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Abstract

Middle Pleistocene uplift in the Eifel has been interpreted as the isostatic response of the lithosphere to a deep buoyant
hot body. The spatial and temporal distribution of the uplift in the Ardennes–Rhenish Massif Region has recently been
constrained by new data of river incision that have been compiled in this work. The uplift distribution can be reproduced
using a thin elastic plate model and assuming that the uplift is created by a deep buoyant load, the distribution of which
coincides with the weakening. Models incorporating a lithospheric weakening provide a better fit of the observed uplift than
models with homogeneous flexural rigidity. These results are confirmed by numerical experiments using a depth-dependent
elasto-plastic plate rheology, linking the flexural model with the thermo-mechanical structure of the lithosphere.q2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

The Rhenish Massif is part of the Variscan oro-
genic belt in Northwestern Europe, and is located
near the borders between Belgium, France, Luxem-

Ž .bourg and Germany Fig. 2 . The Ardennes represent
the most western part of the massif. After its forma-
tion in Late Palaeozoic times, the Ardennes–Rhenish
Massif has remained a permanent high affected by
uplift and denudation. At present, the Ardennes–

ŽRhenish Massif forms a slightly elevated region up
.to 700 m . The relatively smooth surface envelope is

formed by marine planation surfaces of Mesozoic
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Ž .and Palaeogene age e.g. Demoulin, 1995a , which is
dissected by several rivers, the most important being

Ž .the Maas Meuse and Rhine rivers. From the age of
the planation surfaces and the remains of Palaeocene
and Late Cretaceous sediments, it is concluded that
Tertiary uplift of the Ardennes started with large-
scale tilting during Paleocene, after a very long

Žperiod of tectonic quiescence during Mesozoic De-
.moulin, 1995a . This was followed by a slight dom-

ing event during Eocene. The major doming of the
Ardennes started during Late Oligocene and contin-
ued during Neogene and Quaternary. The river ter-
races indicate that uplift was accelerated during Mid-

Ž .dle Pleistocene e.g. Van Balen et al., 2000 .
Neogene and Quaternary uplift of the Ardennes–

Rhenish Massif represents one of the best docu-
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mented cases of plateau uplift in the Northwestern
European lithosphere. Following the first quantitative
studies integrating different approaches in geology,
geophysics and geochemistry in the early 1980s
Ž .Fuchs et al., 1983 , more recently renewed attention
has been focusing on the rates and the mechanisms
of the processes forcing the interplay of tectonics
and landform evolution in the area. These studies
have benefited from new methodological and con-
ceptual advances in different domains of earth sci-
ences in the last 20 years. In particular, the increas-
ing resolution in imaging crustal and upper mantle
structures by deep seismic reflection profiling
Ž . ŽOncken et al., 1999 and seismic tomography Bi-

.jwaard et al., 1998; Ritter et al., 2000 has provided
new constraints on tectonic models for the polyphase
evolution of the area. In addition, the seismic reflec-
tion data have provided the framework for the inte-
gration with neotectonic geomorphological and level-

Žling studies carried out in the last few years e.g.
Demoulin, 1995b; Demoulin and Collignon, 2000;

.Van Balen et al., 2000 . At the same time, seismotec-
tonic studies and paleoseismological indications
based on the results of trenching have documented a
high level of intraplate seismicity in the area
Ž .Camelbeeck and Meghraoui, 1998 .

However, fundamental questions still exist on the
relationships between the deep-seated processes and
the surface expressions of uplift. Whereas the data

Ž .from the volcanic activity Lippolt, 1983 and the
recently obtained new seismic tomography data
Ž .Ritter et al., 2000 clearly point to the presence of
localised deep-seated thermal anomalies under the
Eifel region, the surface heat flow lacks a corre-

Ž .sponding signature Haenel, 1983 . This is important
as lithospheric basal heating has been inferred in
previous works separately addressing the record of
volcanism, uplift tectonics and seismic tomography
Ž .e.g. Fuchs et al., 1983 . However, as pointed out by

Ž .Haenel 1983 , no heat flow signature of such a basal
heating is observed, with typical heat flow values of
70 mW my2, characteristic for unperturbed Palaeo-
zoic continental lithosphere. Drisler and Jacoby
Ž .1983 studied the gravity anomalies and density
distribution pointing to a discrepancy between the
velocity–density characteristics of both crust and
upper mantle anomalies. This feature was interpreted
by these authors in terms of the presence of fluid

phases affecting both uplift and volcanism, in partic-
ular in their early stage.

