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Abstract

Geodetic levelling data record differential vertical movements of the top of the Pleistocene sands of up to 1.5 mm=year
in the Netherlands over the last century. We compare these movements to (a) mean tectonic, isostatic and compaction
movements at time scales of millions of years obtained by backstripping of Cenozoic stratigraphy, and (b) estimates of
recent (¾100 yr) movements from process modelling of isostasy (glacio- and hydro-isostasy) and compaction. The process
rates at time scales of millions of years are insufficient to account for the geodetic observations by an order of magnitude.
The isostasy and compaction rates inferred for the last century are also insufficient; they explain less than half of the
observed movements. This suggests that the residual — observed rates less isostasy and compaction estimates — which
is interpreted to represent tectonic crustal deformation, constitutes an important contribution to present-day movements.
The surprisingly high rates of short-term tectonic vertical movements in a region which is relatively inactive, seismically,
indicate that correction of tide-gauge records for the glacio-isostatic signal alone does not yield an appropriate measure of
eustatic sea-level rise along the Dutch coast.  1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Vertical land movements, expressed as the varia-
tion in the position of land with respect to sea-level,
have been inferred to occur in the Netherlands from
different geodetic and geological indicators. Possible
contributions to this changing land–sea relationship
include a long-term differential subsidence of the
crust due to sediment compaction, the redistribution
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of mass in the oceans and ice sheets during re-
cent glacial cycles, a change in ocean volumes and
vertical tectonic motion. The geodetic data, includ-
ing high-precision levelling and tide-gauge measure-
ments, have provided a particularly detailed record
of this change for the past century or so.

Recent analyses of the levelling record by the
Survey Department of the Ministry of Transport,
Public Works and Water Management have docu-
mented important lateral variations in vertical land
movement in the Netherlands. Initially, a movement
analysis was carried out for underground bench-
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marks that have a foundation in the upper reaches of
the Pleistocene sands. In the analysis the observed
height differences of the Second (1926–1940), Third
(1950–1959) and Fourth (1965–1978) primary lev-
elling as well as from secondary levellings (1979–
1987) have been used, spanning a total period of
about 60 years (Lorenz et al., 1991; Groenewoud et
al., 1991). These analyses brought to light significant
vertical movement of the top of the Pleistocene sed-
iments. More recently, the entire set of height data
has been analysed, giving detailed information on
the movement at the surface of specific areas (Van
den Berg et al., 1994; Lorenz et al., 1995).

The relative vertical movements inferred for the
underground benchmarks are displayed in Fig. 1.
Standard deviations vary from 0.1 to 0.3 mm=yr.
The figure shows a general tilting in the direc-
tion of the North Sea about a roughly northeast–
southwest-oriented axis. Superimposed upon this are
shorter-wavelength differential movements which
coincide with well known tectonic structures such
as the Roer Valley Graben, the Peel High and the
Zuiderzee Basin (Fig. 1b). The large subsidence
rates observed in recent decades in the northeast of
the country above the Groningen gas fields (Lorenz
et al., 1995) are not seen in the figure because only
height data from the period preceding gas extraction
have been used for this area.

The aim of the present paper is to assess the
causes of these movements. It is evident that a thor-
ough understanding of the processes underlying the
movements is indispensable for reliable predictions
concerning the future development of the low-lying
parts of the Netherlands. The discussion will be
restricted to the contribution of natural geological
processes. Therefore, we largely focus on the move-
ments of the underground benchmarks founded in the
Pleistocene sediments. The movements of surface
benchmarks are relatively more complex and proba-
bly reflect a large variety of near-surface processes,
including subsidence due to groundwater extraction,
oxidation of Holocene peat and subsidence of foun-
dations of buildings. Geodetic levelling measures
spatially differential movements only and a uniform
translation of the network will go undetected. Hence
the movements illustrated in Fig. 1 lack an absolute
reference frame but this movement can, in principle
at least, be estimated from models of the operating

physical processes. Thus one aim of this study is to
estimate magnitudes of the absolute vertical rates of
ground motion.

In the following, the levelling data and its analysis
that lead to the results in Fig. 1 are first discussed.
Then three processes that lead to vertical movement
— compaction, isostasy and tectonics — are intro-
duced. Subsequently, estimates are made of average
rates of these processes representative for time scales
of 106–107 yr from the stratigraphic record using
the backstripping technique. Results show that these
long-term rates are insufficient to account for the
movements during the last century by about one
order of magnitude. Next, estimates of the process
rates at shorter time scales of 100–103 yr are dis-
cussed. Estimates of isostasy and compaction on
these time scales are obtained from modelling of
post-glacial rebound and hydro-isostasy for north-
western Europe and of hydrodynamic compaction
of Cenozoic deposits. Finally, the inferred process
rates are discussed in the light of the levelling and
tide-gauge data in an attempt to reconcile the various
pieces of information.

2. Analysis of levelling data

The movements of Fig. 1 are obtained from a
kinematic least-squares adjustment using the KAGE-
MOV (KArlsruher GEschwindigkeitsMOdelle zur
Berechnung von Vertikalbewegungen) software (Zip-
pelt, 1988). In the adjustment the height data are
fitted in a least-squares sense with a kinematic model
of the following form:
hAB.t/ D HB.t0/� HA.t0/

C .vB � vA/.t � t0/C 0:5.aB � aA/.t � t0/
2

where hAB is the height difference between bench-
marks A and B, HA, vA, aA, HB, vB, aB, are height,
velocity and acceleration of benchmarks A and B,
respectively. In the kinematic model a measurement-
time .t/ is incorporated for all individual levelling
observations.

