phragmites and (mostly unidentifi-
able) wood remains. As a check on the accuracy of the
dates obtained from this material, subsamples of
wood (date 23) and Phragmites (date 25) from the
same location (Fig. 6) were dated separately. Radio-
carbon ages were highly consistent and in agreement
with a date of a bulk peat subsample from the same
location (date 26). Separate dating of subsamples of
wood (date 28) and bulk peat (date 27) from a neigh-
bouring location (Fig. 6) yielded comparable results.
The consistency of the dating results obtained from
bulk peat and different constituents of the peat ren-
ders rejuvenation by roots from higher levels unlikely.
Early (oligotrophic) peat-growth unrelated to regional
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Fig. 8. Reconstruction of water-level rise based on the data from the study area near Almere. Numbers of error boxes refer to Table 1.
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water-level rise at this location, which is characterized
by a virtually flat coversand surface, also seems unlike-
ly, since Phragmites indicates eutrophic conditions. In
addition, the association with wood suggests that peat
formation took place near (ground)water level.

Boxes 12 through 14 represent samples with a
comparable wood-reed composition collected on the
inward slope of a buried parabolic dune (Figs. 5 and
7). Box 15 represents a sample from the lowest part of
the central depression of the parabolic dune. This
sample also consisted of unidentifiable wood remains,
however, remains of Phragmites were lacking. Abun-
dant Betula pollen in this sample suggest that Berula
was locally present. This could indicate that initially
mesotrophic rather than eutrophic conditions existed
at this location. Box 8 also represents a sample taken
from the foot of a coversand ridge, but unlike sample
15, sample 8 contained Phragmites next to wood re-
mains.

Dates of oligotrophic peat

Boxes 1, 2/3 and 7 are believed to represent olig-
otrophic peat that developed independent of the re-
gional water level. Sample 1 was taken from a 40-cm-
thick peat bed capping the top of a buried coversand
ridge and contains abundant Sphagnum, Calluna vul-
garis and Erica tetralix macrofossils (Table 1). Sam-
ples 2, 3 and 7 originate from a 15-25 cm thick peat
bed draping the south-western flank of the same cov-
ersand ridge. Macrofossil analysis of the peat yielded
ambiguous results, with indicators of eutrophic/
mesotrophic as well as oligotrophic environments. In
case of samples 2 and 3, Menyanthes trifoliata (sample
2), which is wusually indicative of an eutrophic/
mesotrophic shallow open water environment, was
separately dated from remains of oligotrophic species
like Erica tetralix and Calluna wvulgaris (sample 3)
(Table 2). Both samples, originating from the same
level in one core, yielded the same *C age, suggesting
that the different species lived concurrently at this lo-
cation. Pollen screening of the peat bed in various
cores indicated upward increase of Sphagnum and Er-

Table 2. Weighted means for four sets of related radiocarbon dates.

icales microfossils. Conditions of peat formation on
the flank of the coversand ridge probably changed
from mesotrophic to oligotrophic, indicating decreas-
ing influence of regional water-level development on
local hydrology.

Dates of palaeosoil material

Boxes 18, 19 and 21 represent a very thin peat bed
(=11 cm) on the flank of a low (1.5 m) buried cover-
sand ridge. Macrofossil analysis of the material yield-
ed much charcoal, wood remains and the soil fungus
Cenococcum geophilum. Macrofossils of eutrophic peat-
forming taxa are poorly represented and abundant
charcoal suggests dry topsoil conditions. Pollen
screening indicated local presence of Ericales. Eri-
cales pollen is also abundant in de sandy subsoil.
These data lead to the interpretation that samples 18,
19 and 21 include material from the top of the
palaeosoil in the coversand and therefore represent
the time before peat formation. Van de Plassche
(1982, p. 58) and Spek et al. (1997, table 4) showed
that erroneous dating of old soil carbon may offset
data points by 500 to 1000 4C-years.

