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Abstract

Active deformation at the boundary between the Eurasia and Africa plates varies in style. The belt between the Alpine
mountain range and the Mediterranean Sea, for example, differs markedly in its western and eastern parts. In the western
part, around southeast France, the mountains are higher, but the seismicity lower, than in the eastern part, around northern
Italy and Greece. Yet the inter-plate convergence rate of 6 mm/yr varies by less than 15% between these two areas. To
better understand the behaviour of this complex plate boundary, we use geodesy to map the spatia distribution of the
deformation. In this paper, we focus on southeast France, a tectonic crossroads between three different domains (Alps,
Ligurian Sea, and Massif Central) which exhibits a moderate level of seismicity. Here, the geodetic measurements imply
low rates of horizontal deformation. By combining historical triangulation measurements mostly from 1947 to 1983
with Global Positioning System (GPS) surveys in 1993 and 1994, we estimate the rate of angular shear in triangular
subnetworks covering the study area. The estimated strain rates in thirteen of nineteen triangles are smaller than their (1
standard deviation) uncertainties of about 0.1 microradian/yr. This value bounds the rate of deformation for a 100-km
wide zone in Provence, between Marseilles to the south and the Ventoux massif to the north. The geodetic estimates
place an upper bound of 1 to 2 mm/yr on the dslip rates of two seismically active structures, the Durance fault and
the Nimes fault, assuming a fault zone ~20 km wide in each case. We also find strain rates as high as 0.20 4 0.07
microradian/yr in three subnetworks near the epicentre of the magnitude 5.3 Haute-Ubaye earthquake in 1959, in aregion
which includes the higher summits. This may be interpreted either as pure shear with compression oriented NE-SW across
this region or right-lateral simple shear along NNW-SSE-trending faults. Given that this earthquake is the only one of its
magnitude recorded in the study area during the time interval spanned by the geodetic measurements, we infer that most
of the geodetically observed deformation occurs aseismically. On the whole, the geodetic results suggest that the rate of
north—south shortening across the 100-km wide study area is not more than 1 or 2 mm/yr, in agreement with kinematic
models based on other types of geophysical data. Since this deformation represents only a small part of the convergence
rate of 6 mm/yr predicted by the NUVEL-1 model for the entire boundary between the African and Eurasian plates,
the remaining deformation must be accommodated elsewhere. This study illustrates how a careful anaysis of historical
geodetic data can measure the rate of tectonic deformation, even where it is low, and thus meaningfully bound geophysical
models. [1 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The theory of global plate tectonics makes two
assumptions which are only approximately correct.
The first is that the lithosphere behaves as a set of
rigid caps (plates) rotating on the surface of a sphere.
The second is that their rate of relative rotation is
constant on time scales of the order of a million
years. Both these approximations break down in
plate boundary regions, where episodic earthquakes
on faults produce deformation which is neither rigid
nor constant in rate. In these regions, the complexity
of the faulting, topography, and seismicity suggests
that a better mechanical understanding requires ob-
servations at length scales shorter than the charac-
teristic size of a continent and at time scales shorter
than the recurrence interval for large earthquakes.
This poses the problem of how the crustal deforma-
tion is distributed in time and space. Precise geodetic
measurements can help improve our understanding
of the shortcomings of these approximations map-
ping the rate of deformation on the continents.

In approaching this problem, we note a serious
trade-off between spatial and temporal resolution.
We choose to favour the former at the expense of
the latter in this paper. Increasing spatial resolu-
tion requires a geodetic network with closely spaced
stations. To save time and expense, we choose to
remeasure an existing triangulation network by GPS
rather than install a new set of points and wait for
them to move. These two choices lead to a map
of deformation at the spatial scale of severa tens
of kilometres and a temporal scale of four decades.
Our approach contrasts markedly with a network of
continuously recording GPS receivers, which sam-
ples the deformation field, much more coarsely in
space (several hundred kilometres between stations)
but much more frequently (position estimates once
per day). As a consequence, however, our approach
inherits two (minor) drawbacks from the triangula-
tion surveys. The existing networks are regional, not
global, because triangul ation requires visibility along
the line of sight between stations, thereby degrading
precision over long distances. Furthermore, trian-
gulation measurements are not as precise as GPS,
primarily because of optical refraction in the lower-
most atmosphere. The major advantage, of course, is
that our approach can estimate the rate of deforma-

tion without waiting any longer. In this paper, we use
the fine-scale approach, favouring spatial resolution,
to focus on a small, but active, part of a complex
plate boundary.