In total 1059 levelling lines connecting 532
benchmarks were used in the analysis with height
measurements from the Second (1926–1940), Third
(1950–1959) and Fourth (1965–1978) primary lev-
elling as well as from secondary levellings (1979–
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Fig. 1. Regional vertical land movement (mm=yr) of top of the Pleistocene in the Netherlands obtained by least-squares kinematic adjustment of first- and second-order
underground benchmarks. (a) Inferred rates of individual benchmarks. (b) Contour map of inferred rates. Minus sign denotes subsidence. Standard deviations vary between
0.1 and 0.3 mm=yr.
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1987). All data as well as the computed vertical
movements were statistically tested and verified. The
precision of the primary levelling campaigns proved
to be about 1.0 mm=

p
km. In the adjustment proce-

dure this precision leads to standard deviations of the
velocities varying from 0.1 to 0.3 mm=yr. Velocities
could be estimated for 132 benchmarks which were
involved in two or more levelling campaigns. Accel-
erations were obtained for three surface benchmarks
without stable foundations. These accelerations will
not be further considered.

Of the 132 velocities 58 were selected for the
present study; only those velocities are used which
correspond to underground benchmarks with a stable
foundation and which were used in at least three
levelling campaigns. The selected benchmarks are of
two types. First-order benchmarks consist of a group
of four concrete or granite pillars (10–20 m apart) on
a concrete foundation. These benchmarks were put in
place in the period 1926–1940 and their location was
chosen in co-operation with the Geological Survey
of the Netherlands in areas where the Holocene
cover is thin or absent. Second-order underground
benchmarks were constructed in the same period and
afterwards, also in areas with thick Holocene cover.
Their foundation consists of a single concrete pile,
up to 30 m in length. Both first- and second-order
benchmarks are founded in the Pleistocene. Repeated
levelling between the four pillars of the first-order
underground benchmarks as well as between other
nearby (underground) benchmarks have confirmed
their local stability. A more detailed description of
the data analysis and interpretation can be found in
(Lorenz et al., 1991) and a summary has been given
in (Groenewoud et al., 1991).

Obviously, a uniform velocity can be added to all
benchmarks while achieving the same accuracy of fit
in the kinematic adjustment, so that the velocity field
lacks an absolute reference frame. In the construction
of Fig. 1, it is assumed that the average vertical
velocity of the first-order benchmarks is zero. Under
this assumption, the computed movements of Fig. 1
show a good agreement with the movements of
independent computations nearby the German border
(DGK-Arbeitskreis, 1979; Augath, 1989).

3. Component processes responsible for land
movement

We distinguish three natural processes responsible
for the inferred land movements: (1) compaction, (2)
isostasy, and (3) tectonics. Compaction refers to ver-
tical contraction of rock and sediments upon burial.
We focus here on compaction of Tertiary and Qua-
ternary sediments which occur down to depths of 2
km in the Dutch sub-surface. Isostasy here represents
movements associated with changes in buoyancy of
the lithosphere due to surface loading by sediments,
ice and water. Because of the viscosity structure
of the mantle, a high-viscosity lithosphere over a
lower-viscosity mantle, the nature of the isostatic
response will depend on the characteristic time and
length scales of the surface loads. For the long-term
(106–107 years) loading related to many tectonic
problems, the load stresses in the sub-lithospheric
mantle will generally relax at a faster rate than the
changes in the surface load. The isostatic adjustment
of the crust is then of the regional form in which the
load stresses are supported by a lithosphere that is
effectively elastic or that permits a slow relaxation
of the deviatoric load stresses. Typically the effec-
tive thickness of the lithosphere in these cases is of
the order of 20–40 km, depending on the age and
tectonic history of the layer.

For surface loads of a shorter characteristic time
scale, the load stresses are partly supported by the
mantle which relaxes on time scales of 103–104 years.
Thus changes in surface loading that occurred over
the past 10,000 or so years may result in present-day
deformations of the Earth. In these cases, both the
elastic and viscous deformation need to be taken into
consideration in the isostatic models. The appropriate
effective lithospheric thickness for these problems is
typically 60–80 km and the upper mantle viscosity
is typically in the range 2 to 5 ð 1020 Pa s. For time
scales intermediate between these two extremes, load
stresses generated in the lower and warmer parts of
the lithosphere relax so that the effective thickness of
the layer tends to decrease with time.

The tectonic signal encompasses many different
sub-processes such as deformation of the crust and
lithospheric mantle by plate-tectonic forces, litho-
spheric adjustments due to forces emanating from
the sub-lithospheric mantle, thermal contraction of
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the lithosphere and possibly phase changes. Salt
tectonics, which locally plays a significant role in
movements in the northeastern part of the country,
but at length scales that are short when compared
with those characteristic of Fig. 1, are ignored.

The problem addressed can be summarised as
follows:

V .x; y/C S D C.x; y/C I .x; y/C T .x; y/ (1)

where V is the total rate of land movement inferred
from levelling (Fig. 1), and the terms on the right-
hand side are the respective component-process rates
of compaction, isostasy and tectonics, respectively.
S is the rate of movement of the mean height of the
benchmarks with respect to the geoid. Because, by
definition, the mean of the observed relative verti-
cal movement V is zero, the term S is the sum of
the mean contributions of compaction, isostasy and
tectonics: S D hCi C hI i C hT i, where the terms on
the right-hand side are the mean absolute movement
rates of the component processes.

One aim of the present study is to provide con-
straints on the right-hand-side terms and, from the
observed values of V , to solve for S. In solving Eq. 1
it is important to realise that, because V .x; y/ is an
average rate measured over a time span of a number
of decades to a century, T , I and C will also have
to be assessed at the same time scale. Because this
is highly problematic for the tectonic component, T ,
long-term geological estimates will first be examined.