Dates of allochthonous material

Boxes 4 and 5 in Fig. 8 represent subsamples from
exactly the same level within one core. Macrobotani-
cal analysis revealed a remarkable peat composition at
this level, with remains of oligotrophic and mesotro-
phic/eutrophic species occurring mixed. Boxes 16 and
17 represent a similar situation. As a check, it was de-
cided to separately date the remains of the different
plant communities in both cases (Table 1). Radiocar-
bon ages of the different macrofossil subsets differ
considerably. The most likely cause of the differences
is that the dates represent later deposited reworked
organic material that replaces locally eroded basal
peat. Reworked organic material, which can easily be
mistaken for basal peat in a narrow core, usually cov-
ers a wide range of '4C ages. The geological context of
samples 16 and 17 favours this interpretation: the

Nr. Laboratory 14C-ages Weighted Median 10 cal. age 20 cal. age

nrs. (yr BP) mean “C-age cal. age range range

(yr BP) (yr BC) (yr BC) (yr BC)

2/3 UtC-9091 / UtC-9092 5362 £ 46 /5488 = 46 5425 + 33 4282 4314 - 4250 4342 - 4210
10/11 UtC-9098 / UtC-9099 5420 + 50 /5541 + 42 5491 + 32 4329 4362 — 4294 4394 — 4258
23/25/26 UtC-9109 /UtC-9111/ 6299 = 48/6320 48/

UtC-9112 6410 + 60 6334 = 30 5297 5330 - 5250 5350 -5210
27/28 UtC-9113/UtC-9114 6410 £ 50/6254 =49 6330 + 35 5293 5330 -5250 5370 -5210
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thin peat bed from which the samples originate could
well represent a basal organic lag deposit associated
with the thick overlying clastic sequence (Fig. 7). For
comparable reasons the geological context of samples
9, 10 and 11 in Fig. 7 is suspect. The basal peat on the
north-western flank of the dune has suffered severe
erosion followed by redeposition, resulting in a thick
bed of reworked peat. It is doubtful if the location of
samples 9, 10 and 11 has escaped erosion, as was ini-
tally believed during coring. The samples could repre-
sent a large, displaced block of peat, which would fit
with the close agreement in *C age of the samples 10
and 11.

A different type of allochthonous material is char-
coal. The charcoal subsamples in our study (boxes 6,
22 and 24) yielded older ages than the surrounding
peat (boxes 7, 21 and 23/25/26, respectively), al-
though differences are modest in two cases. The dated
charcoal is interpreted as allochthonous and probably
relates to prehistoric human activities on nearby cov-
ersand ridges (e.g. Hogestijn & Peeters, 2001).

Curve A

Our wood-reed peat data indicate a succession of lo-
cal water levels (Fig. 8) that approximates the devel-
opment of mean sea level as reconstructed by Van de
Plassche (1982). The mean sea-level curve fits
through the middle of error boxes 12 through 15 and
23/25/26 and 27/28. It seems that these boxes indi-
cate local water levels that corresponded to regional
water level in the Almere area, which in turn was
closely adjusted to mean sea level. ‘Regional water
level’ is defined here as mean water level in an (ex-
tensive) open water environment, unaffected by local
phenomena such as hindered drainage of rain or riv-
er water, or groundwater seepage. Especially along
the margins of the Flevo lagoon, gradients in water
level due to these factors are likely to have existed.
‘Local water level’, defined as mean water level at
one (sampling) location, may therefore have been
above regional water level but cannot have been be-
low it. Curve A in Fig. 8 represents a lower limit of
local water levels in the Almere area, taking into ac-
count the 95.4 % statistical confidence range in age
and the uncertainty in altitude. A general upper limit
is poorly defined by nature, because it is not deter-
mined by a regional control. For archaeological pur-
poses, a lower limit curve is most useful, since it indi-
cates after which point of time prehistoric occupa-
tion at a certain level can be excluded with reason-
able certainty.
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Additional data from the Almere area
Data presentation

Some other data from various locations in the neigh-
bourhood of the study area are available for compari-
son. After calibration of the original data according to
the same standards as our own data, we estimated the
total vertical uncertainty for each time-depth point
from descriptions of dated material and sampling
conditions. In general, vertical uncertainty was com-
posed of the same components as described above for
our data (5 cm for sampling method and altitude
measurement, £10 cm for the uncertainty in the rela-
tionship between water level and level of peat forma-
tion). For samples thicker than 1 c¢m, sample thick-
ness was added to vertical uncertainty. For samples
not taken directly above the sand-peat contact, an ex-
tra upward range of twice the distance between the
sand-peat contact and the sample was added to verti-
cal uncertainty, to account for compaction after peat
formation (e.g. Roeleveld & Gotjé, 1993, p. 77). The
resulting error boxes were plotted in Fig. 9.

