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Abstract. The Western Alps are among the best studied
collisional belts with both detailed structural mapping
and also crustal geophysical investigations such as the
ECORS and EGT seismic profile. By contrast, the
present-day kinematics of the belt is still largely
unknown due to small relative motions and the
insufficient accuracy of the triangulation data. As a
consequence, several tectonic problems still remain to be
solved, such as the amount of N-S convergence in the
Occidental Alps, the repartition of the deformation
between the Alpine tectonic units, and the relation
between deformation and rotation across the Alpine arc.

Correspondance to: C. Vigny

In order to address these problems, the GPS ALPES
group, made up of French, Swiss and Italian research
organizations, has achieved the first large-scale GPS
surveys of the Western Alps. More than 60 sites were
surveyed in 1993 and 1998 with a minimum observation
of 3 days at each site. GPS data processing has been
done by three independent teams using different soft-
ware. The different solutions have horizontal repeat-
abilities (N-E) of 4-7 mm in 1993 and 2-3 mm in 1998
and compare at the 3—5-mm level in position and 2-mm/
yr level in velocity. A comparison of 1993 and 1998
coordinates shows that residual velocities of the GPS
marks are generally smaller than 2 mm/yr, precluding a
detailed tectonic interpretation of the differential
motions. However, these data seem to suggest that the
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N-S compression of the Western Alps is quite mild (less
than 2 mm/yr) compared to the global convergence
between the African and Eurasian plate (6 mm/yr). This
implies that the shortening must be accomodated
elsewhere by the deformation of the Maghrebids and/
or by rotations of Mediterranean microplates. Also, E-
W velocity components analysis supports the idea that
E-W extension exists, as already suggested by recent
structural and seismotectonic data interpretation.

Key words: GPS — ALPES — Tectonics

1 Introduction

The global plate motion model NNR-Nuvel-1A (De-
Mets et al. 1994) predicts a N-S mean convergence rate
of 6 mm/yr between the African and Eurasian plates
around the Western Mediterranean region. Most of this
deformation is probably accomodated in the active
mountain belts showing important seismicity and
topography: the Pyrenees, Alps, Apennines and Magh-
rebids. In these structures, the deformation may be
complex as focal mechanisms show compressive direc-
tions far from the overall direction of convergence and
even extension (internal Western Alps, Southern
Apennines or Eastern Pyrenees). A regional GPS
network embedded in an interplate fiducial network is
the best way to measure the partition of crustal
deformation within mountain belts and place them in
the tectonic framework of global plate motions. As a
first step towards mapping the distribution of the
African—Eurasian motions within the Mediterranean
region, we have installed and measured twice (1993 and
1998) a high-precision GPS network in the Western
Alps, one of the largest, highest, and most deformed
ranges in the Alpine collision zone.

2 Measurement campaigns and additional data

The first GPS campaign was conducted during Septem-
ber 1993. Fifty sites were measured with 23-dual
frequency receivers (22 Ashtechs and 1 Rogue). Forty
sites were observed in three phases of four 12-hour
sessions (Fig. 1) and six sites were measured for six 12-
hour sessions. Continuous measurements were made at
the three remaining sites during the 12 days of the
campaign. The main interest of those three sites and the
six previous ones is to link sites which were not measured
simultaneously. This is the classic scheme when there are
more sites to measure than receivers available. Finally,
700 baselines out of the possible 1250 have been actually
measured at least four times. Independent measurements
were conducted by Swiss (with Leica SR299) and Italian
(with Wild-102) teams in their respective countries at the
same epoch. Those measurements are included in a

single and common solution. Thanks to reasonnable
weather conditions, almost all planned observations
were conducted. Because of the absence of Anti Spoofing
(AS) at the time, most of the data include precise P-code
observations.

Fifteen of our sites belong to the French Reference
network (RRF) and 25 other sites were tied immediately
after this campaign by GPS measurements to the closest
sites belonging to the French geodetic network (NTF).
This classical triangulation network has been main-
tained by the French mapping agency (IGN) since the
1950s. Comparisons with these ecarlier measurements
were made and yield small deformation of a couple of
mm/yr over this period Ferhat et al. 1998; Calais et al.
2000; Sue et al. 2000;