4. Long-term (106–107 yr) vertical land
movement

The Netherlands is located in the southern part of
the North Sea basin where marine and continental

Table 1
Cenozoic stratigraphy used in backstripping analysis

Formation name Age base Sand Silt Shale Carbonate
(Ma) (fraction)

Quaternary 2.5 1.0 0.0 0.0 0.0
Breda C Oosterhout 25.0 0.8 0.0 0.2 0.0
Rupel C Veldhoven 38.0 0.2 0.0 0.8 0.0
Assen 45.0 0.2 0.0 0.8 0.0
Brussel 50.0 0.2 0.8 0.0 0.0
Landen C Ieper 65.0 0.1 0.2 0.6 0.1

deposition and erosion have alternated over hundreds
of millions of years in response to tectonic vertical
land movement and climate change, and have re-
sulted in sediment accumulations several kilometres
in thickness. In this basin environment, procedures
such as backstripping (Steckler and Watts, 1978) can
be used for evaluating basin subsidence and uplift on
time scales of millions of years.

4.1. Data base

A digital data base of Cenozoic chronostrati-
graphic marker horizons (Table 1) was constructed
for the analysis of long-term vertical land movement
rates. This data base consists of (a) depth contour
(isohypse) maps, (b) thickness (isopach) maps, (c)
fault traces, (d) subcrop traces and (e) cross-sections
of the important Cenozoic horizons (Van Doorn et
al., 1985; Geluk and Wildenborg, 1988). The focus
of the analysis is the onshore part of the Nether-
lands. However, the calculation of regional (flexu-
ral) isostasy in the backstripping procedure requires
the incorporation of stratigraphic information much
beyond the national borders. Therefore, the rather
detailed information available for the onshore part
of the Netherlands has been augmented with a more
coarse representation of the stratigraphy of the off-
shore parts of the southern North Sea basin, the
western part of Germany, including the Lower Rhine
Embayment, and the Cenozoic of Belgium (Knapp,
1978; B.G.S. and R.G.D., 1986; Vinken, 1988; De-
myttenaere and Laga, 1988).

The data were digitised using GRASS (US Army
Corps of Engineers, 1993). The ZYCOR software
package (Zmap C module) was subsequently used
to generate grids of the pertinent horizons (Table 1),
taking into account offsets at faults. A 2-km grid
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resolution was chosen in order to preserve the rather
detailed information of the primary data for the on-
shore part of the Netherlands. The formation names
of the units, the ages at the base of the formations,
and their (averaged) lithology (N.A.M. and R.G.D.,
1980) are presented in Table 1.

4.2. Backstripping method

The calculation of the process rates is carried out
in 3 steps as follows.

Step 1: reconstruction of the stratigraphy of the
basin at various instances (time levels) in the geolog-
ical past and calculation of the long-term compaction
rates. This is done by the progressive stripping away
of layers of sediments. After removal of each layer,
all of the underlying layers are moved upward until
the top of the uppermost layer coincides with the
palaeobathymetry or palaeotopography for the cor-
responding time level. Subsequently, the thicknesses
of the layers are restored by decompaction. That is,
compaction that was caused by deposition of the
stripped-away layer is removed. Decompaction has
been calculated assuming a porosity–burial depth
relationship of the following form:

� D �1 exp.�c1z/ for z < zc

� D �2 exp.�c2z/ for z ½ zc

(2)

in which z denotes depth (positive downward). The
transition of the porosity–depth relationship at zc

allows a more accurate representation of the rapid
initial porosity loss commonly found in the up-
per hundreds of metres of, in particular, shale, in
comparison with a single exponential relationship.
Volume conservation of solid grain material in a
stratigraphic layer is assumed. Hydrodynamic delay
in the compaction response to sediment loading is
ignored at the long time scales considered in the
backstripping. However, this effect will be discussed
in greater detail when assessing compaction rates in
more recent times.

The average rate of subsidence due to compaction
during the time, ∆tL, represented by the stripped
layer, is obtained by summing the decompaction cor-
rections applied to the underlying layers and division
by ∆tL. The contribution due to compaction of the
stripped layer itself is neglected. The error resulting

Table 2
Compaction parameters

Lithology �1 c1 �2 c2 zc ²gr

(km) (km) (kg=m3)

Sand 0.3 0.495 0.244 0.29 1000 2650
Silt 0.425 0.826 0.335 0.35 500 2680
Shale 0.615 1.075 0.435 0.473 575 2720
Carbonate 0.490 1.107 0.36 0.49 500 2710

from this neglect is small and will be taken into
consideration when discussing the results in the next
section.

Parameter values for the compaction calcula-
tions for each of the four lithologies considered
are given in Table 2. They correspond to the av-
erage of minimum and maximum porosity–depth
curves reported by Bond and Kominz (1984) based
on a large data set. A different choice of plau-
sible compaction parameters would modify the in-
ferred compaction rates by not more than about 20%.
Palaeobathymetry=topography and sea-level change
were set to zero and hiatuses are treated as non-depo-
sitional events. The effects of the latter assumptions
will also be discussed below.