Data quality

Error box 1, which plots on the MSL-curve, repre-
sents a conventional '*C date of bulk Alnus peat di-
rectly on top of a coversand palaeosoil profile in an
archaeological excavation pit (Van Smeerdijk, 1989),
about 10 km south-east from the present study area
(Fig. 2). Altitude of the peat sample was determined
less precisely than for the other samples discussed,
with an estimated accuracy of *15 cm (Van
Smeerdijk, 1989). Palaeo-ecological conditions of A/-
nus peat formation were investigated by macrofossil
and pollen analysis.

Error boxes 2 through 9 represent AMS dates from
the Hoge Vaart archaeological excavation pit (Figs. 2
and 3). They generally plot somewhat above curve A
and the MSL-curve. Error boxes 2/3 and 4/5 relate to
dates of Phragmites peat, overlying the highest part of
the coversand ridge that was exposed in the Hoge
Vaart pit (Spek et al., 1999). Sample selection was
supported by extensive pedological, palaco-ecological
and micromorphological analysis of the exposed pro-
file. The dated levels may have been well below local
water level at the time of peat formation, since Phrag-
mites peat may form down to 2.0 m below the water
table. For the error box, we took the upward uncer-
tainty of 30 cm, suggested by Spek et al. (1999, pp.
81-82) for these samples, based on palaeo-ecological
considerations. Error boxes 6 and 7 relate to *C dates
of Quercus roots in the coversand that had completely
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decayed above a sharply defined level (Spek et al.,
1999). This level is considered to represent the lowest
limit of groundwater-level fluctuation at the time the
oak tree drowned. The age of the roots at the time of
drowning causes the boxes to be offset somewhat to-
wards an older age in Fig. 9, a few hundred years at
the most. Local mean groundwater level will have
been several decimetres above the level indicated and
therefore we included 20 ¢cm upward uncertainty in
altitude in the error boxes, in addition to 5 c¢m for
sampling method and altitude measurement. Error
boxes 8 and 9 represent two levels in a core extracted
from the pit, with the lowest sample taken directly
above the sandy substratum and the upper sample
about 18 cm higher. The sandy substratum probably
belongs to the flank of a buried coversand ridge. Sam-
pled material was described (partly) as fine reworked
organic debris (‘detritus’). Deposition in shallow wa-

ter and local origin of the dated wood and bud frag-
ments was suggested based on macrofossil and pollen
data (Gotjé, 2001).

Error boxes 10 through 15 represent basal peat
from four high-quality undisturbed cores (@ 66 mm)
from various locations south-east of the study area
(Fig. 2), extracted with a Begemann continuous soil
sampler (Makaske et al., 2002b). Error box 10 stands
for an AMS date of macrofossils selected from i situ
peat covering the top of a buried coversand ridge.
Macrobotanical analysis of the peat yielded abundant
Alnus wood fragments. Error boxes 11 and 12 repre-
sent two basal peat samples from the same core. Box
11 relates to a conventional date of Alnus wood,
whereas box 12 reflects an AMS date of selected
macrofossils, predominantly Betula remains. Geologi-
cal inconsistency of the dating results (the deeper
sample yielding the youngest date) suggests that basal
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Fig. 9. Preliminary reconstruction of water-level rise in the Almere area for the period 4200-2000 cal. yr BC, based on additional data from

Van Smeerdijk (1989), Spek et al. (1997), Gotjé (2001) and Makaske et al
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peat at this location has been reworked. The results of
micromorphological analysis favour this interpreta-
tion. Error boxes 13 and 14 probably represent a case
analogous to described above for boxes 4 and 5, and
16 and 17 in Fig. 8, with different botanical fractions
from the same sample yielding different AMS dating
results pointing to reworked material. Error box 15
relates to a conventional date of Salix wood resting on
a gentle slope of the coversand surface. Macrofossil
and micromorphological analysis indicate a context
of in situ Salix/Alnus peat for this sample.

