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Abstract In order to study the ongoing tectonic defor-
mation in the Rhine Graben area, we reconstruct the
local crustal velocity and the strain rate field from GPS
array solutions. Following the aim of this work, we
compile the velocities of permanent GPS stations
belonging to various networks (EUREF, AGNES,
REGAL and RGP) in central western Europe. More-
over, the strain rate field is displayed in terms of prin-
cipal axes and values, while the normal and the shear
components of the strain tensor are calculated perpen-
dicular and parallel to the strike of major faults. The
results are compared with the fault plane solutions of
earthquakes, which have occurred in this area.

A broad-scale kinematic deformation model across
the Rhine Graben is provided on the basis of tectonics
and velocity results of the GPS permanent stations. The
area of study is divided into four rigid blocks, between
which there might be relative motions. The velocity and
the strain rate fields are reconstructed along their bor-
ders, by estimating a uniform rotation for each block.
The tectonic behaviour is well represented by the four-
block model in the Rhine Graben area, while a more
detailed model will be needed for a better reconstruction
of the strain field in the Alpine region.
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Introduction

The work presented here has been carried out in the
framework of the European Union funded ENTEC
(ENvironmental TECtonics) research and training net-
work and the EUCOR-URGENT (Upper Rhine
Graben Evolution Neo Tectonics) project. We summa-
rize the results of the GPS data analysis, but primarily
focus on the kinematic interpretation. Our principal
objective was to study and constrain the current crustal
kinematic field of central western Europe, with special
emphasis on the Rhine Graben area by investigating the
velocity and the strain distribution.

Central western Europe is a geologically variable and
complex area including structural units of different ori-
gin, evolution and recent activity. The Rhine Graben
(Fig. 1) is a major element of the Cenozoic rift system of
western and central Europe that extends from the shore
of the North Sea via the Rhone-Bresse graben to the
Mediterranean Sea over a distance of some 1,000 km
(Fig. 1) (Ziegler 1992). It has been tectonically active
since the late Eocene, when subsidence movements
commenced, persisted until the middle Miocene in the
southern part, and continued until the Pliocene and re-
cent times in the northern part, under different stress
regimes (Schumacher 2002). The current tectonic activ-
ity of this rift system is evident from historical earth-
quakes and by subsidence rates of up to 1 mm/year in
the northern part (Zippelt and Mélzer 1981).

Geological setting of the Rhine Graben area

The Upper Rhine Graben has a length of 300 km, a
width of 3040 km and it is characterized by a slightly
sinuous configuration (Fig. 1). At the south, the Rhine
Graben terminates near the city of Basle. At the north-
ern end of the Upper Rhine Graben, at a triple junction
near Frankfurt (Ziegler 1992), the rift system splits up:
one branch follows the Hessen depression and the Leine
Graben near Goéttingen and then apparently disappears
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Fig. 1 Principal geological
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beneath the young sediments of the North German Plain
(Fig. 1). The other branch of the rift system, which has
been more active in recent times, continues northwest-
ward through the Rheinish Massif into the Lower Rhine
Embayment, changing orientation from N20°E to a
NW-SE direction (Ruhr Graben) (Ziegler 1992). From
there it may be traced further to the shores of the North
Sea (Ziegler 1992) (Fig. 1).

Rifting of the European Cenozoic rift system
(ECRIS) started with graben subsidence in the southern
Rhine Graben during the late Eocene, about 45 Ma ago,
under an extensional stress regime in the foreland of the
Alpine orogenic belt (Ziegler and Dézes, in this volume).
The axis of maximum horizontal compressional stress
rotated from NNE-SSW to a NNW-SSE and NW-SE
direction about 20 Ma ago (Glahn and Granet 1992;
Schumacher 2002). Graben subsidence ceased in the
southern Rhine Graben and was followed by the mid-
Miocene updoming of the Vosges-Black Forest complex
(Laubscher 1982; Glahn and Granet 1992) (Fig.1). The
doming was accompanied by volcanic activity more or
less continuously throughout the Cenozoic, but peaked
during the Miocene and again during the Quaternary in
the Eifel area (Fig. 1). Shoulder uplift and subsidence of
the graben, as reflected by its sedimentary infill, show a
clear difference in the evolution of the northern part of
the Upper Rhine Graben between Mainz and Heidel-
berg and the southern part between Strasbourg and
Basle (Villemin et al. 1986; Glahn and Granet 1992).
Today the southern Rhine Graben is characterized by
small uplift/subsidence rates (Mélzer and Schlemmer
1975; Zippelt and Mailzer 1981), about —+0.2 to
—0.1 mm/year (Ziegler 1992), which are not significant
(Rozsa et al. this volume; Schlatter et al. this volume).
Moreover, predominantly strike-slip mechanisms of
earthquakes are derived from fault plane solutions
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(Villemin et al. 1986; Bonjer 1997; Plenefisch and Bonjer
1997). In contrast, the northwestern branch of the Rhine
rift, which crosscuts through the Rhenish Massif, is
presently experiencing active rifting (Glahn and Granet
1992). Precision levelling indicates that this area is
presently being uplifted at a rate of 0.4-0.6 mm/year,
with maxima of more than 1 mm/year reached in the
Eifel (Ziegler 1992) (Fig. 1). In the northern part of the
Upper Rhine Graben, subsidence rates reach a maxi-
mum of 1 mm/yr between Karlsruhe and Frankfurt
(Ziegler 1992). The entire Rhine Graben system, as well
as the Eger Graben located to the east, inside the
Bohemian Massif (Fig. 1), are at present seismically
active and have been the locus of some rather destructive
historical earthquakes (Meghraoui et al. 2001).