Step 2: calculation of the isostatic response of the
lithosphere to the sediment and water loads in the
basin for the various time levels. Traditionally, in
backstripping local isostasy is assumed, in particular
when the subsidence history recorded in well-data is
analysed (e.g., Steckler and Watts, 1978; Kooi and
Cloetingh, 1989). Here we calculate a 3-dimensional
response assuming the approximation of a uniform
thickness, thin elastic plate overlying an inviscid
fluid (e.g., Watts et al., 1975; Nunn and Aires, 1988):

D Ð r4w C ²mgw D Q (3)

with

D D E Ð T 3
e =12.1� v2/ (4)

where D is flexural rigidity, w the plate deflection,
²m density of compensating mantle rock, g gravita-
tional acceleration, Q the sediment and water load,
E Young’s modulus, v Poisson’s ratio, and Te the ef-
fective elastic plate thickness. Note this formulation
considers only the elastic response of the lithosphere
and any stress relaxation within this layer is ig-
nored. Layered viscoelastic response models have
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been discussed by Lambeck and Nakiboglu (1981)
and applied to seamount loading problems by Lam-
beck (1981). We use typical values E D 7 Ð 1010 Pa,
v D 0:25, g D 9:8 m s�2 and ²m D 3200 kg=m3

(Turcotte and Schubert, 1982) and adopt Te D 30
km, in agreement with the range of values (5–37 km)
reported in earlier flexural studies of the North Sea
basin for time scales of many millions of years (e.g.,
Watts et al., 1982; Barton and Wood, 1984; Thorne
and Watts, 1989; Kooi and Cloetingh, 1989). A lower
flexural rigidity would produce a higher-amplitude,
shorter-wavelength isostatic deflection and vice versa
for a higher rigidity. The flexural response is calcu-
lated by convolution of the surface load distribution
with the relevant Green function (Brotchie and Sil-
vester, 1969; Watts et al., 1975)

w.r/ D Þ2

2³D
kei.r/ with Þ D ðD=²mg

Ł1=4
(5)

where kei is a zero order Kelvin Bessel function.
The average rate of isostatic land movement for the
time represented by a stratigraphic layer is obtained
by the difference in plate deflection for the time
levels corresponding to the top and base of the layer,
divided by ∆tL.

Step 3: calculation of the tectonic component of
basin subsidence. This is done by subtracting the
long-term isostatic response (Step 2) from the re-
constructed depth to the base of the sedimentary
sequence (Step 1) for each time level. This compo-
nent is referred to as tectonic subsidence because it
is a measure of the subsidence of the basin if it were
never filled with water and sediments. The average
rate of tectonic subsidence follows directly from the
difference in tectonic subsidence for two time levels
divided by the corresponding time step.

4.3. Results

Results of the analysis are presented in Figs.
2–4 for the three most recent time slices listed in
Table 1. Each figure shows maps displaying the
rates of compaction (C), isostatic (I) and tectonic (T)
movement.

The maps illustrate the fact that long-term isostasy
operates at a length scale similar to the size of the
country, whereas tectonics and compaction include
movements which are more local in nature. This is

implicit in the backstripping analysis. The maps also
document that the relative importance of the three
processes changes spatially. This reflects the differ-
ent controls of the processes. Isostasy is essentially a
spatially smoothed form of the sediment loading dis-
tribution, creating flexural subsidence that extends
beyond the area of deposition (partly because of
later uplift and erosion). Compaction is controlled
by both local sediment loading and the thickness and
compressibility of the underlying basin, and there-
fore compaction subsidence is not simply a scaled
version of sediment loading distribution. For ex-
ample, the offshore locus of tectonic subsidence in
Fig. 3 (right panel), which corresponds to locally
high sedimentation rates, is associated with low rates
of compaction (left panel Fig. 3) because the Ceno-
zoic basin underlying that area is thin. The tectonic
component is simply that part of the stratigraphi-
cally inferred subsidence which cannot be accounted
for by isostasy and compaction and, therefore, also
includes errors made in the estimates of the latter
components. The tectonic movements are probably
overestimated because (a) compaction has been un-
derestimated (neglect contribution of the stripped
layer) and because potential contributions by com-
paction of pre-Cenozoic units have been neglected,
and (b) isostasy may have been underestimated be-
cause the employed value of Te is at the higher end
of the range of values reported in the literature.

Fig. 4 shows short-wavelength tectonic subsi-
dence patterns in the western and northern part of the
country and long-wavelength uplift to the south and
east. Similar changes can be observed in Figs. 2 and
3. The long-wavelength tectonic uplift is required to
cancel out the predicted isostatic subsidence which
extends beyond the region of sedimentation. This
could be partly an artifact because the value of Te

is too high. However, it is more likely that the up-
lift is predicted because denudation and temporal
changes in topography have not been considered in
the analysis. Such information would probably show
that tectonic uplift of the rim of the North Sea basin,
here distributed over several time steps, actually oc-
curred within Pliocene=Quaternary times and, hence,
has been overestimated in Figs. 2 and 3 and under-
estimated in Fig. 4. A study of terraces of the river
Maas in the southeastern part of the country suggests
an average Quaternary rock uplift rate of about 0.06
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Fig. 2. Separation of compaction, isostatic and tectonic contributions to vertical land movement for the Oligocene (38–25 Ma) constructed by 3-dimensional backstripping of
Cenozoic stratigraphy of the Netherlands and the southern North Sea basin.
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Fig. 3. As for Fig. 2 for the Miocene and Pliocene (25–2.5 Ma).
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Fig. 4. As for Fig. 2 for the Quaternary (2.5 Ma–Present).
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mm=yr (Van den Berg, 1994). This figure represents
both the tectonic and isostatic contribution.

Figs. 2–4 further document that significant tem-
poral changes in the process rates have occurred
over the given time spans. For example, the locus of
tectonic subsidence appears to have migrated from
the southeast to the northwest in the Roer Valley
Graben between Oligocene and Quaternary times
and a similar trend is seen immediately to the north
of this graben (Fig. 1). Isostatic subsidence shows
a similar migration, albeit in a somewhat smoother
form. However, the most important observation for
the present study is that the inferred process rates are
small compared to those inferred from levelling; typ-
ically less than 50 m=Ma D 0.05 mm=yr. Quaternary
rates are highest of all the periods investigated and
the pattern of Quaternary tectonic movements most
closely resembles that from levelling (Fig. 1).