Curve B

The additional data suggest a continuation of curve A
slightly below the MSL-curve for the period 4200-
2000 cal. yr BC. This tentative curve B is stippled
since it relies on few data (Fig. 9). The data from the
Hoge Vaart site plot relatively high, which could indi-
cate that local (ground)water levels at this site were

elevated relative to regional water level during the pe-
riod 5000-4300 yr BC. This may be due to supply of
surface water by an old course of the Eem River (Fig.
2) in combination with poorly drained, loamy cover-
sand in the shallow subsurface (Spek et al., 1997).
Likewise, error boxes 10 (Fig. 9) and 8 (Fig. 8) may
also reflect raised local water levels.

Data from the Schokland area
Data quality and presentation

To evaluate the consistency of water levels in the Fle-
vo lagoon, the Almere data are compared to data from
Schokland and surroundings in the eastern part of
the Flevo lagoon (Fig. 2). To enable a proper compar-
ison, we treated the *C dates from this area (Ente et
al., 1986; Roeleveld & Gotjé, 1993, App. B) in the
same way as our own data, which involved calibration
and estimation of total vertical uncertainty. The data
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Fig. 10. Reconstruction of water-level rise based on data collected by Ente et al. (1986) and Roeleveld & Gotjé (1993) in the Schokland area.
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consist of conventional dates of bulk samples of wood
peat and Carex peat (frequently comprising Betula re-
mains), mostly sampled from steep flanks of buried
Pleistocene dunes. Unlike wood peat, Carex peat may
form down to several decimetres below the water
table. However, the association with Berula may limit
this range. For this reason (and considering addition-
al palaeobotanical data) Roeleveld & Gotjé (1993, p.
78) assumed the sampled basal peat to have formed
near local water level, at least for the period before
approximately 2500 cal. yr BC. Therefore, the vertical
error of +10 cm that we applied to the Almere data to
account for the uncertainty in the relationship be-
tween local water level and the level of peat forma-
tion, was also applied to this data set. To avoid dating
of old soil material, Roeleveld & Gotjé often took
their samples up to 14 cm above the sand-peat transi-
tion. To account for compaction after peat formation,
the height of their error boxes was determined by an
upward range of twice the distance between the sand-
peat contact and the sample. We included this range
in the error boxes, together with the sample thickness
(2-5 cm) and the vertical errors related to the sam-
pling method and altitude measurement that were as-
sumed to be £5 cm. With a height between 32 and 60
cm, the resulting error boxes (Fig. 10) are consider-
ably thicker than those depicted by Roeleveld & Gotjé
(1993).

Curve C

For the period after 4200 cal. yr BC, the error boxes
plot largely below the MSL-curve that seems to de-
scribe water-level rise in the Almere area. The Schok-
land data show a clear trend. Roeleveld & Gotjé
(1993, pp. 76 and 80) considered boxes 7, 9 and 11
‘too 0ld’ due to erroneous sampling of old soil materi-
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al. The relatively high position of boxes 15, 16 and 17
was taken to reflect a temporary increase of the rate of
local water-level rise due to impeded drainage. Analo-
gous to curves A and B (Figs. 8 and 9), curve C in
Fig. 10 represents the lower limit of local water levels
in the Schokland area, taking into account the 95.4%
statistical confidence range in age and the uncertainty
in altitude. Between 5000 and 4200 cal. yr BC, curve
A and C are in close agreement (Fig. 11). Between
4200 and 3700 cal. yr BC, the difference between
curve B and C rapidly increases, suggesting differ-
ences in water-level development between the Almere
area and the Schokland area. Between 3700 and 2000
cal. yr BC, the difference between curve B and C re-
mains more or less constant, with curve C around 70
cm below curve B (Fig. 11).