GPS data collection and data analysis

In order to display the intraplate velocities in central
western Europe, we used the dataset of the velocities of
permanent GPS stations in the ITRF2000 reference frame
that are processed at Swisstopo' (in the following called
“Swisstopo dataset”). The rates were determined for 53
GPS sites located in seven countries (Italy, Switzerland,
Austria, Germany, France, Belgium and The Nether-
lands), representing the major structural units in central
western Europe, and belonging to different networks
(EUREF, AGNES, REGAL and RGP)Z. These values
were obtained on the basis of weekly solutions, calculated
by processing the raw data with the Bernese software

'Swiss Federal Office of Topography

ZEuropean reference frame (EUREF), automated GPS network for
Switzerland (AGNES), Réseau GPS permanent dans les Alpes
(REGAL), Réseau GPS Permanent (RGP).



(Beutler et al. 2001; Brockmann et al. 2001, 2002; E.
Brockmann et al., in preparation). The length of the time
series is not the same for all the stations. It varies between
less than 2 up to more than 4 years (Table 1). Few sta-
tions, having unreliable values, or working since few
months only, were excluded from the Swisstopo dataset.
On the other hand, some ITRF2000 velocity values of
EUREF stations (in the following called “EUREF
dataset”), downloaded from EUREF website, showing a
long and stable time series, were added, in order to have a
more homogeneous distribution of the GPS sites. The
integration was made applying to these new stations
(BRUS, GOPE, KOSG, POTS and WSRT) a Helmert
transformation straight on to the geocentric velocity
values. Assuming that the transformation parameters do
not change in time, we only have to estimate a rotation
and a scale for transforming the velocities.

The velocity components of the new stations were
computed using the following equation:

X; 1+s —r ry x;
yi| = 7, l+s —r |- |y (1)
Z; —I"y Iy 1 + s Zj

with x;, y;, z; and x ;, y;, z; the new and the original
geocentric velocity components, respectively, while r , r,,
and r, are the angles of small rotations about the X', Y
and Z axes in radians and /+s is the scale factor
(unitless).

The values of the four parameters (r, , r , , r. and s)
were estimated by least-squares adjustment of Eq. 1 at
seven stations common in the two datasets (BRST,
GRAS, GRAZ, KOSG, TORI, WTZR, ZIMM), chosen
on the basis of their distribution in the area of interest
and on the data quality. The residuals obtained from the
adjustment are displayed in Table 2. We used the pole of
rotation defined in Altamimi et al. (2002) for the Eur-
asian plate to calculate its motion, and we subtracted
these velocity values from the ITRF2000 velocities to
obtain the residuals with respect to the rotation of the
Eurasian plate (Table 1 and Fig. 2). These residuals are
called ‘intraplate’ velocities in this paper.

Due to the lack of reliable vertical components of
GPS velocities, we considered only the horizontal
velocity components, Viyon and Ve, respectively. The
standard deviations, assumed equal for the two com-
ponents, were calculated for each GPS permanent sta-
tion on the basis of the length of the time span
(6 =1 mm/\year) (Table 1).

The general movement of the GPS stations located
between 4° and 16° of longitude is in the NW direction,
with rates between 0.1 and 2.9 mm/year (Table 1 and
Fig. 2). Some stations located within Switzerland, differ
from this general trend, possibly because of local effects
(inset Fig. 2). The only two stations located within the
Upper Rhine graben area (KARL and STRA) show
small movements in N and NW direction (V,,s=0.81
and 0.34 mm/year), respectively. The stations located
between —5° and 4° of longitude, move in SW to S
direction, with an absolute value of velocity between
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0.5 mm/year and 1.5 mm/year. Nevertheless, their
velocity solutions, due to the shortness of time spans,
could be unreliable.