The second GPS campaign was carried out during
July 1998 and conducted under the same planning as the
1993 campaign. Only Ashtechs equiped with choke-ring
antennas were used and daily sessions were extented to
24 hours instead of 12. Also, the network of con-
tinuously operating stations has been greatly increased
in the meantime. In 1993, data from six International
GPS Service for Geodynamics (IGS) stations (Neilan
1995) (Graz, Hersmontceux, Madrid, Matera, Wettzell
and Zimmerwald) were merged with the Alpine data. In
1998, 13 additional permanent IGS stations were avail-
able in the area (Bruxelles, Cagliari, Ebre, Grasse, Ha-
felekar, Kootwijk, Medicina, Noto, Padova, Pecny,
Torino, Toulouse and Venezia) and added to the data
set. We also used data from the three newly installed
permanent stations for the French REGAL network
(SJDV, FCLZ, GINA) (Calais et al. 2000). Since an
increasing number of permanent stations around the
Alpine area is available, we also introduced campaign-
like data from this network. We sampled six GPS weeks
since 1993, regularly spaced every year after the first
campaign (0758 in 1994, 0804 in 1995, 0860 in 1996,
09111in 1997, 1016 in 1999, 1049 in 2000). The latest data
set included all permanent stations used during the 1998
campaign, plus 26 new stations in Austria, France,
Germany, Italy, Spain and Switzerland (AJAC, BRST
BZRG, CHAT, DAVO, EPFL, ETHZ, FHBB, GENO,
JUJO, KARL, LAMP, MANS, MARS, MICH,
MLVL, MODA, MTPL, NEUC, OBER, PFAN,
SAUV, SBGZ, SFER, STJ9 and VILL), bringing the
total to 48.

3 Campaign data processing

The bulk of the GPS data analysis described here is
conducted with the GAMIT/GLOBK software from
Massachussetts Institute of Technology (Herring 1999;
King and Bock 1999). Two types of solutions are
determined, one using the IGS combined orbits (Beutler
et al. 1993) held fixed in the process, and one re-
estimating satellite ephemerides. No meteorological field
data is used to compute the wet component of the
troposphere-induced propagation delays; we instead use
the data itself to estimate one ‘tropospheric parameter’
every two hours. We also used elevation-dependent



models described in the IGS tables (Rothacher and
Mader 1996) for the modeling of antenna phase center
variations. Fixing phase ambiguities to integer values is
attempted when possible and statistics of both types of
solution (solved and unsolved ambiguities) are shown.
Data are first processed on an independent daily
session basis. Using approximate input station positions
(and satellite ephemerides when not using precise 1GS
combined orbits), we compute a first solution for every
day. This solution enables us to ‘clean’ the data, i.e.
detect and repair all cycle slips, and unweight bad data
(contaminated with heavy multipath, for example). Each
of these solutions provides an independent estimation of
the baseline components. Repeatabilities (i.e. the RMS
of the daily independent measurements about their mean
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value) are a first insight into what the precision of the
measurements really is. They reach mean values of
4 mm (north component), 7 mm (east component), and
13 mm (vertical component) in 1993, and 4, 4, and 8 mm
in 1998. The improvement from 1993 to 1998 is spec-
tacular for the east and vertical component. It is mainly
due to the increased number of satellites in the GPS
constellation which give a better sky coverage and to the
systematic use of choke-ring antennas. In 1993, 10% of
the baselines give repeatabilities worse than 10 mm. This
number reduces to 0.5% in 1998. 1 summarizes the
numbers obtained for the different solutions. As ex-
pected, ambiguity fixing slightly improves the east
component’s repeatability (by 1 mm). The average
number of solved ambiguities ranges from 54 to 96% in

PHASE 1 PHASE 2

PHASE 3

o s |
SCALE : 100 km

Fig. 1. GPS ALPES network. Circled
dots show the location of permanent
stations during the whole campaign.
Black dots show French sites, open
squares show Italian and Swiss sites.
Lower inset shows the IGS stations used
in the analysis. Upper insets show the
three phases of the measurement cam-

paign. Stations measured during a given
phase are linked by straight lines
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1993 and from 84 to 100% in 1998, again showing an
improvement we attribute to the use of choke-ring an-
tennas in 1998. With these specially designed antennas,
multipath effects and antenna phase center azimuth-de-
pendent motions are largely reduced. A more stable
antenna phase center and less noisy data both concur to
improve the efficiency of ‘bias-fixing’ schemes.

The degradation of repeatability with baseline length
is mild (less than 3 ppb in 1993 and around 1 ppb in
1998), indicating that the reference frame is stable and
satellite orbits are accurate (Fig. 2). This is true whether
IGS fixed orbits are used or orbits are re-estimated.

Little can be done to reduce the relatively high level
of the vertical component scattering (14 mm in 1993 and
8 mm in 1998). The fact that this value is rather in-
dependent of station elevation differences (less than 1
ppm for both campaigns), in spite of the large elevation
differences between sea level and high Alpine ranges,
indicates that tropospheric differences are well taken
into account by estimation of ‘ad hoc’ parameters in the
inversion (Fig. 3).