Discussion and conclusions

Various explanations can be proposed for the discrep-
ancy between curves B and C in Fig. 11. It is possible
that the discrepancy is not real, since curve B is a ten-
tative curve based on scarce data. It may also be that
curves B and C represent different lower limits of an
error band around the same regional water-level curve
for the Flevo lagoon, i.e. they could represent local
variations in error band width. Anyhow, one boundary
condition must be satisfied: regional and local water
levels in the Flevo lagoon can not have been below
mean sea level. Taking Van de Plassche’s (1982) MSL-
curve as representative of mean sea level, the Almere
data seem consistent with this requirement (Figs. 8
and 9). However, the Schokland error boxes covering
the period after 4200 cal. yr BC (Fig. 10) are almost
completely below the MSL-curve. Three hypothetical
explanations for this will be discussed below.
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Fig. 12. Schematic representation of different amounts of tidal
damping in a river-influenced back-barrier lagoon (after Van de
Plassche, 1995b) (MHW = mean high water, MSL = mean sea lev-
el). The magnitude of the floodbasin effect is determined by the ra-
tio between the volume of flood water that can enter through the
tidal inlet and the storage volume of the back-barrier basin. A full
floodbasin effect is likely to occur in a large basin with narrow in-
lets, while a zero floodbasin effect could characterize a small basin
with wide inlets.

Hypothesis 1: MSL-curve indicates a level above mean
sea level

In general, when tides are present, peat in a back-bar-
rier lagoon is believed to develop near local mean
high water level rather than near local mean water lev-
el (Jelgersma, 1961; Roeleveld, 1974; Van de Plass-
che, 1982, 1995a, 1995b; Van de Plassche & Roep,
1989; Kiden, 1995). If this assumption is correct,
than the Almere data, plotting around the MSL-
curve, suggest absence of significant vertical tidal mo-
tion in the southern Flevo lagoon. However, presence
of tides in this area seems likely, at least for the period
before 4200 cal. yr BC.

Roep & Beets (1988) reconstructed coastal tidal
amplitudes of slightly greater than one metre for most
of the period under study, based on dated sedimentary
structures in the c¢oastal barrier indicative of
palaeotide levels. Reconstructions of Holocene coastal
evolution show a relatively ‘open’ coast of Holland
(Fig. 1) before 4200 cal. yr BC (Beets et al., 1992,
1994; Beets & Van der Spek, 2000). Under these cir-
cumstances, the tidal wave is transmitted to the back-
barrier lagoon through wide tidal inlets, with limited
damping of the tidal amplitude (Fig. 12). If it is there-
fore assumed that that vertical tidal motion was pre-
sent in the Almere area with peat formation around
mean high water, this implies that the present MSL-
curve in fact indicates a level above mean sea level.
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A ’too high’ MSL-curve was considered by Van de
Plassche (1995b) as one of various options to explain
the low position of the Schokland data. Lowering the
MSL-curve in Fig. 10 by an arbitrary 0.5 m would re-
sult in a convergence with time of the Schokland data
upon mean sea level. This convergence could be inter-
preted as development of a ‘floodbasin effect’ in the
back-barrier lagoon (Fig. 12). The floodbasin effect
involves back-barrier attenuation of the tidal ampli-
tude as a tidal wave enters a large storage basin
through a relatively narrow tidal inlet. An increasing
floodbasin effect in the Flevo lagoon could have been
caused by development of beach-barriers, and nar-
rowing and closing of tidal inlets along the coast of
Holland during the period from 4500 to 3500 yr BC
(Beets et al., 1992, 1994; Beets & Van der Spek,
2000). However, the Almere data, although incom-
plete for the period 4200-2000 cal. yr BC, show no
indications of a comparable development of a flood-
basin effect, casting some doubt on this explanation
for the discrepancy between the Schokland data and
the MSL-curve.