On the basis of the velocity solutions, we calculated
the strain rate field and displayed it as principal axes and
values of the 2D strain rate tensor and as 2D dilatation
rates (Figs. 3, 4). Moreover, we calculated the normal
and the shear components of the strain tensor perpen-
dicular and parallel to the Alpine boundary and to the
eastern and western Rhine Graben borders (Figs. 5, 6).
We can observe that the area where the highest com-
pressional and extensional values were found corre-
sponds to the Alpine zone. More concretely, we found
relatively high values of compression in southwestern
Switzerland and in southwestern Germany (about
12 nstrain/year)®, oriented NW-SE (Figs. 3, 4). The
areas of maximum extension are located in central
Switzerland and western Austria with a maximum value
of 7.5 nstrain/year (Figs. 3, 4). Moreover, relatively
significant compressional and extensional strain rates
are found perpendicular to the western and eastern
Alpine chain, with maximum values of 5 and 6 nstrain/
year, respectively (Fig. 5). The shear strain rate is dextral
along the central Alps and, less significant, sinistral in
the eastern portion (Fig. 6). In the Rhine Graben area
the strain rate values are within the margin of errors:
both borders show low values of compression, about
2 nstrain/year (Fig. 5) and sinistral shear strain rates
with maximum values of 2 nstrain/year (Fig. 6). How-
ever, the actual deformation cannot be assessed in this
area on account of the sparse data available.

From the distribution of earthquakes (Fig. 7), we
observe that most of them are located within three
clusters: the Alpine chain, the Jura Massif—Rhine
Graben area and the zone between the Armorican
Massif and the Massif Central (Fig. 1). Earthquakes
with relatively high magnitudes (M >4.0) are mostly
found in the Molasse basin (Figs. 7, 1).

Comparing the GPS strain rate field with seismic data,
it is observed that the normal faulting tectonic regime,
found in the Lower Rhine Graben area, fit well with the
extensional strain domain seen in the trace of the 2D
strain tensor (Figs. 7, 4). Furthermore, the dextral strike-
slip found in the projection of the GPS strain field par-
allel to the strike of the central Alps coincides with the
corresponding types of fault plane solutions (FPS) in this
area (Figs. 6, 7). On the other hand, the extension along
the curvature of the Alpine arc, predicted by the FPS
(Fig. 7) (Kastrup 2002; Kastrup et al. 2004), is not well
represented in the GPS strain field (Fig. 3).

For further investigation of this apparent difference,
longer observation time and higher density of stations
are needed. This would also involve the consideration of
the fact that the GPS data are possibly affected by local
and spatially correlated noise. On the other hand, the
concentration of the deformation on a limited number of

31 nstrain/year corresponds to a change of distance of 1 mm per
1,000 km and year and is equivalent to 3.17x107"7 /s.
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Table 1 Residuals values between the ITRF2000 velocities and the rotation of the Eurasian plate from the combination of the AGNES,