This raises the question whether the thermal
anomalies in the mantle have risen sufficiently high
in the lithosphere to affect the thermal and mechani-
cal structure of the overlying upper crust, at large.
This is important as thermo-mechanical studies of

Žthe European lithosphere Cloetingh and Burov,
.1996 have revealed the presence of major intralitho-

sphere decoupling levels, leading to a differential
response of the upper crust and mantle lithosphere to

Žintraplate tectonic processes Ziegler et al., 1995,
.1998 . These authors have also drawn attention to

the link between this spatial variation in bulk rheol-
ogy of the European lithosphere, which is controlled
by its thermo-tectonic age and compositional struc-
ture, and patterns in effective elastic thickness in-
ferred from flexural foreland studies and depth distri-

Žbutions patterns of crustal seismicity e.g. Cloetingh
.and Banda, 1992 .

In the present paper, we follow a thermo-mecha-
nical approach integrating the presently available
data sets on surface uplift, seismicity distribution and
crustal and upper mantle structure. The main innova-
tive aspect of the present study is the quantification
of the mechanical consequences of the inferred deep
thermal anomaly below the Eifel region in terms of
its weakening effect on the overlying lithosphere
Ž .see scheme in Fig. 1a .

The strategy we implement for this purpose con-
sists of a number of steps depicted in Fig. 1b. In the
first step, we calculate the lithospheric strength and
the buoyant load distribution based on the thermal

Ž .models by Goes et al. 2000a . Based on these
results, we construct strength profiles representative

Ž .for the perturbed plume area and the area not
affected by deep-seated thermal processes. These
yield stress envelopes are subsequently used to cal-
culate the stress distribution in an elastic plastic plate
induced by a buoyant load, corresponding to the
deep-seated thermal anomaly, in a regional compres-
sional intraplate tectonic context, representative for
this segment of the Northwestern European litho-

Ž .sphere Mueller et al., 1992 . We use the outcome of
this model to determine the magnitude and distribu-
tion of the equivalent elastic thickness of the litho-
sphere, which is used for the calculation of the

Ž .flexural 2D planform deflection related to a deep
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Ž . Ž .Fig. 1. Elements of the conceptual model a and strategy b
adopted for this study.

buoyant load. Calculations are made with and with-
out a lithospheric weakening, and the results are
validated by the uplift data.

2. Uplift data

Over the last few years, a considerable body of
observational constraints on the uplift of the Ar-
dennes–Rhenish Massif has been accumulated as a

Žresult of river incision studies Meyer and Stets,
.1998; Van Balen et al., 2000 , repeated levelling

Ž . ŽDemoulin, 1995b , and GPS Campbell and Kumpel,
.1999 .

Fig. 2 compiles the results of uplift studies by
Ž . Ž .Meyer and Stets 1998 and Van Balen et al. 2000 ,

based on incision of the Maas and Rhine rivers and
their major tributaries. In the Ardennes–Rhenish
Massif, the morphology of the river valley sections is
characterised by a relatively flat and wide upper part
with broad terrace surfaces, and a relatively narrow
v-shaped lower part with narrow terrace surfaces.
The transition of the wide valley to the narrow valley
shape corresponds morphologically with the transi-
tion of the Main Terrace system to the Middle

Terrace sequence and tectonically with a major
increase in uplift rate of the Ardennes–Rhenish
Massif. Because of the particular change in the mor-
phology, the youngest Main Terrace can easily be
identified and correlated over large areas. Based on
paleomagnetic measurements, the youngest Main
Terrace is inferred to be slightly younger than the
Brunhes–Matayuma magnetic epoch boundary
Ž .Meyer and Stets, 1998; Van Balen et al., 2000 , that
is 0.78 Ma.

Using the documented river terrace stratigraphies,
the vertical distance between the youngest Main
Terrace and the present-day vertical position of the
Maas and Rhine rivers is used to determine the
incision of these rivers since 0.78 Ma. It is argued
that this incision is primarily the response to tectonic

Ž .uplift Van Balen et al., 2000 . As the Ardennes–
Rhenish Massif is situated in the middle parts of the
Maas and Rhine rivers, no corrections are made for
the change in the shape of the equilibrium profiles of
the rivers due to uplift of the upstream areas. It is
assumed that in these middle reaches the equilibrium
river profiles are approximately constant. However,
for the tributary rivers that originate in the Ar-
dennes–Rhenish Massif, such a correction is made
Ž .see Meyer and Stets, 1998; Van Balen et al., 2000 .
We refer to these authors for a full description of the
methodology and the underlying data.