5. Recent (100–103 yr) vertical land movement

In the previous section, it was shown that rates of
vertical land movement at time scales of millions of
years are about one order of magnitude smaller than
those derived from the levelling data. This clearly
suggests that one or more of the component pro-
cesses has been operating at considerably higher
rates during the last century. In the following these
short-term rates will be evaluated. For the short-term
contributions by isostasy and compaction it is possi-
ble to predict the recent movements using dynamical
models of post-glacial rebound and hydrodynamic
compaction in response to sediment loading. Unfor-
tunately, reliable prediction of recent tectonic move-
ments cannot be made using a physical model of the
process. Thus, we will first predict the compaction
and glacio- and hydro-isostatic contributions to the
present land subsidence and then determine the tec-
tonic rate by subtracting these predictions from the
geodetic observations.

5.1. Compaction

Along parts of the Netherlands coastline, up to 30
m of sediments have been deposited during Holocene
time. This load causes compaction of underlying
sediments of which the Tertiary marine shales —

these reach thicknesses in excess of 1000 m in
the coastal area — probably provide the greatest
contribution. Analysis of the differential equations
governing compaction in the model, as well as nu-
merical model experiments show that current land
subsidence in the Netherlands is largely controlled
by Late Pleistocene and Holocene sediment loading
(Kooi and de Vries, 1998) because the decay time
for compaction is of the order of 103–106 yr depend-
ing on the local thickness and permeability of the
Tertiary sediments.

We have applied a hydrodynamic compaction
model to the Cenozoic basin in the western part of
the Netherlands in order to assess the compaction
contribution to current land subsidence. The model
is similar to fluid flow models employed in modelling
pore fluid pressures at the basin scale, and is described
in detail by Kooi (1997). In the one-dimensional com-
paction model, the hydrostatically pressured Tertiary
sediment column at each location is specified as an
initial condition and subsequently buried by younger
sediments. During burial the evolution of fluid pres-
sures, fluid flow and surface subsidence for the en-
tire column, including newly deposited sediments, are
followed up to the present.

A grid resolution of 10 km was chosen for the
compaction modelling. Thicknesses of the Tertiary,
Pleistocene and Holocene sediments were obtained
from depth-contour maps (Van Doorn et al., 1985;
Geluk and Wildenborg, 1988). We adopted a shale
lithology for the Tertiary and lowermost Quaternary
(Maassluis formation) units, sand for the Pleistocene
and shale for the Holocene. Adopted permeability
and compressibility parameters have been published
by Kooi and de Vries (1998). For each grid point the
local Pleistocene column is deposited at a uniform
rate over a period of 2 Ma; the Holocene column is
deposited according to relative sea-level rise along
the central Dutch coast (R.G.D., 1985) with the
initially high sedimentation rates of 10 mm=yr dur-
ing the early Holocene gradually decreasing to the
present low values (inset Fig. 5).

Predicted rates of land subsidence for the present
are displayed in Fig. 5a and b for high and low
permeability estimates of shale, respectively. Rates
are of the order of 0.1 mm=yr in both cases, but
patterns of subsidence are considerably different. For
high permeability shales (Fig. 5a) predictions are
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Fig. 5. Predicted rate of present land subsidence due to compaction of Cenozoic sediments. (a) High permeability estimates of shale. (b)
Low permeability estimates of shale. Inset in (a) illustrates the way in which Holocene sedimentation rates in the model at each grid
point are controlled by the relative sea-level rise (dashed curve) along the Dutch coast. Shaded area to the left denotes a hypothetical 14
m thick Holocene sediment column.

strongly influenced by late Holocene sedimentation
rates, which are rather uniform over the entire area.
Therefore, the subsidence pattern largely reflects the
spatial differences in thickness of the Tertiary shales.
By contrast, for low permeability shales (Fig. 5b)
early Holocene deposition exerts a stronger control
on current compaction rates. Under those circum-
stances, highest rates of subsidence are found in
locations where the Holocene reaches its greatest
thickness. Rates of compaction in the southeastern
and eastern parts of the country are much smaller, if
not absent, because the Holocene sediment load as
well as the Tertiary shales are not as well developed.

Apart from shale permeability, there are numer-
ous other factors which would influence the model
predictions. Two potentially important ones are: (a)
overconsolidation of parts of the basin due to Pleis-
tocene erosional phases and ice cover during the
Saalien in the northern part of the country, and (b)
lateral connectivity of Tertiary aquifers, in particular
in the southern part of the country. We are not able to
discriminate between the various model predictions
due to lack of independent observational constraints.

However, rates of subsidence are unlikely to signif-
icantly exceed those shown in the experiments of
Fig. 5. The pattern of movements of Fig. 5b seems to
be in better qualitative agreement with the levelling
results (Fig. 1). However, the rates are much smaller
than those observed. We conclude from this section
that the mean rate of land-level change at present due
to compaction is �0:1 < hCi < 0:0 mm=yr.

5.2. Isostasy

Further isostatic subsidence of the crust is caused
by the changes in surface load due to deposition of
Holocene sediments, the deglaciation of Fennoscan-
dia, the filling of the North Sea with meltwater from
the melting global ice sheets. For loading problems
on the time scales of thousands to tens of thou-
sands of years, the regional isostasy model used in
the backstripping analysis is inappropriate because
on the shorter time scales a significant part of the
load is supported by the mantle. Also, on these
shorter time scales, the effective elastic thickness
of the lithosphere is greater than for the regional
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isostasy model of a plate over a fluid substratum
and time-dependence in the approach to regional
isostasy needs to be considered. We first describe
the earth model parameters inferred from a study of
postglacial sea-level change in Fennoscandia and the
British Isles and then discuss the pattern of isostatic
vertical crustal motion predicted for the Netherlands
in response to the sediment, ice and water loads. We
implicitly assume that the parameters appropriate for
Scandinavia and Britain may also be used for the
Netherlands (see the analysis by Lambeck et al.,
1997, section 2.5).