Hypothesis 2: relative basin subsidence of the Schokland
area

The Flevo lagoon is located in the structural
Zuiderzee Basin that has existed since the Miocene
(Zagwijn, 1989, p. 113). Holocene rates of subsidence
of this area are unknown. Van de Plassche (1995b)
mentioned subsidence of the Flevo lagoon as a possi-
ble explanation for the discrepancy between the
MSL-curve and Schokland data after 4200 cal. yr
BC. Nevertheless, he still considered the available
sea-level data base for The Netherlands inconclusive
in this respect. Basin subsidence can have resulted in
a lowering of the time-depth data from the Flevo la-
goon with respect to the MSL-curve. If the time-
depth data from the Flevo lagoon are restored to their
hypothetical original position by raising them to a lev-
el at or above the MSL-curve, convergence with time
of the Schokland data upon mean sea level, can be in-
terpreted as development of a floodbasin effect in the
back-barrier lagoon, like in hypothesis 1. Again, the
apparent absence of a floodbasin effect in the data
from the Almere area seems to contradict this inter-
pretation. In theory, this problem can be solved by as-
suming significant subsidence of the Schokland area
with respect to the Almere area. However, data on
long-term subsidence since the Early Pleistocene
(Van Montfrans, 1975) and recent movements deter-
mined by geodetic measurements over the last centu-
ry (Lorentz et al., 1991) show that this option is un-
likely.
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Hypothesis 3: depth/time errors in the Schokland data

A remarkable feature of the Schokland data is that
particularly the error boxes representing sedge and
reed-sedge peat samples plot significantly below the
MSL-curve (Fig. 10). The error boxes of wood peat
dates agree with the MSL-curve. As noted above,
sedge peat may form several decimetres below the
water table [down to 30 cm (Den Held et al., 1992)],
whereas wood peat forms near local water level. This
means that a change towards wetter conditions of
peat formation accompanies the dip of the Schokland
time-depth data relative to the MSL-curve, around
4200 cal. yr BC. Given this coincidence, the assump-
tion of Roeleveld & Gotjé (1993, p. 78) of peat for-
mation around local water level may be questioned.
An upward correction of 30 cm could largely bridge
the gap with the MSL-curve. Recent investigations by
Van de Plassche et al. (in prep.) at one of the Schok-
land sites (h in Fig. 2) suggest an additional source of
error associated with the above-mentioned change in
peat composition. Especially sedge and reed peat may
contain numerous fine roots not easily identified and
removed from bulk samples prior to dating. This may
have caused a rejuvenation of the Schokland sedge
and reed-sedge peat samples of the order of a few
hundred years. These potential depth/time errors rep-
resent the simplest explanations that satisfy all the da-
ta from the Flevo lagoon presently available.

Final remarks

At present, none of the above presented explanations
can be totally excluded and a combination of various
explanations also may be valid. An important source
of uncertainty is the scarcity of reliable basal peat
time-depth data from the Almere area for the period
after 4200 cal. yr BC. Naturally, more data from the
Schokland area for the period after 4200 cal. yr BC
could also help to find out whether the present data
from this area record a local or a regional phenome-
non.

A fundamental issue concerns the magnitude of the
tidal amplitude in the Flevo lagoon and its evolution.
The present basal peat data are especially ambiguous
in this respect. A complicating factor is that consider-
able subregional differences in the level of peat for-
mation seem to have existed [e.g. the altitudinal dif-
ference between the ‘Hoge Vaart’ error boxes 2/3
through 7 (Fig. 9) and the error boxes 12 through 15
(Fig. 8) representing a location around 0.5 km north
of the Hoge Vaart excavation pit]. The present data do
not allow distinction between the effects of (1) differ-
ences in local tidal amplitude, (2) ‘free’ river gradient
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or (3) obstructed drainage of river or seepage water.
An option that deserves further research is that signif-
icant tidal motion may have been absent in the most
inland parts of the Atlantic Flevo lagoon (e.g. the
Schokland area), despite a relatively open coast. This
option is supported by historic data of very limited
tidal motion around Schokland in the early 20th cen-
tury [tidal range 0.2 m (Dirkx et al., 1996, p. 9 and
35)], when there was a good connection between the
Zuiderzee (the successor of the Flevo lagoon) and the
North Sea.

Although they are incomplete and questions about
their interpretation remain, the data presented in this
paper presently form the best proxy on which models
of palaeo-environmental and palacogeographical evo-
lution of the Flevo lagoon can be build. These in turn
constitute a basis for the assessment of the archaeo-
logical potential of Flevoland.
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