Here we focus on the Late Quaternary stage
Ž .younger than 780 ka of uplift history. It should be
noticed that these data do not necessarily correlate
with present day uplift rates inferred from repeated

Ž .levelling studies Demoulin, 1995b , being also not
perturbed by human effects like the uplift data sets

Ž .studied by Klein et al. 1997 . It is also important to
note that the Late Quaternary and recent uplift was
superimposed on pre-existent topography generated
in Early Quaternary–Tertiary time in relation with
the rifting in the Upper and Lower Rhine Graben
systems during Eocene and Oligocene times, respec-
tively, and with the Alpine foreland compression

Žduring Late Cretaceous and Eocene times Ziegler,
.1990 .

ŽThe main trends of the uplift data contoured in
.Fig. 2 show that the first-order pattern of uplift has

a concentric symmetry around a point located be-
tween the Rhine and the Maas rivers. Another re-
markable characteristic is the fact that the uplift
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Fig. 2. Distribution of uplift during the last 800,000 years derived from a compilation of measures of river incision in the Ardennes and
Ž . Ž . Ž .Rhenish Massif labels in meters . Source data are from Meyer and Stets 1998 and Van Balen et al. 2000 .

Ž .gradient increases towards the centre maximum of
its distribution: the distance between the 15 and 35

m contours is comparable to that between the 100
and 200 m contours.
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3. Constraints on the thermo-mechanical struc-
ture of the lithosphere

Lithospheric strength depends primarily on its
Žcompositional and thermal structure Ranalli, 1987;

.Burov and Diament, 1995 . In the construction of
strength profiles, it has been common practice to use

Žsurface heatflow data e.g. Cloetingh and Banda,
. Ž1992 or inferences from thermal modelling e.g.

.Okaya et al., 1996a,b to calculate the thermal input
for the ductile part of the rheology. A novel and
complementary approach is to use seismic velocity
information for the calculation of lithospheric

Žgeotherms e.g. Sobolev et al., 1996; Goes et al.,
.2000a,b . Based on studies of seismic tomography at

Ž .European scale by Bijwaard et al. 1998 , Goes et al
Ž .2000a have reconstructed the present day thermal
structure of the upper mantle below the continent.
The uncertainty derived by these authors, related to
the original uncertainty in the velocity field as a
consequence of the tomography inversion and also to
the conversion to temperature itself, is higher than
100–1508C for the upper mantle.

Ž .The temperatures derived by Goes et al. 2000a
from the seismic tomography of Bijwaard et al.
Ž .1998 , provide an image of the lithosphere that is
restricted to two horizontal surfaces at 52.5 and 90
km depth. Of primary concern in the present paper is
the depth-dependent distribution of lithospheric
strength as well as the thermal load acting on the
lithosphere over the whole area affected by uplift.
For this purpose, and to obtain a first-order estimate
of the spatial distribution of the thermal load and its
associated weakening, temperatures have been lin-
early interpolated between these two horizontal sur-
faces at 52.5 and 90 km depth. The resulting temper-
atures are then translated in terms of buoyant load in
the mantle assuming a thermal expansion coefficient
of mantle olivine of as3.0=10y5 Ky1. There-

Ž .fore, the resulting load distribution Fig. 3a is only
constrained by temperature anomalies between 52.5
and 90 km. It should be noted that although the zero
value of the inferred thermal load is arbitrary, the
relative differences are of particular relevance to the
uplift problem. The possible buoyant effect related to

Ž .phase changes i.e. partial melting , being probably a
second order effect, is not taken into account. The

Ž .distribution of lithospheric strength Fig. 3b is cal-

culated using standard rheological parameter values
Ž .Lynch and Morgan, 1987 considering three layers

Žfor the lithosphere composition quartzite, diorite and
. Žolivine . The earthquake location extracted from the

catalogue of the Council of the National Seismic
.System, USA shows a family of earthquakes around

the centre of uplift, all of which are located at crustal
depths.