In order to investigate the effect of mixing different
antennas, some sites in the network were measured by
the different types of equipment. In 1993, three Italian

Alpes 1993 - IGS orbits - biases fixed
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Fig. 2. Baseline component repeatabilities versus baseline length.
1993 in left column, 1998 in right column. First, second, and third row
are for north, east and vertical components. In each box, the thin line
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and three Swiss points were measured both by French
teams using Ashtechs and Italian (or Swiss) teams using
Wild (or Leica) receivers and antennas. Comparisons of
station coordinates show a relatively good agreement
(within the repeatabilities of each component), except
for a systematic vertical difference of about 5 cm be-
tween Ashtechs and Wilds on the Italian stations (Table
2). Therefore, only horizontal coordinates are con-
strained to be the same when heights are downweighted
in the final combination.

Another cause of error may be due to antenna phase
centers that could also be offset (by up to 1 cm) from
their expected nominal position, in reference to an
identical antenna, calibrated in anechoic chamber. Such
a behavior could be due to mismounting in the factory
or mishandling of the antennas on the field. In order to
address this problem, we conducted a calibration cam-
paign of a large part of the antennas which were used in
the Alps campaigns. Antennas were set on a testing
bench at regular intervals of 70 cm, and measurements
carried out for 24 hours. Positions offsets were then es-
timated in comparison to a position obtained with a
reference choke-ring antenna previously set in the same
slot. Most of the antennas give an offset smaller than a

Alpes 1998 - IGS orbits - biases fixed
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shows a running average through the cloud of points. The values
inside brackets (upper right corner) are the average number for the
shortest baselines
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Vertical component repeatability (mm)
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Table 1. Statistics for different - - .
solutions Solution type Mean repeatability (mm) Solved ambiguity
[daily range]
(average) in %
North East Up
1993 IGS orbit — free ambiguity 3.6 7.4 13.4
— fixed ambiguity 3.9 6.5 13.5 [60-96] (75)
Re-estimated orbit — free ambiguity 3.7 7.1 13.0
— fixed ambiguity 3.8 7.1 12.8 [54-96] (75)
1998 1GS orbit — free ambiguity 39 4.9 9.2
— fixed ambiguity 3.8 35 8.4 [87-100] (96)
Re-estimated orbit — free ambiguity 3.6 4.0 8.7
— fixed ambiguity 3.7 2.9 8.4 [84-100] (95)

couple of mm, with the notable exception of one geo-
detic type 2 antenna which yields an offset of about 1 cm
(+ 6 mm in latitude, +9 mm in longitude, giving 11 mm
towards N240°). Such a large error, affecting the 1993
site position, would lead to an incorrect estimate of the

site velocity of about 2 mm/yr after a 5-year period. In
1993, only four sites (CPA, CBR, RSL and PSB) were
measured using this antenna and a ‘sister-ship’ antenna
with the following serial number (not calibrated). Those
four sites were also only measured with those antennas,
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Table 2. Coordinate differ-
ences at same points observed
with different equipment

Station name

Coordinate differences (mm)

Sw/lt Fr North East Height
GIVR GIVO0 0.5 8.1 18.8
MART MARI1 1.8 1.2 13.3
FAHY FAHO 6.3 7.0 18.5
NIVO NIVO 2.8 11.6 40.2
PRAT PRNO 4.1 12.9 68.1
SANG SGGO 6.7 6.5 53.6

Table 3. Corrections applied due to offset antenna phase centers

Site Raw velocity (mm/yr) Raw displacement (mm) Corrected displacement (mm)  Corrected velocity (mm/yr)
East North East North East North East North

CPAO -3.0 -0.5 -15 -3 -6 3 -1.2 0.5

CBRO -39 -1.0 -20 -5 -11 1 -2.2 0.2

RSLO -1.8 -1.6 -9 -8 0 -2 0.0 -0.4

PSBO 2.4 -2.0 -12 -10 -3 -4 -0.5 -0.8

and eventually all of them showed a suspiciously cor-
related motion of about 2 to 3 mm/yr towards WSW
after re-measurement (Table 3). Thus, we decided to
apply this correction to those two antennas, and the
corresponding four sites, which largely reduces their
motion.