EUREF, REGAL and RGP permanent GPS networks

Stations Initial time Final time Latitude Longitude Viorth Veast Vabs (7 0y,
ANDE 02 Sep 1998 30 Aug 2000 46.65330 8.61588 0.72 —0.33 0.79 0.71 0.71
ARDE 28 Nov 2001 25 June 2003 46.77639 10.20469 0.77 —1.06 1.31 0.80 0.80
BOUR 07 Feb 2001 25 June 2003 47.39414 7.23059 0.48 —0.52 0.71 0.65 0.65
BRST 17 Apr 2002 25 June 2003 48.38049 —4.49659 —0.26 —0.15 0.30 0.95 0.95
BRTZ 17 Apr 2002 25 June 2003 43.47196 —1.53691 —1.17 0.98 1.52 0.96 0.96
BSCN 17 Apr 2002 25 June 2003 47.24688 5.98938 1.15 —0.38 1.21 0.92 0.92
DAVO 09 Sep 1998 30 Aug 2000 46.81292 9.84351 1.13 —0.61 1.28 0.46 0.46
EGLT 17 Apr 2002 25 June 2003 45.40335 2.05199 —0.51 0.15 0.53 0.92 0.92
EPFL 27 Jan 1999 23 Apr 2003 46.52147 6.56789 1.05 0.51 1.17 0.49 0.49
ETHZ 02 Sep 1998 25 June 2003 47.40707 8.51053 0.76 —0.35 0.83 0.48 0.48
EXWI 26 Jan 2000 25 June 2003 46.95146 7.43873 —0.50 —0.31 0.59 0.54 0.54
FALE 26 Dec 2001 25 June 2003 46.80449 9.23030 0.32 —1.44 1.48 0.82 0.82
FCLZ 22 Mar 2000 25 June 2003 45.64300 5.98568 1.11 —0.14 1.12 0.55 0.55
FHBB 02 Sep 1998 25 June 2003 47.53387 7.63861 0.73 —0.04 0.73 0.46 0.46
FRIC 03 Jan 2001 25 June 2003 47.52742 8.11191 0.91 —0.52 1.05 0.63 0.63
GENE 13 Dec 2000 25 June 2003 46.24825 6.12808 1.14 —0.68 1.32 0.63 0.63
GRAS 02 Sep 1998 16 Apr 2003 43.75474 6.92057 1.18 -0.29 1.21 0.46 0.46
GRAZ 02 Sep 1998 02 May 2001 47.06713 15.49348 0.89 —0.53 1.04 0.61 0.61
HFLK 02 Sep 1998 22 Jan 2003 47.31290 11.38609 1.23 —0.79 1.46 0.48 0.48
HOHT 13 Sep 2000 25 June 2003 46.31941 7.76270 0.85 —-0.33 0.91 0.63 0.63
HUTT 14 Feb 2001 25 June 2003 47.14108 7.83488 1.09 0.91 1.42 0.65 0.65
JUJO 02 Sep 1998 25 June 2003 46.54749 7.98490 0.09 —0.85 0.85 0.46 0.46
KARL 09 May 2001 25 June 2003 49.01125 8.41126 0.81 0.02 0.81 0.68 0.68
KREU 19 Sep 2001 25 June 2003 47.64129 9.16004 0.90 —0.56 1.06 0.81 0.81
LILL 17 Apr 2002 23 Apr 2003 50.61285 3.13844 —0.30 -0.29 0.42 0.99 0.99
LOMO 02 Sep 1998 25 June 2003 46.17257 8.78743 0.22 —0.71 0.74 0.46 0.46
LUZE 03 Jan 2001 25 June 2003 47.06820 8.30064 1.94 —0.51 2.01 0.63 0.63
MANS 17 Apr 2002 25 June 2003 48.01862 0.15528 —0.85 —1.24 1.51 0.92 0.92
MARS 08 Mar 2000 12 Mar 2003 43.27877 5.35379 0.90 —0.55 1.06 0.58 0.58
MART 07 Feb 2001 12 June 2002 46.12222 7.07069 1.58 —1.03 1.89 0.86 0.86
MLVL 17 Mar 2002 25 June 2003 48.84106 2.58731 —0.74 —0.72 1.04 0.92 0.92
MODA 22 Mar 2000 25 June 2003 45.21378 6.71008 0.48 —0.45 0.66 0.55 0.55
NANT 17 Mar 2002 25 June 2003 47.15411 —1.64537 —0.90 —0.15 0.91 1.27 1.27
NEUC 27 Sep 2000 25 June 2003 46.99383 6.940483 0.38 —0.53 0.65 0.60 0.60
PADO 28 Nov 2001 25 June 2003 45.41115 11.89606 1.02 —1.10 1.50 0.80 0.80
PAYE 20 Sep 2000 25 June 2003 46.81214 6.94394 0.11 0.10 0.15 0.60 0.60
PFAN 27 Oct 1999 25 June 2003 47.51533 9.78466 2.43 —1.51 2.86 0.52 0.52
RENN 17 Apr 2002 25 June 2003 48.10864 —1.66734 —0.82 -0.19 0.85 0.92 0.92
SAAN 28 Nov 2001 25 June 2003 46.51557 7.30129 —0.70 0.37 0.79 0.80 0.80
SAME 28 Nov 2001 25 June 2003 46.52925 9.87823 1.87 0.23 1.88 0.80 0.80
SANB 05 Dec 2001 25 June 2003 46.46383 9.18455 1.78 —1.15 2.12 0.80 0.80
SCHA 03 Jan 2001 25 June 2003 47.73757 8.65585 0.54 0.22 0.58 0.63 0.63
SJIDV 02 Sep 1998 25 June 2003 45.87908 4.67657 0.58 0.02 0.58 0.46 0.46
STAB 05 Dec 2001 25 June 2003 45.85586 8.94164 1.81 —-1.91 2.63 0.80 0.80
STCX 19 Sep 2001 25 June 2003 46.82239 6.50117 1.20 —0.22 1.22 0.75 0.75
STGA 13 Dec 2000 25 June 2003 47.44177 9.34595 0.87 —0.61 1.06 0.63 0.63
STRA 22 Mar 2000 06 Nov 2003 48.62166 7.68382 0.27 —0.21 0.34 0.56 0.56
TORI 08 Mar 2000 25 June 2003 45.06337 7.66128 0.86 —0.06 0.86 0.55 0.55
UZNA 03 Jan 2001 25 June 2003 47.21830 9.00767 1.10 —0.34 1.15 0.63 0.63
VENE 31 Jan 2001 25 June 2003 45.43698 12.33198 1.85 —0.60 1.95 0.65 0.65
VFCH 17 Mar 2002 25 June 2003 47.29420 1.71967 —0.86 0.25 0.89 0.92 0.92
WTZR 02 Sep 1998 25 June 2003 49.14420 12.87891 0.39 —0.54 0.67 0.46 0.46
ZIMM 02 Sep 1998 25 June 2003 46.87710 7.46527 0.90 —0.19 0.92 0.46 0.46
BRUS 01 Sep 1996 16 May 2003 50.79782 4.35922 0.16 -0.37 0.40 0.39 0.39
GOPE 01 Sep 1996 16 May 2003 49.91370 14.78562 0.65 —0.68 0.94 0.43 0.43
KOSG 01 Sep 1996 16 May 2003 52.17843 5.80964 0.61 —0.28 0.67 0.39 0.39
POTS 01 Sep 1996 16 May 2003 52.37930 13.06609 0.45 —0.72 0.85 0.39 0.39
WSRT 01 Sep 1996 16 May 2003 52.91461 6.60450 0.58 —0.41 0.71 0.43 0.43