The calculated spatial distributions of the inte-
grated buoyant load and the lithospheric strength do
not coincide perfectly with the shape observed for

Ž .the uplift Figs. 2 and 3 . Both the maximum load
Ž 6 y2. Ž40=10 N m and the minimum strength 2=

12 y2.10 N m points are located out of the Rhenish
Massif itself. Another misfit is the absence of a clear
thermal anomaly under the Western Ardennes,
whereas this area is marked by significant uplift with
rates that underwent rapid acceleration during Late

Ž .Quaternary time Van Balen et al., 2000 . This might
be due to a number of factors, such as the uncer-
tainty inherent to the original seismic tomography
inversion and also the conversion from seismic ve-

Ž .locity into temperature Goes et al., 2000a . Further-
more, it is important to note that the period of uplift
we study corresponds to a small fraction of the total
duration of uplift that occurred since Eocene: changes
in time of the location of the anomaly could lead to
the situation in which its present position and the
uplift do not perfectly coincide. At the same time,
the spatial distribution of the seismicity clearly coin-
cides with the main area of thermal mantle perturba-

Ž .tion inferred from seismic tomography Fig. 3b ,
suggesting a causal link between lithospheric neotec-
tonic deformation and associated stress release and
mantle upwelling. All this illustrates that both distri-
butions displayed in Fig. 3 must be taken only as a
reference for the subsequent thermo-mechanical
modelling.

Based on the above considerations, two reference
Žgeotherms have been derived for the study area Fig.

. Ž4 . An unperturbed geotherm representative for the
.areas surrounding the velocity anomaly is based on

a mean surface heat flow of 70 mW my2 that
connects in depth with the temperatures provided by

Ž .Goes et al. 2000a,b . A perturbed strength envelope
is calculated by connecting the same surface temper-
ature gradient as in the unperturbed case with the

Ž .anomalous temperatures by Goes et al. 2000a . A
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Ž . Ž . Ž .Fig. 3. Computed buoyant load a and integrated compressional strength b derived from the temperatures from Goes et al. 2000a .
Contours are drawn every 10 MNrm2 for the load. For the strength, the contours of 3 and 8 TNrm are plotted. Earthquake hypocenter

Ž .distribution is also shown in b .

strain rate of 10y16 sy1 is assumed for both strength
envelopes. According to the strength profiles shown
in Fig. 4, the integrated lithospheric strength is 2.2
TN my1 under the Eifel and up to 21.0 TN my1 in
the adjacent areas, suggesting an order of magnitude
difference in bulk strength. It is interesting to com-

pare these strength profiles with the depth distribu-
tion of intraplate seismicity in the area. The earth-
quake hypocenter depth distribution compiled by

Ž .Camelbeeck 1994 for the ArdennesrHautes Fagnes
area displays a bimodal distribution in the seismicity
with a concentration in the upper and lower crust and
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Fig. 4. Stress envelopes and geotherms constructed for the Eifel
Ž .continuous lines and for the unperturbed surrounding areas
Ž .dashed lines . Dark shading shows the depth distribution of
earthquakes under the Ardennes. Positive stresses mean compres-
sion.

a marked absence of seismicity in the upper mantle
part of the lithosphere. This feature is in support of a
mechanical decoupling between crust and upper
mantle andror localised weakening of upper mantle
material.

4. Thermo-mechanical models for uplift: concepts
and numerical implementation

4.1. Basic assumptions

The buoyant load and strength distributions ob-
tained in the previous section demonstrate the com-
bined effect of weakening and uplift related to the
temperature anomaly. However, they are in them-
selves not reliable enough for the purpose of quanti-
tatively explaining the uplift distribution. Therefore,

we are in need of additional assumptions before
trying to fit the uplift patterns.

It must be emphasised here that it is possible to fit
any uplift distribution with a flexural model if the
load generating it is not constrained a priori. In

Žparticular, a local isostasy approach zero strength
.lithosphere, or Tes0 and a load distribution pro-

portional to the uplift at any given point, would
perfectly fit the observations. However, this would

Ž .be against the notions that 1 lithosphere is intrinsi-
cally characterised by finite strength when submitted

Ž .to a tectonic load and 2 thermal buoyancy and
weakening are linked processes that occur coeval in
space. Both ideas have been extensively documented
in the last decades. In particular, foreland basin
analyses and studies of intraplate seismicity in the

Žwestern European platform see Cloetingh and Burov,
.1996 point to the existence of non-zero equivalent

elastic thickness, showing that the continent is far
from a local isostatic equilibrium.