Comparisons with independent processing done with
the BERNESE software (Rothacher and Mervart 1996)
have also been carried out. Basically, the differences for
the 1998 data set are quite small. The residuals of a
seven-parameter Helmert transformation between GA-
MIT and BERNESE solutions reach about 2 mm on
average for the horizontal components, and 5-10 mm
for the heights. As expected, differences are somewhat
larger for the 1993 data set and reach 4-7 mm for the
horizontal components and 10-20 mm for the heights
(Table 4). A few sites do show high residuals in 1993
(larger than 10 mm) on the eastern component: BSB,
CDM, CEY, FIX, GMN, MTC and SJU. These can be
attributed to ambiguity resolution differences and in-
dicate sites on which motions should be analyzed with
care. Nevertheless, for most of the sites the processing
differences remain largely within the repeatabilities.
Therefore we consider we have established the robust-
ness of our preferred solution at the level of 4, 7 and
13 mm for the north, east and vertical station position
components in 1993, and 4, 4 and 8 mm in 1998.

4 Velocities

The campaign data are combined along with 1 week of
European continuous data every year to infer site
velocities. At least two strategies are possible to map
station positions and velocities in a chosen reference
frame, here the International Terrestrial Reference
Frame 1997 (ITRF97) (Boucher et al. 1999). The
first strategy consists of constraining fiducial station
parameters to their known ITRF97 values. The second

one consists of adjusting in an LS sense a subset of
station parameters (positions and velocities) to a
reference model (ITRF97 again). In addition, when
using the IGS fixed-orbit solutions, we estimated
reference frame offsets and rotations and Earth rotation
parameter adjustments in order to take into account the
different orbit references between the campaigns
(ITRF91 in 1993 and ITRF96 in 1998). The two
methods and the different kinds of solutions give slightly
different values (at the 1-2-mm/yr level) for the overall
mapping in the global reference frame, but keep the
internal deformation pattern untouched. Therefore, only
one solution is presented here. It corresponds to the
GAMIT/GLOBK solution, computed with fixed IGS
orbits, and position and velocity LS adjustment on a
subset of stations.

A few sites observed in 1993 were moved to new lo-
cations or different geodetic monuments afterwards. At
those locations, ties were applied in order to extract
velocities from the 1993-1998 positions comparison
(Table 5). Ties are in general accurate, at least in dis-
tance, but they still introduce a higher level of un-
certainty on the corresponding site motions.

We used 16 sites with well defined positions and ve-
locities in ITRF97, and exhibiting long enough GPS
time series (over 3 years): BRUS, CAGL, EBRE,
GOPE, GRAS, GRAZ, HERS, HFLK, KOSG, MATE,
MEDI, NOTO, UPAD, VENE, WTZR and ZIMM. We
excluded the Madrid site (MADR=DS60) from the
reference definition since we were unable to achieve a
good fit for this station. The final overall fit on the 16
stations is 2.1 mm in position and 0.7 mm/yr in velocity,
demonstrating an accurate mapping in ITRF97.

4.1 European velocities

Velocities obtained in ITRF97 are shown in Table 6.
These velocities mainly show the FEuropean plate



Table 4. Helmert residuals between individual solutions (mm)
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Site 1993 1998
Bernl/Gamit Bern2/Gamit Bernl/Gamit Bern2/Gamit
North  East Up North  East Up North  East Up North  East Up