Bold and italic are the stations belonging to Swisstopo and
EUREF datasets, respectively. Initial and final time of obser-
vation are displayed as day, month and year, Latitude and
Longitude are expressed in decimal degree, V qorth, V easts V abss

oy north and oy east the horizontal velocity components, the
absolute value of velocity and the standard deviations of the

horizontal velocity components, respectively, in mm/year



Table 2 Residuals of Helmert transformation expressed in mm/
year for the three velocity components of the stations in common to
Swisstopo and EUREF datasets

Stations RES x RES y RES z
BRST —0.59 0.15 0.44
GRAS 0.33 —0.06 —-0.33
GRAZ —0.06 0.34 —0.02
KOSG —-0.19 0.07 0.15
TORI 0.13 -0.22 —0.11
WTZR —0.10 0.06 0.18
ZIMM 0.20 —0.10 —0.16

active fault zones, as suggested by the distribution of
seismicity (Fig. 7), makes it difficult to compare locally
determined seismic strain with regional-scale displace-
ments, which integrate strain over a large area.

At greater distances from the Alpine chain, basically
beyond its foreland, the FPS show a mixture of pre-
dominantly strike-slip faulting (mostly in the Upper
Rhine Graben), normal faulting (mostly in the Lower
Rhine Graben) and some minor thrust faulting (http://
link.springer.de and Fig. 7), indicating a rather uniform
NW-SE orientation of compression and NE-SW ori-
entation of extension, probably related to the sea-floor
spreading along the North Atlantic Ridge and the col-
lision between the African and Eurasian plates (Miiller
et al. 1992; Plenefisch and Bonjer 1997; Kastrup 2002;
Kastrup et al. 2004). These inferences from FPS data
can be seen in the GPS data only in the south part of the
ECRIS (Fig. 3), possibly on account of the low density

Fig. 2 Velocities relative to

Eurasia for the time period 56°
1996-2003. White contour lines

denote the national borders.
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of the stations in the north part of the area of study
(Figs. 3 and 4).

Four-block model

In order to simulate the tectonic movement in central
western Europe using the GPS data available, we pro-
pose a model, which divides the area of study into four
rigid blocks between which there might be relative mo-
tions (Fig. 8). The borders of the blocks were defined on
the basis of the differences between the velocity direc-
tions at the permanent GPS stations, and of earthquakes
and fault distribution (Figs. 2, 7). The southeastern and
northeastern block are located S and N of the Alpine
zone, respectively, while the border between the north-
western and the southwestern block is represented by a
band of seismicity connecting the Massif Central with
the Armorican Massif, which separates the Paris Basin
in the north from the Aquitaine Basin in the south
(Figs. 1, 7). The division between the northeastern block
and the two western blocks passes trough the Bresse-
Rhone Depression, the Upper Rhine Graben, the
Rhenish Massif and the Lower Rhine Embayment,
corresponding to the ECRIS (Fig. 1).

We calculated the horizontal components of velocity
at the GPS points and at virtual points, taken 50 km on
average close to the border of the blocks, by assuming a
uniform rotation for each of the proposed blocks. The
location of the pole of rotation and the angular velocity

Euler pole values for the 55°
rotation of Eurasia:
Lat=157.965°, 54°
Long=-99.374°, »=0.260°/
Myear (Altamimi et al. 2002).
The permanent GPS stations 53°
located between 4° and 16° of
longitude show a movement in 50°
NW direction, the other ones,
located between —5° and 4° of .
longitude, move in SW to S 51
direction
50°
49
48° A
v."\"
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Fig. 3 Principal axes and values
of strain rates obtained by least-
squares collocation (Straub
1996; Kahle et al. 2000).
Covariance distance: 123 km,
sigma of signal: 0.85 mm/year.
Compressional and extensional
axes are in black and in white ,
respectively. White contour lines
denote the national borders.
Noticeable compressional strain
rates are located in
southwestern Switzerland and
in southwestern Germany,
where they reach values of up to
12 nstrain/year. The areas of
maximum extension are found
in central Switzerland and in
western Austria with a
maximum value of 7.5 nstrain/
year. No significant strain rates
are found in the Rhine Graben
area. The formal errors are
between 4 and 7 nstrain/year

Fig. 4 Two-dimensional
dilatation rates in central
western Europe calculated from
the trace of the 2D strain rates
tensor (g, +&;). Covariance
distance: 123 km, sigma of
signal: 0.85 mm/year. Red,
green and black dots represent
GPS permanent stations of the
AGNES, EUREF and
REGAL-RGP networks,
respectively. White contour lines
denote the national borders.
Relatively large compressional
strain rates are found in
southwestern Switzerland, in
southwestern Germany, with
maximum values of 12 nstrain/
year, while the centre of
Switzerland and the western
part of Austria are associated
with extensional strain rates,
with maximum values of

7 nstrain/year. No significant
strain rates are found in the
Upper Rhine Graben, while the
Lower Rhine Graben is
associated with small
extensional strain rates. The
formal errors are between 6 and
10 nstrain/year
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Fig. 5 Normal strain rate
components calculated
perpendicular to major fault
zones. Covariance distance:
123 km, sigma of signal:

0.85 mm/year. White contour
lines denote the national
borders. The eastern Rhine
Graben border shows slightly
higher compression than its
western border, with a
maximum value of 2 nstrain/
year. These values are within
the margins of the formal
errors, between 5 and 7 nstrain/
year. Relatively significant
compression and extension can
be observed perpendicular to
the western and eastern Alpine
boundary, with maximum
values of 5 and 6 nstrain/year,
respectively

Fig. 6 Shear strain rate
components calculated along
major faults zones. Covariance
distance: 123 km, sigma of
signal: 0.85 mm/year. White
contour lines denote the
national borders. Sinistral shear
is present along the eastern and
western border of the Rhine
Graben, with a maximum value
of 2 nstrain/year, dextral shear
along the centre of the Alpine
boundary, and, less significant,
sinistral shear in the eastern
portions, with maximum values
of 6 and 3 nstrain/year,
respectively. The formal errors
are between 3 and 5 nstrain/
year
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Fig. 7 Earthquakes in central western Europe since 1973 from the National Earthquake Information Center (NEIC) and focal mechanism
solutions (FPS) since 1961 from Plenefisch and Bonjer 1997 (in violet ), Kastrup, 2002 (in blue ), Sue et al. 1999 (in yellow ), Nicolas et al.
1990 (in turquoise), Delouis et al. 1993 (in green ) and Harvard CMT Catalog (in black). White contour lines denote the national borders.
Many earthquakes with M >4.0 are located in the Molasse basin. Focal mechanisms with normal fault plane solutions are present mostly
in the Lower Rhine Graben, while with strike-slipe fault plane solutions are found mostly in the Alpine area, in the Upper Rhine Graben
and in France, in the zone connecting the southern part of the Armorican Massif to the northwestern boundary of the Massif Central

for each block (Table 3) were estimated by least-squares
adjustment (Geiger 2003), applying the following
observation equation to each GPS point:

Vi=w Xr;
=—rXo (2)
= R,w
with
R = —RT 3)
The position vector is:
",-T = (14,721, 731) (4)
and the corresponding skew symmetric matrix is:
0 3 =i
Ri=|-r 0 ry (5)
i i 0

Table 3 Location of pole of rotation, angular velocity and o
aposteriori of the unit weight calculated for each block

Blocks Latitude

Longitude w a9
SW 47.7850 10.4980 0.0502 0.19
SE 35.7540 —7.4030 0.0393 0.46
NwW 23.5794 9.4148 0.0104 0.32
NE 29.6398 —23.015 0.0144 0.51

Latitude and Longitude are expressed in decimal degree, w in deg/
Myear and gy is unitless

The observation equations can be summarised in a
system in the following way:

Number of observed points: n

Number of observation equations: 3 n

Number on unknowns (w): 3

Vi R1

= & (6)
Vi R,
f A

Therefore, from the least-squares adjustment the rota-
tion vector can be calculated as:

w=(A"PA) 'A"Pf=N"'F (7)
where P is the weight matrix of observations. If P=di-
ag[P,, P>, Ps,....P;....P,], N and F can be evaluated by

summing up over all points:

n
N= Z RTP.R; (8)
i=1
F= Z R'Pv; (9)
i=1

The velocity vectors calculated for the northwestern
and the northeastern block show different directions,
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Fig. 8 Calculated velocities of crustal motion for the four-block model by least-squares estimation. The velocities at permanent GPS
stations are shown as black arrows , while rates at virtual points, taken 50 km on average close to the border of the blocks, are shown as
white arrows . The black lines represent the generalized borders between the northeastern, northwestern and the southwestern block, while
the Alpine chain is taken as the border between the northeastern and the southeastern block. White contour lines denote the national
borders. The velocity vectors of the northwestern and the northeastern block show different directions, WSW and NNW, respectively,
while no difference in direction is found between the velocity vectors of the southeastern and the northeastern block. A change in the
direction of the velocity vectors from WSW to SSE is observed between the northwestern and the southwestern block

WSW and NNW, respectively, while no difference in
direction was found between the velocity vectors of the
southeastern and the northeastern block. On the other
hand, a change in the direction of the velocity vectors from
WSW to SSE is observed between the northwestern and
the southwestern block (Fig. 8). The horizontal compo-
nents and the absolute values of velocity calculated for the
four-block model are displayed in http://link.springer.de.
The real data fit well with this model, as demonstrated by
the relatively small values of o, aposteriori* of the unit
weight, calculated for each block (Table 3). We observe
that along the border corresponding to the ECRIS the
northeastern block moves with a mean velocity of
0.76 mm/year, while the northwestern and the south-
western block seem to be associated with slightly slower
movements, about 0.51 and 0.72 mm/year, respectively
(http://link.springer.de).