Hence, we will hereafter assume that both effects,
load and weakening, although independent in magni-
tude, have the same spatial distribution. Varying
arbitrarily their magnitudes will allow to constrain
the presence of a lithospheric weakening related to
the basal heating.

4.2. Implementation in numerical models

We have carried out a series of cross-sectional
and planform modelling experiments. Our first nu-

Ž .merical experiment consists of a 2D cross-section
thin elasto-plastic plate that will allow to approach
the stress distribution produced in the lithosphere
during uplift. This numerical model of lithospheric

Ž .flexure similar to Burov and Diament, 1992 ac-
counts for vertical and horizontal loads acting on a
multilayered plate, the strength structure of which is
a function of the crustal geometry, temperature, and
rheological parameters, using the concept of yield

Ž .stress envelope YSE . A finite difference technique
with a gridding of 600=120 is used. The numerical
model is described in detail by Garcia-Castellanos et

Ž .al. 1997 and has been applied to both continental
Žand oceanic settings Garcia-Castellanos, 1998; Gar-

.cia-Castellanos et al., 2000 .
The main required inputs are the distributions of

temperature and vertical load. As outputs, the model
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Ž .provides the uplift profile deflection and a stress
distribution being directly consistent with the YSE
lateral variations. A subproduct of the model is the
lateral variation of effective elastic thickness, which
is computed as a function of strength and plate

Ž .curvature Burov and Diament, 1992 .
Since the process we study is far from a 2D

Ž .cross-section approach, it is required a planform
flexural model in order to fit the uplift distribution.
The model consists of a pure elastic thin plate allow-
ing for lateral variations of elastic thickness, which
are related to the plate rigidity and is the main model
input together with the load distribution. The differ-
ential equations involved are taken from Van Wees

Ž .and Cloetingh 1994 and solved using the finite
difference method using an 80=80 nodes mesh. The
role of plate curvature during lithospheric flexure

Ž .discussed by Burov and Diament 1992, 1995 is not
incorporated in this model because the relative small

Ž .amount of deflection uplift in this area is insuffi-
cient to produce relevant reductions of rigidity.

5. Results

The coincident distribution of load and weakening
Žis assumed to be truncated cone-shaped trapezium

.for the cross-section model . In all results shown

Ž . Ž . ŽFig. 5. 2D elastic plastic plate synthetic model. Input temperatures above , uplift distribution middle panel and stress distribution lower
. Ž . Ž .panel predicted in the model assuming a low compression regional settingF s1 TNrm . Positive stresses in blue mean extension. Thex

Ž .black lines show the strength profiles YSE representative for both the unperturbed and the anomalous zones. The dashed line is the
predicted elastic thickness. UC: upper crust; LC: lower crust; LM: lithospheric mantle. Bold lines indicate the base of the Upper and Lower
Crust.
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Žhere, the dimensions of the load are 200 km base
.diameter where load and weakening are zero and 40

Ž .km top diameter , based on the results shown in Fig.
3. Different values of the distribution width were
tested but, although this parameter influences the
shape of the deflection, it does not affect the general
conclusions obtained in this work.

5.1. Cross-section synthetic model

Fig. 5 displays the results of loading the cross-
section model with a vertical buoyant load in a
horizontal compressional regime.

The temperatures used as input, shown in Fig. 5a,
are based on a steady state hypothesis using a sur-

y2 Ž .face heat flow of 70 mW m Haenel, 1983 ,
except for the areas affected by heating, for which

Ž .we use the temperatures by Goes et al. 2000a as a
constraint for the mantle. A constant crustal thick-
ness of 31 km is adopted. Both the anomalous
temperatures and the load have a distribution shaped
as a truncated triangle the base and top of which are
betweenxs200 and 400 km and betweenxs280

Žand 320 km, respectively. Maximum load in the
. 6 y2 Žcentre is arbitrarily set to 13.2=10 N m equiv-

alent to a 27-km-thick body with a buoyant density

Ž . Ž . Ž .Fig. 6. Elastic thickness planform distribution left and best fits of the uplift distribution right using a 2D planform flexural elastic plate
Ž . Ž . Ž .for the case of constant elastic thickness a and laterally varying elastic thickness b . The thicker isolines of observed dashed and

Ž .calculated continuous uplift correspond to 15, 50, 100, 200, 250 m. The thin lines correspond to 25, 30, 35 and 150 m. The white line
indicates the contour of the Ardennes–Rhenish Massif basement outcrop.
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y3.contrast of 50 kg m . This load predicts a fairly
realistic uplift pattern with a maximum value of 384
m. This overestimation of the observed uplift is to a
large extent due to the 2D limitation of the model.