ARCO -2 2 2 -1 1 -13 -2 -2 3 -1 -2 1
AUFO0 4 1 -3 1 6 -3 -2 1 4 -2 1 6
AUSO 1 2 12 2 2 28 1 -2 -6 2 -3 6
BAUO 3 -9 -18 3 -9 8 2 0 7 1 0 -2
BSBO0 4 10 -38 -6 18 -5 1 1 14 2 2 9
CBRO -2 7 12 -1 0 -2 3 0 -6 1 3 9
CDMO -1 -17 4 1 -12 -7 -1 1 -4 0 0 1
CEYO0 =7 -13 4 -5 -13 —4 -1 -1 2 0 -3 2
CFEO 0 7 11 -3 10 24 1 -2 -1 1 -2 2
CHAO0 0 0 2 1 -3 57 2 0 -1 3 0 0
CHPO 5 8 -3 4 9 9 1 2 -6 1 1 5
CLBO0 4 5 6 2 10 6 1 0 8 2 -1 7
CPAO -4 8 10 -3 3 -16 2 -1 -3 -1 3 4
CRGA 7 1 -17 1 -8 =71 1 -2 4 1 2 —44
CRMO 6 2 14 3 4 -14 2 -1 42 2 1 14
CSNO 4 -8 11 6 0 5 -4 -2 9 -2 0 14
CSPO 2 4 -1 -1 6 0 3 0 0 4 1 -3
CTAO0 -1 -9 -5 -3 -12 16 1 0 3 1 0 7
CUEO 0 0 -18 -3 4 16 1 1 3 0 1 5
CXPO 3 -1 11 3 4 8 -3 -2 4 0 -3 5
DTGO 4 1 2 3 5 4 -1 0 5 -1 0 6
FAHO 5 -1 -16 6 2 -15 -3 0 2 0 -1 1
FIX0 1 10 -12 1 7 -5 -3 -1 4 -2 —4 2
FURO 2 4 -22 1 8 2 1 0 -1 1 1 4
GIVO0 -3 -6 -29 —4 =7 10 -1 -2 7 -1 -3 5
GMNO -3 13 11 -2 11 -34 2 1 1 3 0 7
GRAZ -2 3 1 -3 -8 =52 -1 2 8 -2 4 -31
GRCO -5 -2 26 -2 -1 2 -2 -1 0 -1 —4 0
LAUO 2 -1 19 3 -3 21 1 -2 4 0 0 8
LCHO 3 1 8 3 1 14 1 0 3 0 -2 11
LUBO 2 8 4 -4 8 8 2 -1 4 2 0 7
MARI1 -3 -1 -29 1 -4 -2 -1 -1 5 0 -1 4
MPAO 2 -3 -11 -1 -1 21 1 1 11 1 1 2
MTCO -4 -20 2 -3 -18 25 0 0 -5 -1 -1 5
NCHO 7 -3 2 5 1 =7 -2 -1 6 1 -3 -3
NIVO 2 5 8 7 -1 24 -1 -2 1 -4 1 3
PECO 4 6 5 0 6 5 0 2 -3 1 2 -2
PLJO 7 -2 -6 4 3 7 1 2 8 0 2 3
PRNO 0 2 2 -2 6 3 -3 -3 -84 4 1 -26
PSBO -1 5 26 2 7 12 1 0 7 1 -1 1
PUBO -10 =7 0 -5 =7 -2 -2 -1 3 0 -2 2
RPAO 3 1 -9 1 1 4 1 -1 -3 1 0 0
RPEO -2 0 6 -3 1 -9 -2 0 4 0 -4 =5
RSLO -1 4 23 3 8 4 0 0 0 -1 1 6
RVEO -2 =7 0 -2 =5 6 0 0 6 0 0 1
SARO -9 =5 =5 -1 1 65 -1 0 4 -1 -2 3
SGGO -1 1 -8 3 1 15 -1 -4 -6 -2 -2 7
SJuo -2 -10 4 1 -8 2 2 1 0 1 1 1
TCHO -3 1 -3 -2 4 0 -3 1 3 1 0 -3
VERO 0 4 -11 4 6 8 2 -1 5 1 0 4
VIRO -2 -3 -10 -3 -13 28 -1 0 9 -2 1 2
ZIMM -2 2 4 2 -8 —47 -2 -2 -6 -8 7 -41
Mean sigma 4 6 13 4 7 26 2 2 5 2 2 12
Table 5. Applied ties . ..

New to old site dX (m) dY (m) dZ (m) Origin

WTZR — WTZI -2.105 —-0.981 1.994 Wettzell.log (IGS)

MASI1 — MASP -3.120 0.845 9.563 MAS19705.1og (IGS)

GRAS — CRGA 6.639 11.081 -9.235 SGN/IGN internal report, February 95

TORI — TURO 73.524 51.202 -57.015 tori.log (IGS)
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rotation, which at this position is mainly an east-north-
east motion of about 20 mm/yr. Deviations from this
overall motion are representative of the plate’s internal
deformation. Since the purpose of this paper is not to
estimate a geodetic motion of the Eurasian plate, we
simply subtracted the motions generated by the
Eurasian plate rotation described by the NNR-Nuvel-
1A model. In doing so, we also neglect a possible
misalignment between ITRF97 and NNR-Nuvel-1A.