On the basis of these new velocity solutions the strain
rate field was calculated and displayed as principal axes

46, or sigma aposteriori, is a statistical parameter related to the
residuals between real and estimated velocity values.
\/ Z P;Resx?+P,Resy?+P,Resz?

g o where P; is the weight of the
I-velocity, calculated as P, = ( 1 / (a%, + a%,

north; cast;
oy,, the standard deviation for the two components of the
horizontal velocity, that we assumed equal to Imm/\year, Resx ;,
Resy ;, Resz ; are the difference (residuals) between the real and
calculated geocentric velocities with the four block model at the
GPS stations, 7 is the number of observations and u the number of
unknowns.

and

orth;

and oy,

and values of the 2D strain rate tensors. Moreover, we
calculated the normal and the shear strain components
perpendicular and parallel to the strike of major faults
(Figs. 9, 10, 11). We can observe that, although the
blocks are supposedly rigid, small strain is still visible
inside them, on account of the method of interpolation,
least-squares collocation (Straub 1996; Kahle et al.
2000), used here to calculate it. This is an edge effect due
to the correlation length® chosen.

It can be clearly seen in Fig. 9 that the largest values
of compression and extension are found in the southern
and northern part of the Rhine Graben area, respec-
tively. The eastern and the western borders of the Upper
Rhine Graben show NW-SE compression in the south
and E-W extension in the north (Fig. 10). Along both
borders sinistral shear is found (Fig. 11). These results,
although not extremely well supported by the GPS data
for the lack of permanent stations, seem to be consistent
with the focal mechanisms (Fig. 7) and the current tec-
tonic condition of this area, described in previous studies
(Ahorner 1975; Larroque et al. 1987; Larroque and

SThe correlation function defines the interrelationship between
different points observed. Normally, the influence of a distant point
should be smaller and the value of the function usually decreases
with a growing distance and converges to zero. Therefore, if a
correlation length is chosen too short the values observed remain
isolated, while if it is too long, the field derived becomes extremely
smooth. However, a correlation length should not be smaller than
the average distance between the stations (Straub 1996).
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Laurent 1988; Miiller et al. 1992; Delouis et al. 1993;
Bonjer 1997; Plenefisch and Bonjer 1997; Schumacher
2002; Behrmann et al. 2003; Giamboni et al. 2004; Zie-
gler and Dézes, in this volume), supporting the differ-
ence in the evolution between the northern and the
southern part of the Rhine Graben system (Glahn and

Fig. 10 Normal strain rate
components, calculated for the
four-block model, projected
perpendicular to major fault
zones. Covariance distance:

77 km, sigma of signal:

0.56 mm/year. The black lines
represent the generalized
borders between the
northeastern, northwestern and
the southwestern block, while
the Alpine chain is taken as the
border between the
northeastern and the
southeastern block. White
contour lines denote the
national borders. The
southwestern Rhine Graben
border shows slightly higher
compression along NE-SW
oriented segments of the faults
line, while north oriented
segments are in extension.
Small compression is found
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Granet 1992; Villemin et al. 1986). The transition from a
compressional to an extensional regime occurs in the
region where the Rhine Graben system changes its ori-
entation from SW—NE to SE-NW direction (Figs. 1, 9).
The observed directions of the principal values of strain
axes are in agreement with those derived from focal
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Fig. 11 Shear strain rate 52° A
components, calculated for the

four-block model, projected

parallel to major fault zones.

Covariance distance: 77 km,

sigma of signal: 0.56 mm/year. 51°
The black lines represent the
generalized borders between the
northeastern, northwestern and
the southwestern block, while
the Alpine chain is taken as the
border between the
northeastern and the
southeastern block. White
contour lines denote the
national borders. Sinistral shear
is present along the eastern and
western border of the Rhine
Graben, while shear strain
along the Alpine boundary is
negligible
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mechanisms (Figs. 7, 9). The compression shows a de-
crease from the Upper to the Lower Rhine Graben
(Fig. 9), according to the tectonic knowledge of the area
(Delouis et al. 1993).

Low values of strain rates are found along the Alpine
chain (Figs. 9, 10, 11), because the GPS points located in
the northeastern and in the southeastern block move in
the same direction (NW), although with slightly different
absolute values of velocity (http://link.springer.de).
These results differ from those which are seen in the FPS
(Fig. 7) and in the geophysical data (Eva et al. 1997,
1998; Eva and Solarino 1998; Sue et al. 1999; Calais
et al. 2000, 2002; Kastrup 2002; Vigny et al. 2002; Sue
and Tricart 2003; Delacou et al. 2004; Kastrup et al.,
2004), both supporting the presence of relative high
stress and strain in this area. Therefore, the four-block
model can simulate the regional strain field with a good
approximation, but is unable, at the moment, to repre-
sent the complex tectonic condition characterizing the
Alpine collision zone. However, the strain displayed in
Fig. 3, in our opinion, does not reflect completely the
complex tectonic situation present there. To have a
better definition of the strain distribution a shorter
correlation length should be used and, in this way, the
model might be suitable also for the Alpine area. Nev-
ertheless, this other approach implies to separate the
study of the Alps from the study of the Rhine Graben
(where the low density of the network does not allow to
reduce the correlation length), while we preferred to