Ž .The predicted uplift Fig. 5b does not depend
Žsubstantially on the applied horizontal force 1 TN

y1 .m in this model even despite the applied force is
comparable with the plate strength. It is interesting,
however, that the stress predicted on top of the

Ž .anomaly Fig. 5c is extensional despite the assump-
tion of a regional compressional regime. This is in
agreement with the extensional stresses observed in

Žthe central Eifel Bauman and Illies, 1983; Mueller
.et al., 1997 in spite of the compressional context of

central Europe. The extensional stress is the result of
the upward bending at the upper part of the crust due
to the uplift. The model also predicts the equivalent
elastic thickness variations, showing a decrease from
39 km in the unperturbed areas to less than 10 km in
the central part. This reduction is due both to the
thermal weakening and the flexural plate curvature.
These values will be used as an additional constraint
for the planform modelling.

5.2. Planform modelling

Fig. 6 shows the best fits of the uplift observa-
tions with a 2D planform flexural model. Two cases
were studied: constant elastic thickness and lateral
varying elastic thickness. In the previous experiment,
the lithospheric weakening has been assumed to
coincide in space with the load. In order to reproduce
the general trends of the uplift distribution, we use a
thin 2D elastic plate with variable thickness to simu-
late the deflection of the lithosphere. The load distri-
bution is shaped as a truncated cone, with a maxi-
mum radius of 100 km, where the load is zero, and a
minimum radius of 20 km, where the load is maxi-
mum. This agrees with the characteristic wavelength
of lithospheric thinning in the Rhenish Massif de-

Ž .rived by Neugebauer et al. 1983 : between 100 and
200 km.

The best fit with a constant elastic thickness is
6 y2 Žobtained for a load of 17.2=10 N m maximum

.value , equivalent to a 35-km-thick buoyant body of
50 kg my3 of contrast density. Whereas elastic
thickness affects the lateral extension of the flexural
uplift, the magnitude of the load modifies primarily

the magnitude of the deflection. Although the pre-
dicted uplift fits satisfactorily the maximum and

Ž .minimum constrained isolines 15 and 250 m , the
zone in between them is not satisfactorily fitted, as
shown by the 50- and 100-m isolines.

Instead, accounting for a plate thickness reduction
Ž .Fig. 6b restricted to the same area as the load, the
fit is acceptable for all the constrained isolines. This
property has been checked with different load and
weakening magnitudes. The load required for this

6 y2 Ž .model was 13.2=10 N m maximum value ,
equivalent to a 27-km-thick buoyant body of 50 kg
my3 of contrast density.

6. Discussion: thermal weakening and lithosphere
memory during uplift localisation

The modelling results demonstrate that the shape
of the uplift distribution can be explained as the
response to buoyant loading of a hot subcrustal body,
and to the associated mechanical lithospheric weak-
ening.

The model proposed here, based on flexural re-
sponse of the lithosphere to the buoyant load, is
fundamentally constrained by the uplift distribution.
At the same time, it is however also consistent with
the existence of extensional stresses that are mea-

Žsured near the surface of the Rhenish Massif Bau-
.man and Illies, 1983 probably dominating over the

superimposed regional compressional plate-wide
stress field in Northwest Europe.

ŽMore accurate seismic tomography Ritter et al.,
.2000 , together with new measurements of river

incision, is important to further constrain and vali-
date the models. At present, it appears that short
wavelength discrepancies between model and ob-
served uplift can be related to other factors such as
fault reactivation and the sediment loading in the

Žsurrounding graben areas see e.g. Houtgast and van
.Balen, 2000; Dirkzwager et al., 2000 .

Although the lithospheric weakening inferred here
has been implicitly linked to a thermal anomaly, the
role of other phenomena cannot be dismissed. One of
these factors could be weakening induced by pre-ex-
istent fault structures, and the effect of superimposed
compression acting on such weakness zones leading
intrinsically to further concentration of localised de-
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formation. In this context, it should be noted that in
the Northwestern European lithosphere, the effect of
compression on vertical motions has been shown to
be of great significance in the area adjacent to the
Ardennes–Eifel area, including the Paris Basin and

Žthe North Sea area Cloetingh et al., 1999; Van
.Balen et al., 1998; Van Wees and Cloetingh, 1996 .