By predicting Holocene sea-level change for a
range of earth rheology and ice sheet history models
for the Late Pleistocene deglaciation of Fennoscandia
and comparing the results with sea-level observations,
tight constraints have been placed on the effective
elastic thickness of the lithosphere and upper mantle
viscosity (Lambeck et al., 1998). The earth model in-
ferred from this study has a lithosphere of thickness
70š 10 km, an upper mantle (above 670 km) viscos-
ity of 3 to 5ð 1020 Pa s and a lower mantle viscosity
of 0.5 to 3 ð 1022 Pa s and the adopted values for
these three parameters are in the predictions below 75
km, 3:7 ð 1020 Pa s and 8 ð 1021 Pa s, respectively.
The lower mantle viscosity was less well constrained
because the lateral extent of the Fennoscandian ice
sheet only deforms the upper part of the lower mantle.
However, the differential rebound across the Nether-
lands is not strongly dependent on this parameter. The
load model includes both the deglaciation and a re-
alistic loading of the seafloor allowing for both the
non-uniform distribution of the meltwater over the
oceans (e.g. Clark et al., 1978) and movement of the
coastlines (Johnston, 1993). The inferred models also
provide a good fit to Holocene sea-level observations
along the Dutch, German and Belgian coasts and in
the North Sea. In the following, the above best-fit
model is used to predict isostatic subsidence due to
sediment, ice and water loads, while the range of pa-
rameter values are used to establish the uncertainty in
the predictions of isostatic movements.

To calculate the isostatic subsidence due to depo-
sition of Holocene sediments in the Netherlands, we
assume that sediments of density 2000 kg=m3 are de-
posited as sea-level reaches the top of the Pleistocene
layer and continue to be added until sea-level rises
above the present seafloor or land surface. Holocene

sediments are largely restricted to a 50-km-wide strip
along the west coast and locally reach thicknesses in
excess of 25 m at two locations where Weichselian
rivers incised deep valleys (Kooi and de Vries, 1998).
Offshore, Holocene sediments are very thin. The sea-
level model includes a small amount of sea-level rise
up until the present, but the results are relatively in-
sensitive to the timing of the sediment deposition. The
present rate of subsidence due to the sediment load
is approximately 0.1 mm=yr for most of the Nether-
lands with the maximum subsidence coinciding with
the coast. The net subsidence over the Holocene, how-
ever, amounts to about 2 m. The inferred isostatic sub-
sidence rate due to sedimentation can be considered
an upper bound because we assume that sediments are
brought from a long way away, but, in fact, most of
the Holocene sediments have probably been eroded
from elsewhere in the southern North Sea.

Fig. 6a shows a contour map of the isostatic con-
tribution to present vertical land movement due to the
melting of the Late Pleistocene ice sheets and con-
comitant sea-level rise for the best-fit earth model.
With this model, we predict a mean land subsidence
of 0.1 mm=yr and tilting across the Netherlands of
0.3 mm=yr. Fig. 6b shows the isostatic contribution
along the NW–SE profile indicated in Fig. 6a for the
range of earth models which fit the Fennoscandian
sea-level data. Inspection of Fig. 6b demonstrates
that there is considerable uncertainty in both the
mean subsidence and the tilting rate. This is because
most of the Fennoscandian sea-level data is from
the period prior to 4000 years ago, so the more
recent sea-level change is less well constrained by
observations. From Fig. 6 we obtain a mean rate of
land movement due to glacio- and hydro-isostasy of
hI i D �0:1š 0:4 mm=yr and the mean rate of tilting
towards the northwest (measured between Roermond
and Den Helder) of 0:25 š 0:25 mm=yr. This com-
pares with the observed rate of tilting from levelling
of 1.0–1.5 mm=yr. Combining the isostatic contribu-
tion to land level change due to the sediment load
and the ice and water loads does not change these
values significantly.

5.3. Tectonics

Predicting tectonic ground movements at time
scales of 10–100 yr is very problematic because we
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do not properly understand the processes responsible
for such movements. Thorne and Watts (1989), Kooi
et al. (1991) and Van Wees (1994), for example,
have shown that the Quaternary North Sea basin is
unlikely to be the product of thermal contraction of
the lithosphere following extension in the Jurassic
and Cretaceous. Other mechanisms have been inves-
tigated in these studies, but none of them have been
able to provide a satisfactory explanation. A second
reason is that there are contributions by brittle defor-
mation of the crust in the form of faulting and creep
processes. These movements are highly intermittent
in nature at a large range of space and time scales
and largely unpredictable because of the occurrence
of different and coupled contributing factors (e.g.,
Kukal, 1990; Sornette and Vireux, 1992; Cowie et
al., 1993; Heimpel and Olson, 1996).

The occurrence of intermittent ground movements
associated with faulting in the Netherlands has been
documented in a number of studies covering different
time intervals. Geluk et al. (1994), for example,
showed that Quaternary subsidence for two wells
in the Roer Valley Graben in the southeast of the
country consists of several periods of subsidence,
interrupted by periods of quiescence or uplift. In
some instances, rates of subsidence over time spans
of several hundreds of thousands of years exceed
the average Quaternary rate by about a factor 10.
On a shorter time scale, Groenewoud et al. (1991)
documented differential movements on known faults
of about 10 cm in 20 years from repeated levellings.
Such rates cannot be representative of the last 10,000
years and may not even be representative of the last
century.