Figure 4 depicts the large-scale deformation pattern
inferred from the European permanent station (includ-
ing IGS, REGAL, RGP and other networks) motions.
The agreement with ITRF97 velocities (when existing) is
quite good and is detailed in Table 7. For most stations
(19 out of 27), the difference between our estimate and
ITRF97 is less than 1 mm/yr. Only a few sites show
significant differences (>1.5 mm/yr): GENO, MTPL,
VENE, OBER and SIDV. All those stations are rela-
tively recent and the time series from which the site ve-
locity is determined can be quite short, especially given
the fact that ITRF97 includes GPS data until mid 1998
only. With respect to this matter, SJDV velocity is de-
termined from only 6 months of data in ITRF97. Using
only well determined site velocities (Fig. 4, white ar-
rows), the pattern clearly depicts a stable Central and
Northern Europe with extremely small residual velo-
cities in Belgium (BRUS), The Netherlands (KOSG),
Great Britain (HERS), Czech Republic (GOPE) and
Germany (WTZR). The motion of Italy is well de-
termined and matches well a counterclockwise rotation
induced by the northward motion of the African plate
(Thomas et al. 1999). With this respect, our determina-
tion of the velocity at VENE is in better agreement with
nearby sites (MEDI and UPAD) and local tectonics
than the ITRF97 determination. Finally, the three
points immediately north of the mountain belt ranges,
ZIMM in Switzerland, HFLK and GRAZ in Austria,
show little motion relative to the European plate.
Nevertheless, the baseline from WTZR to GRAZ clearly
shows a 2-mm/yr east—west extension. The more recent
sites show high uncertainties (Fig. 4, white arrows). Our
determination of OBER velocity is clearly in error and
inconsistent with both ITRF97 and motions in the area
(ZIMM, HFLK and WTZR). Finally, the ITRF97
determination of SJDV is clearly wrong, due to the very
short time span used (6 months). Nevertheless, most
points immediately west of the Alpine ranges (SJDV,
FCLZ, MICH, MARS and MTPL) consistently show a
western motion relative to stable Europe of about
1-2 mm/yr. This result is consistent with previous find-
ings (Calais et al. 2000), but should be interpreted with
great care given its small magnitude.

4.2 Alpine velocities

The smaller-scale deformation pattern within the
Western Alps ranges is given by velocities of the ALPES
1993-1998 sites (Fig. 5). At the new REGAL or RGP
permanent sites, the comparison between our simulated
campaign velocities and continuous time series velocities
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Fig. 4. Western European Network
velocities. Velocities relative to the
NNR-Nuvel-1A Eurasian plate for
permanent GPS stations in Western

5 mmiyr +- 1 mm/yr

100.km

NUVEL-1A =egime-

This study -_—_,,——}8 -

Europe. White arrows depict present
authors’ solution. Uncertainty ellipses
depict the 99% confidence level. Black
arrows indicate the ITRF97 velocities
(relative to NNR-Nuvel-1a Eurasian
plate). Thin gray arrows on the African
continent depict the African—Eurasian

0’ 5°

(Calais et al. 2000) shows a small rigid rotation between
the two data sets. This rotation probably comes from the
different techniques used to realize the reference frame.
Once this rotation is subtracted, the two internal
deformation patterns match very closely.

The agreement between permanent sites’ and nearby
ALPES sites’ velocities is also good. Nevertheless, given
the short time span of available data at the permanent
sites, velocities determined from the full time series are
more likely to be more accurate than epoch-like velo-
cities. Indeed, at three sites where velocities agree rea-
sonably well (FCLZ, MICH and SJDV), ‘continuous’
velocities match better nearby ALPES sites’ velocities.
Therefore, we use these continuous velocities to merge
with the ALPES velocity field.

In all cases, the deviation from a rigid plate motion is
small: the average residual velocity reaches 2 mm/yr
with a maximum of 5 mm/yr at Matera. Such small
numbers lie just at the limit of the confidence level of the

15°

convergence predicted by the Nuvel-1A
model

20°

data and therefore motions should be analyzed with
care. Only the higher rates or site motions regionally
coherent should be considered as reliable. Individual
and local motions could be representative of true tec-
tonic displacements but this cannot be assured with
certainty with only two measurement epochs. In fact, a
centering error of 5 mm (tribrach or antenna phase
center offset, for example), on a given site, during either
of the two campaigns, would map into a non-tectonic
site velocity of 1 mm/yr. It is only after a third campaign
is done that outlier position at a given epoch can be
detected.

Despite their high uncertainties (relatively to their
small velocities), a few important statements for Alpine
tectonics can be inferred from the site velocities. First,
there is no evidence for north-south shortening across
the network, but rather for a widespread east-west ex-
tension. Using each site velocity and distance to the
center of the network, we can construct the normal
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Table 7. Velocities of Eur-