11°

12°

make a unique general analysis for central western
Europe. For the same reason, we did not consider the
tectonic movements in the eastern Alps, related to the
Adria-Europe convergence, since a more specific study is
required, which is hardly possible at the moment owing
to the low number of GPS stations located in this area.
Relatively small values of extensional strain rates
were found along the border separating the northwest-
ern from the southwestern block, on account of the
small velocity values estimated in this zone (Figs. §, 9).
On the other hand, numerous geological and geophysi-
cal properties exhibit a real continuity throughout the
Massif Central and the Armorican Massif (Fig. 1), while
the focal mechanisms (Fig. 7 and http://link.springer.de)
show a strike-slip tensile regime (Nicolas et al. 1990;
Delouis et al. 1993), compatible with the homogeneous
stress field found in the Rhine Graben area (¢; and o3
NW-SE and NE-SW oriented) (Delouis et al. 1993).
We did not make any quantitative analysis of the
strain obtained from our model, since different numeri-
cal results are possible depending on the virtual points
location. However, we made additional tests changing
the number and the distribution of them in the area of
study. We proved that also when we use a dense grid of
virtual points the results of the simulation remain basi-
cally the same (http://link.springer.de): as in Fig. 9, the
highest values of compression and extension are present
along the borders corresponding to the ECRIS, where
larger changes in the velocity values and directions are



536

observed. Moreover, we can notice that a higher density
of virtual points produces an increase of strain values
along all the borders of the blocks. In particular, the
Alps show a compressional strain pattern NW-SE ori-
ented in the western part and NNW-SSE in the eastern
part (http://link.springer.de). This rotation of the strain
axes direction along the Alpine arc was first observed by
Pavoni (1980) and attributed to the ongoing African-
Eurasian plate convergence (Bassi et al. 1997; Bada et al.
1998; Grenerczy et al. 2000). On the other hand, inside
the blocks the strain tends to reduce to zero and the
‘artificial” extension present in the southeastern block in
Fig. 9, due to the inhomogeneous density of points, is
not visible anymore (http://link.springer.de).

Conclusions and outlook

From a selected set of European continuous GPS net-
works, we calculated the present strain rate field and
compared it with seismic data. Overall, relatively small
strain rates have been found, the values of which are
close to the margin of errors inherent to the current GPS
technology. Nevertheless, it was possible to distinguish
between different general trends of the horizontal
velocity field. Therefore, we attempted to model the
tectonic deformation, considering also the geological
setting and the distribution of earthquakes. For this
purpose, we divided the area of study into four rigid
blocks (northwestern, northeastern, southwestern and
southeastern block, respectively), between which there
might be relative motions. In this way, we reconstructed
the velocity and the strain rate fields along the borders of
the blocks, by estimating a uniform rotation for each
block (Fig. 8, 9, 10, 11).

The results, in terms of velocities and strain rates,
found along the border corresponding to the ECRIS
(Figs. 8, 9 and http://link.springer.de), are consistent
with the geological observations and seismic data shown
in previous studies (Ahorner 1975; Larroque et al. 1987,
Larroque and Laurent 1988; Miiller et al. 1992; Delouis
et al. 1993; Bonjer 1997; Plenefisch and Bonjer 1997,
Schumacher 2002; Behrmann et al. 2003; Giamboni
et al. 2004; Ziegler and Dezes, in this volume). We ob-
serve a change from a NW-SE oriented compressional
regime in the Upper Rhine Graben, to an extensional
regime in the Rhenish Massif and the Lower Rhine
Graben (Fig. 9). Moreover, sinistral shear is found
along both borders of the Rhine Graben (Fig. 11).

In the model presented, compressional strain rates are
observed along the Alpine zone with a small counter-
clockwise rotation of the strain axes from NW-SE to
NNW-SSE direction (http://link.springer.de), according
to previous authors (Bassi et al. 1997; Bada et al. 1998;
Grenerczy et al. 2000). On the other hand, arc-parallel
extension, visible from the FPS in the western part of
the Alps (Fig. 7), is neither evident in the four-block
model (Fig. 9 and http://link.springer.de) nor in the real
data, showing compression NW-SE oriented (Fig. 3).

Therefore, an improvement of the significance of the
GPS results with longer time spans is required, in order
to eliminate local and possible spatially correlated noise
between the stations. Moreover, a more detailed model,
integrating also the current uplift observed in the
Alpine area, is needed to reconstruct the complex strain
rate field, which results from a superimposition of a
local stress, probably due to a lateral density variation
in the lithosphere, on the regional stress, caused by
plate boundary forces (Sue et al. 1999; Kastrup 2002;
Sue and Tricart 2003; Delacou et al. 2004; Kastrup et al.
2004).

Along the border connecting the Massif Central with
the Armorican Massif, a change in the direction of the
velocity vectors (from WSW to SSE) is seen and small
values of extensional strain rates are found (Figs. 8, 9
and http://link.springer.de). Nevertheless, although a
change in the velocity and strain field is realistic in this
zone, characterized by numerous earthquakes, we need
more GPS stations and longer time series to support
these results.
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