Also at scales of 10–100 km, geodetic studies
often show rates of vertical motion that are an or-
der of magnitude larger than geological rates (e.g.,
Kukal, 1990; Demoulin et al., 1995) and sometimes
even of opposite sign (e.g., Malzer and Schlemmer,
1975; Pissart and Lambot, 1990). In most cases the
movements appear to be of tectonic origin because of

Fig. 6. Isostatic contribution to present vertical land movement due to the melting of the Late Pleistocene ice sheets and concomitant
sea-level rise. (a) Contour map of movement (mm=yr) for the best-fit earth model (lithospheric thickness, upper mantle and lower mantle
viscosity are 75 km, 3:7ð1020 Pa s and 8ð1021 Pa s, respectively). (b) Predicted movement along a profile through the cities Den Helder
and Roermond shown in (a) for a range of earth models. Each model is denoted by three values which represent lithospheric thickness,
upper and lower mantle viscosity, respectively (in units of km, 1021 Pa s and 1021 Pa s, respectively). The heavy line corresponds to the
best-fit model.

the absence of compactable sediments and because
movement patterns strongly deviate from expected
glacio-isostatic patterns. If we accept that the geode-
tic rates are correct, then we can only conclude
that tectonic ground motion across the Netherlands
is spatially variable, and that, in the absence of an
appropriate understanding of the processes involved,
we cannot predict these effects for the short time
scales covered by the levelling record. Therefore,
it seems that the only way to assess recent tec-
tonic movements in the Netherlands is to correct the
geodetic rates for isostasy and compaction and to
attribute the residuals, if significant, to short-term
tectonic processes.

6. Integration of model predictions with levelling
and tide-gauge data

The results of the levelling surveys provide a
high-resolution map of the relative vertical veloci-
ties .V / across the Netherlands (Fig. 1). However,
additional information is required in order to obtain
absolute vertical displacements .V C S/ with respect
to the geoid. The tide-gauge data provide a tie to the
geoid but introduce the additional uncertainty in the
change in eustatic sea-level. Analysis of the global
tide-gauge data set gives an estimate of changes in
eustatic sea-level over the last hundred years, while
globally distributed palaeosea-level indicators pro-
vide an estimate for the late Holocene.

If R.x; y/ is the rate of relative sea-level change at
a site on the Netherlands coast, V .x; y/ is the corre-
sponding relative vertical velocity of land movement
and E is the rate of eustatic (i.e. global average)
sea-level change, then

R.x; y/ D E � .V .x; y/C S/ (6)

and therefore, the mean absolute vertical velocity of
the land with respect to the geoid is:

S D E � R.x; y/� V .x; y/ (7)
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where all of the terms on the right hand side can
be measured. Using the site IJmuiden as typical of
the Netherlands coast, and using the fact that the
inference of S should be the same for any other
site along the Netherlands coast, we use the value
of R D 2:1 š 0:2 mm=yr (De Ronde, 1983; Van
Malde, 1992) and the mean rate of relative vertical
displacement V D �0:5 š 0:2 (Fig. 1). The mean
rate of eustatic sea-level change over the last two
thousand years is approximately E D 0 mm=yr,
which provides a lower limit to S of �1.6 mm=yr.
An upper bound on the present eustatic sea-level
change is about E D 1:8 mm=yr (Douglas, 1997),
and therefore an upper bound on S is 0.2 mm=yr.

With the insights from earlier sections regarding
the component processes we now return to Eq. 1,
rewritten using S D hCi C hI i C hT i:
V C hCi C hI i C hT i D C C I C T (8)

and we can then determine the relative vertical ve-
locity due to tectonics .T � hT i/ by subtracting the
contributions of the independently constrained rel-
ative isostatic .I � hI i/ and compaction .C � hCi/
processes from the observed relative vertical velocity
.V /. The result, plotted in Fig. 7, suggests that more
than half of the general tilting of the country ob-
served from the levelling data is the result of tectonic
processes and that virtually all of the shorter-wave-
length differential movements have a tectonic origin.
The inferred rates of tectonic movement are more
than a factor of 5 faster than those derived for the
Quaternary as a whole (Fig. 4). It is important to note
that these findings would not change dramatically re-
garding the uncertainties in I and C discussed above.

To determine the absolute vertical velocity due
to tectonics .T /, the mean tectonic subsidence
hT i D S � hI i � hCi must be added to the val-
ues shown in Fig. 7. We adopt values of hI i D �0:1
and hCi D �0:1 mm=yr (inferred in the previous
sections). If the lower bound for S is assumed, then
hT i D �1:4 mm=yr and all of the Netherlands is
undergoing tectonic subsidence. This is unlikely be-
cause (a) the high rates of tectonic subsidence for the
entire country would imply a serious departure from
the overall Quaternary trend (Fig. 4), and (b) the
tectonic subsidence rate of about 1.6 mm=yr in the
coastal zone could be no older than several hundreds
of years or it would have had a clear expression in

the late Holocene relative sea-level record. If instead
we assume that the east of the country is tecton-
ically stable, we are again forced to infer a rapid
subsidence along the coastal part of the Netherlands
which contradicts the evidence from the geological
record.

If the upper bound for S is assumed, then hT i D
0:4 mm=yr and the coastal zone is tectonically stable
(hinge line of tilting near the coast), but the tectonic
uplift of the east of the country is 0.6–1.0 mm=yr. If
this tectonic uplift has been operating over time scales
approaching 100,000 yr, a distinct signal would be
present in the regional morphology, which is certainly
not present in the geological record.

Intermediate values of the mean total subsidence
rate, for instance S D �0:3 mm=yr, could lead to
hT i D �0:1 mm=yr; consistent with the long-term
geological average. However, they would still lead
to overestimates of either subsidence at the coast
or uplift in the east of the country if present rates
are assumed to operate over time scales of 103–105

years.