opean permanent stations Site ITRF97 ALPES solution Difference

(IGS, RGP, REGAL etc.) re-

lative to NNR-Nuvel-1A Eur- Ve Yn Ve yn

asia (mm/yr) GRAZ 113 0.65 1.14 0.48 0.17
MATE 1.87 476 2.02 486 0.18
MODA 0.87 4.53 0.70 439 0.22
BRUS ~0.73 ~0.91 ~0.90 ~0.66 0.30
UPAD 1.32 225 1.57 2.46 0.33
GINA ~1.95 1.17 ~2.19 0.87 0.38
MLVL “L11 ~L12 ~1.47 ~1.25 0.38
GOPE 0.52 0.82 0.36 0.46 0.39
HERS ~0.27 ~0.03 0.03 0.27 0.42
FCLZ ~1.82 ~1.79 22 ~1.95 0.43
EBRE 1.68 —2.14 2.16 ~2.19 0.48
BZRG 24 225 ~1.99 1.96 0.52
GRAS 0.02 ~1.09 ~0.14 ~0.59 0.52
KOSG ~1.15 0.29 ~0.83 0.70 0.52
WTZR 0.17 0.16 ~0.32 0.54 0.62
MICH 1.15 “178 0.80 -2.35 0.67
MEDI 2.66 1.87 3.49 1.94 0.83
NOTO 0.24 483 ~0.27 4.06 0.92
CAGL 0.19 ~0.89 1.16 ~0.67 0.99
TOUL ~0.81 ~2.45 20.30 ~1.56 1.03
MARS ~0.95 ~0.06 ~1.56 “112 1.22
HFLK 2.46 0.63 1.15 ~0.13 1.51
GENO 413 2.58 6.08 235 1.96
MTPL ~1.00 ~0.35 ~2.98 ~1.46 227
VENE 1.35 ~2.08 1.87 0.66 2.79
OBER ~0.39 ~0.55 291 ~3.43 3.83
SIDV 6.12 6.86 ~2.03 0.77 10.17

equations to estimate the constant bias term and the
velocity gradient throughout the whole network, based
on the formula of Feigl et al. (1990). Then the velocity
gradient is used to form the average strain rate within
the network. This method yields 3.5 nanostrain/yr or-
iented N116° and 0.02 nanostrain/yr on the perpendi-
cular axis, located at the geometric center of the
network. This corresponds to pure extension perpendi-
cular to the mountain range axis (Fig. 5). Second, there
is no clear distinct motion of the Corso-Sardinian block
towards north (the Corso-Sardinian indentor motion). If
this block is moving, its motion is a rotation, the first
effect of which is accentuated opening in the Tyrrhenian
Sea, which is classically associated with slab rollback in
the Apennines (Kastens et al. 1988).

Within the Alpine range, the area of maximum ex-
tension lay in the southern part of the network (4 mm/yr
between points PRNO and CLB0-CHAO), on the Pie-
mont arc, at the exact location of a very seismically
active strip (Sue et al. 1999). Another zone of milder
extension can be dectected further north and slightly
west (2-3 mm/yr between points CFE0, MTCO0O and
AUS) near the Briangonnais arc, also seismically active
(Sue et al. 1999). This extension is coherent with the
work of Sue et al. (2000) who have locally found ex-
tension in the Briangonnais seismic arc area by com-
paring old triangulation to more recent GPS
measurements.

Coherent block behavior can also be detected. Six
points (PEC0, CHAO, VERO, SJUO, CBR0O and ROV0)
show a coherent motion towards the west at 1-2 mm/yr.
This block could be identified with the Provence block.

BAUO and MPAO within the Maures massif show a
coherent compressive motion towards the north and the
rest of Provence.

Finally, the Italian points SGGO0, NIV0O, LAUO and
PRNO show a coherent anticlockwise rotation, which
could be representative of the one of the occidental Po
plain. The velocity of the permanent site at Genova is
compatible with this rotation, although it is somewhat
larger, but with a far larger uncertainty due to its shorter
time series.

The remaining points, mostly in the northern part of
the network, hardly show any significant motion.
However, they collectively contribute to the overall east—
west extension tendancy.