In future work, it will be of particular importance to
obtain better constraints on the fine structure of the
spatial and temporal variations in the interplay of
thermal perturbations and stresses on the full depth
range of the mechanically strong part of the litho-
sphere.

The gravity signal of the buoyant body derived in
this work is not clearly reflected in the Bouguer

Žanomaly distribution Drisler and Jacoby, 1983; Lee
.et al., 1993 , which indeed shows relevant asymme-

Žtry in the domain of the Rhenish Massif Jacoby et
.al., 1983 . Simple calculations show that the gravity

anomaly associated with the geometry derived here
Ž y3.for the anomalous bodyDrs50 kg m would

produce a maximum anomaly lesser than 25 mGal,
decreasing to less than 10 mGal at a 100-km distance
from the centre of the body. This relatively small

Žanomaly with smooth lateral variation related to the

.deep location of the body, in the lithospheric mantle
may have been overprinted by the gravity effect of
other mechanisms, such as inherited heterogeneity in
the crustal structure andror the subregional character
of the mantle diapirism related with the buoyant

Ž .body Neugebauer et al., 1983 , which could be
co-responsible for the complicated pattern of the
gravity anomaly.

Recently, it has been shown that asthenospheric
Ždiapirism can be initiated by rifting processes Huis-

.mans, 1999 : thinning of the lithosphere creates a
topography at the lithosphere–asthenosphere bound-
ary, which induces further upwelling of low density
asthenosphere, resulting in uplift at the surface. In
such a model, active rifting is the consequence of
passive rifting. The model predicts that a few million
years after a rifting phase, the basin and its immedi-
ate surroundings are uplifted. This might be appli-
cable to the Ardennes–Rhenish Massif, which is
dissected by Tertiary rift-systems. The Middle Pleis-
tocene uplift of the area could be a response to this
mode of secondary asthenospheric diapirism.

A further quantification of the erosion-driven iso-
static forcing of uplift is also an important future
goal. The removal of crustal mass by erosion affects

Fig. 7. Cartoon illustrating in a vertical cross-section the necessity for a lithospheric weakening in the flexural model. A plate with constant
Ž .elastic thickness dashed and dotted lines can fit the maximum and minimum uplift observations. A model with lateral variations of elastic

Ž .thickness bold lines allows fitting the intermediate values.
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the load distribution on the asthenosphere and lower
crust, which might lead to flow of mantle and lower

Žcrustal rocks, respectively Burov and Cloetingh,
.1997 , thereby causing vertical motions at the sur-

face.
An important outcome of our models is the pre-

diction of strong lateral variations in the mechanical
structure in the uplifted area. It appears that models
with uniform elastic thickness fail to explain ob-
served patterns of uplift. It should be noted that this
finding is important in terms of future observational
studies of the uplift. Although the magnitude of the
buoyant load as main generator of uplift is poorly

Ž .constrained Fig. 3 , we are still able to distinguish
the effect of a localised weakening. Inspection of
Fig. 7 illustrates that accounting for a weakening
coincident in space with the buoyant load allows to
increase the gradient of uplift towards the centre of
its distribution, as observed in the study region.
However, our results do not allow to discriminate
whether this weakening is exclusively related to the
thermal perturbation or it is to some extent related to
pre-existing structures.

The low values of elastic thickness that have been
Ž .obtained down to 6–10 km under the Eifel and the

strength profiles indicate that the crust and the litho-
spheric mantle may be mechanically decoupled in

Ž .the region. The high value close to 40 km in the
area unaffected by heat and curvature is consistent
with flexural studies in the western European plat-

Žform Cloetingh and Burov, 1996; Andeweg and
.Cloetingh, 1998 .

7. Conclusion

Our analysis has shown that the large scale pat-
tern of the Late Quaternary uplift of the Ardennes–
Rhenish Massif region can be explained in terms of a
flexural response of the lithosphere to a buoyant
subcrustal load. A localised plate weakening coeval
in space with the action of the buoyant load predicts
an uplift, which is in better agreement with the
observations than considering an homogeneous dis-
tribution of lithosphere rigidity. This spatial coexis-
tence of load and weakening points to a primary
control by thermo-mechanical processes at deeper
lithospheric levels. This weakening might be ampli-

fied by reactivation of inherited fault structures at
shallower levels.
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