7. Discussion and conclusions

The levelling results of the Netherlands point to
a significant tilting of the country with the coastal
regions subsiding relative to the inland areas. Differ-
ential movements at scales up to 100 km are most
likely a consequence of isostasy and tectonic ac-
tivity whereas the contribution from compaction is
most significant for the coastal provinces. Evalua-
tion of the isostasy and compaction processes show
that these can explain only part (30–45% and <5%,
respectively) of the observed phenomenon and the
levelling results imply surprisingly large rates of
recent tectonic activity (Fig. 7). This assumes that
the geodetic estimates of the tilting are reliable. A
tilting rate that would be more consistent with the
expected tectonic process rates falls just within the
95% confidence level of the computed velocities of
the individual benchmarks. However, such a reduced
tilting would imply errors in the levelling network
that are a function of distance from the coast, but no
reason for such errors have been identified. However,
with an increased amount of levelling data (more
than 50%) and a closer examination of the (local)
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Fig. 7. Differential tectonic land movement .T � hT i/ constructed by correcting Fig. 1 for the estimates of compaction (Fig. 5b) and
isostasy (Fig. 6).

behaviour of the underground benchmarks, it should
be possible to generate an improved velocity field
within some years.

The possibility that the isostatic rate of tilting
has been underestimated also needs further examina-
tion. The models used assume lateral homogeneity

in mantle response and no evidence has been found
in glacial rebound studies for northwestern Europe
that indicate that departures from this assumption
are justified. Future tests with models incorporating
lateral structure are nevertheless merited although it
is unlikely that these will lead to estimates for rela-
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tive sea-level change that will be drastically different
from those considered here. The compaction esti-
mates used are believed to be near the upper limits
possible for the reasons discussed earlier.

The inferred short-term rates of tectonic tilting
are hard to reconcile with the tide-gauge records for
the Dutch coast and the globally observed values of
eustatic sea-level change for the last century on the
one hand, and the long-term tectonic behaviour of
the region on the other hand. The tide-gauge read-
ings suggest a relative sea-level rise of R D 1:9š0:3
mm=yr (De Ronde, 1983), close to but probably a
little greater than the eustatic sea-level rise of about
1:5 š 0:3 mm=yr (Gornitz et al., 1982; Douglas,
1995). Also, the rate of change of length-of-day and
the long-wavelength component of the geoid require
a present-day sea-level rise of about 1.5 mm=yr
to be consistent with models of Holocene sea-level
change (Lambeck and Johnston, 1998). Estimates
of isostasy and compaction movements at the coast
are I D �0:3 š 0:5 mm=yr and C D �0:1 š 0:05,
respectively. Thus estimates of tectonic subsidence
rates along the coastal region .T D E � R � C � I /
are T D 0:0 š 0:7 mm=yr. The levelling results
corrected for isostasy and compaction define the dif-
ferential rates across the region and if we adopt
the zero rate of coastal tectonic subsidence then the
inferred inland rate of tectonic uplift is up to 1.0
mm=yr, which is more than an order of magnitude
higher than estimates for the last million of years!
Even if the higher rate for coastal subsidence is
adopted, the interior tectonic uplift rate is up to 0.3
mm=yr. Clearly these rates are inconsistent with the
long-term tectonic behaviour of the region. More-
over, a coastal subsidence of about 0.7 mm=yr, when
extrapolated into Holocene time, implies that sea-
levels at, say, 6000 years ago were about 4 m lower
than predicted from the glacio-hydro isostatic mod-
els. This is much greater than is suggested by any
observational data.

The high rates of tectonic movement deduced
from this study, as well as those documented in other
geodetic studies in supposedly tectonically inactive
areas, should serve as a caution in studies of sea-level
rise in the context of emissions of green-house gases.
Emery and Aubrey (1991) demonstrated the dom-
inant influence of tectonics on land level changes
as recorded by tide-gauge records and the current

work further illustrates the highly variable nature of
tectonic processes. Peltier and Tushingham (1989,
1991), Nakiboglu and Lambeck (1991) and Dou-
glas (1995, 1997), for example, assessed eustatic
sea-level rise by correcting tide-gauge records for
the glacio-isostatic contribution obtained from mod-
elling. Although this should, in principle, lead to
improved results with respect to uncorrected tide-
gauge readings, contamination of the eustatic signal
by tectonic contributions are at least equally impor-
tant (e.g., Braatz and Aubrey, 1987). Also such cor-
rections should take into account the uncertainties in
the parameters of rebound models. The uncertainty
of 0.1 mm=yr in the rate of eustatic sea-level change
derived by Douglas (1997) is clearly underestimated.

The implications of our study for future land
movement in the Netherlands are the following. The
isostatic component of crustal movement will grad-
ually decay over the next millennia and significant
changes in this component in the next centuries can
be ruled out. Compaction contributions are expected
to decrease as well because sediment loading has
effectively ceased onshore due to human interven-
tion in the drainage network of the country and the
construction of polders. The time scale of decay
of compaction is not well constrained and may vary
between 102 and 106 years depending on clay perme-
abilities and the thickness of the Tertiary basin (Kooi
and de Vries, 1998). By far the greatest uncertainty
resides in the tectonic component. We do not know if
the present movements will decay or accelerate and
have little insight into the time scales at which such
changes may take place. If the hinge line of tectonic
tilting runs through the central or eastern parts of the
country significant changes in tectonic movements
are likely to occur on time scales of centuries. If
the hinge line is located close to the coast, then
the probability that tectonic rates are stable for many
millennia is higher, but otherwise hardly constrained.

In the absence of strong arguments to reject
the geodetic levelling estimates, the results of this
study imply surprising and important, if specula-
tive, amounts of tectonic movements across a region
that is seismically relatively inactive. We encourage
a continuation of the levelling campaigns to moni-
tor further vertical movements, combined with other
modern geodetic techniques such as GPS to provide
independent checks of the tilting rate.
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