5 Tectonic interpretation

Keeping in mind that differential motions in the Western
Alps obtained by GPS are low and therefore subject to
improvements, we attempt here to interpret our results
in the framework of the Africa—Eurasia collision. The
first problem to address is the lack of N-S shortening of
the Western Alps (<1 mm/yr on 500 km). This could be
interpreted as the result of a modest convergence
between Africa and Europe. The African motion with
respect to Europe defined by the NNR-NUVELIA
model is 9 mm/yr oriented 10°W in the Eastern
Mediteranean and 6 mm/yr oriented 25°W in the
Western Mediteranean. A few GPS sites were measured
on the north of the African plate between 1994 and
1998. The motion of sites in Egypt is 5.5 mm/yr oriented
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20°W (McClusky et al. 2000). On the western part of the
plate, we find a motion of Mas Palomas (Canaries
Islands) of 3 mm/yr oriented 30°W. Therefore, the
relative instantaneous motion of the African plate with
respect to Eurasia at 6°W longitude is expected to be
around 4 mm/yr oriented 25°W. Because the north
component of most of the GPS points within the western
alpine belt and in the Corsica—Sardinia block is nearly
0 mm/yr with respect to Eurasia, the interpretation that
arises is that most of the Africa—Eurasia shortening is
accomodated in moutains belts of northermost Africa. A
25°W shortening direction in the Maghrebids is
consistent with the NW-trending slip vectors from
thrust earthquakes between Gibraltar and Sicily (Argus
et al. 1989), such as the 10 October 1980, El Asnam
earthquake (Yielding et al. 1985). Such an interpretation
implies that the closure of the Ligurian sea between
Corsica and the southern alpine margin could be mild
despite the occurrence of recent earthquakes (Bethoux
et al. 1992). Even more surprising is the western
displacement at 1-2 mm/yr of most of the sites
belonging to the western part of the GPS Alps network
(Morvan, Massif Central, Provence) with respect to
central Europe and the Adriatic plate. Together with the

3° 2 . 6 7° g

lack of N-S compression, this would imply that the
Western Alps are submitted to a widespread extension.
Until now, earthquake focal mechanisms have revealed
that E-W extension in the internal Alps is a narrow (10—
40-km) band corresponding to the highest topography
(Mercantour, Briangonnais arc). At the latitude of
Torino, earthquake focal mechanisms also reveal that
the Po plain in the east as well as the external massifs in
the west are likely to be in E-W compression (Eva et al.
1997; Sue et al. 1999). Our geodetic analysis therefore
indicates that normal faulting in the core of the Alps
dominates thrust faulting at the present day. However,
this extension is mild compared to the one occuring in
the central Apennines where GPS surveys have revealed
5 mm/yr of extension normal to the belt (D’Agostino et
al. 2001). Various mechanisms could be responsible for
the extension of the Western Alps [see Sue et al. (1999)
for a complete discussion]. A first solution is to invoke a
gravitational origin, and a mountain collapse. However,
the modest elevation of the Alps (1500 m) may not be
compatible with the onset of this mechanism. Another
solution is to invoke the weight of the European
lithosphere, which could act like a slab pull force and
would induce tensional forces in the upper crust above.

10°

Fig. 5. GPS ALPES velocities. White
arrows depict for the ALPES 1993—
1998 sites. Gray arrows depict the
velocities at permanent sites (REGAL,
RGP and IGS) obtained from their
continuous time series. Uncertainty
ellipses depict the 99% confidence
level. The inset in the upper-right

corner depicts the principle axis of the
strain vector (mainly extensional)



A final hypothesis is to consider that the Western Alps
are extending in response to horizontal forces around. If
we consider that Africa is moving towards Europe at
25°W, this results in a force pulling Europe to the
northwest direction. Because Europe is crossed by a N-S
band displaying present day E-W extension (Rhine
graben, Bresse Graben, Limagne, Briangonnais arc,
Mercantour), it is reasonnable to propose that the
African motion may result in the slow dislocation of
Western Europe thanks to a N-S weakness zone. The
assessment of this hypothesis will require a careful
analysis of the increasing GPS data set in westernmost
Europe.

6 Conclusion

When processed with great care and precision, two GPS
campaigns over a S5-year time span allow us to determine
small but non-negligible motions in the Western Alps.
Despite the overall shortening of 6 mm/yr between
Africa and Eurasia (Fig. 4), the Western Alps seems to
deform with radial (E-W) extension, especially in its
southern part. North—South compression is not detect-
able at a level >1 mm/yr, excepted in the southermost
alpine margin near the Maures Massif. These differential
motions are compatible with recent seismological
analysis in the Southern Alps (Sue et al. 1999; Baroux
et al. in press), and the more recent permanent GPS
network in the area (Calais 1999; Calais et al. 2000).
Nevertheless, it should be remembered that 2 mm/yr
motion relies on a 1-cm displacement detected over a 5-
year period. Such a displacement is quite small and
individual site motions could reveal errors of at least
50%. A consequence of this is that local short-scale
motions detected by site-to-site relative motions are not
reliable and should not be used to put lower or upper
bounds on specific faults. In particular, these data
should not be use directly to assess seismic hazards on
faults in the south-east part of France (‘moyenne
Durance’ fault, ‘Nimes’ fault, ‘Cévennes’ fault). It is
only when a third campaign, due in 2003, is done that
individual site motion will be confirmed or revised.
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