In the western Mediterranean, Africa and Eurasia
are colliding with a convergence rate of 6.2 + 0.5
mm/yr in the direction N17°W + 9°, assuming two
rigid plates and constant velocity over the last three
million years [1,2]. A relative lack of seismicity,
combined with space geodetic measurements, sug-
gest that northern Europe is currently deforming
quite slowly [3,4]. The central and eastern parts of
the Mediterranean region, however, exhibit higher
rates of deformation, in the presence of sustained
seismicity, particularly in Greece [5-7], Turkey [8],
and Italy [9]. The western part of the Mediterranean
coast of Europe, on the other hand, appears to be
less active. Here, the most pertinent geodetic obser-
vation involves the Satellite Laser Ranging station
at Grasse (near Nice) in southeast France (Figs. 1
and 2). Its velocity is 3 &+ 2 mm/yr of southward
displacement with respect to northern Europe [4]
(Fig- 3). In the northern Alps, geodetic data have
been interpreted in terms of some 4 mm/yr of hori-
zontal shortening in the Jura range [10,11] and 3-5
mm/yr of shortening between the Belledonne range
and the subalpine chains [12]. Such displacement
rates, when distributed over small geodetic networks,
imply strain rates in excess of 2 x 10~7/yr. These
rates are startling because they are as high as those
observed around the active trace of the San Andreas
fault system in California[13].

In this paper, we map crustal deformation in
southeast France during this century. The study area
lies at the crossroads between three different tectonic
domains: (1) the high, active Alpine mountain range;
(2) the relatively undeformable Massif Central; and
(3) the relatively malleable offshore oceanic basin
of the Ligurian Sea (Fig. 1). In the study area, the
level of seismic activity is moderate (Fig. 2). The
largest known and most recent earthquake is the
Lambesc event of 1909 with intensity 1X (on the
MSK scale [14]), attributed to the Trévaresse thrust
fault [15,16]. Several large (intensity VII1-1X) earth-
guakes also occurred near Vésubie, north of Nice,
in 1564, 1618, and 1644 [16]. The largest earth-
quakes recorded instrumentally are the 1959 magni-
tude 5.3 Haute-Ubaye event and the 1963 magnitude
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Fig. 1. Tectonic setting: P = Pelvoux; A = Argentera;, M = Mont
Blanc; B = Belledonne; MC = Massif Central; LS = Ligurian
Sea. Study area outlined by small rectangle. Figure redrawn from
Ref. [45].

5.6 event in the Ligurian Sea [16,17]. The geodetic
network spans the Provence domain (Fig. 3), which
is characterized by strike-slip faults striking NE-SW
(Durance, Nimes, and Cévennes) and thrusts trend-
ing E-W (Ventoux, Lure, Lubéron, Trévaresse, and
Costes). In the northeastern part of the study area, the
Embrunais—Ubaye region includes folds and faults
striking NNW-SSE (Durance—Serenne—Raoburent).
The eastern edge of the study area includes the outer
folded parts of the Digne and Castellane nappes.
Field observations and palaeostress determinations
from fault dip data analysis suggest that the tec-
tonic regime in the study area is characterized by

north—south compression [18-20]. In this paper, we
examine the historical geodetic data set, the longest
available instrumental geophysical time series, to
measure the rate of tectonic deformation.

The objectives of this study are four in humber.
First, to validate a geodetic technique for measur-
ing low rates of crustal deformation from a hetero-
geneous triangulation survey from the late 1940s.
Second, to estimate the fraction of the inter-plate
convergence accommodated in our study area. Third,
to estimate the amount of deformation accommo-
dated in the absence of earthquakes. Fourth, to test
the kinematic consequences on short time scales of
geophysical models intended to explain long-term
tectonic deformation in the area.

2. Data selection

We analyze two types of geodetic data at 17
geodetic sites measured at least twice by triangula-
tion or GPS (Table 1). The early surveys arefirst- and
second-order triangulation observations performed
by the French national survey agency, Institut Géo-
graphique National (IGN), primarily during cam-
paigns in 1947-1952 and 1981-1983 with a few
measurements between 1887 and 1931. The early
first-order campaigns before 1947 used azimuth cir-
cles and reduced the eccentric observations to the
primary monument. Consequently, the standard de-
viation of a direction measurement is 1.3—2.0 s of
arc. Thelater first- and second-order campaigns used
modern theodolites permitting an uncertainty of 0.7—
1.0 s of arc or about 3.0-4.8 microradians (j.rad).
Further details on the historical data are described
elsewhere [21,22].

The GPS data come from two separate observa
tion campaignsin 1993 and 1994, both tied to the In-
ternational Terrestrial Reference Frame site at Grasse
(Fig. 3). The first involves 8-h observation sessions
in September 1993, during the first occupation of
a network called Alpes93 with ~50 km spacing
between stations designed to capture tectonic defor-
mation [23]. The second campaign surveyed the new
French national geodetic network, called Réseau de
Base Francais (RBF94) and installed by IGN in 1994
[24]. We anayze the GPS data from the Alpes93 and
RBF94 campaigns as well as five permanent stations
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Fig. 2. Seismicity superimposed on the geodetic network. Circles denote events between 1000 and 1994 with MSK intensity ranging
from V to IX [36]. Foca mechanisms, showing the lower hemisphere, and labelled with approximate local (body-wave) magnitude
(>3.5) and span 1959 through 1986 [36,44]. SCF = Salon—Cavaillon fault; Ba = Barcelonnette. Other abbreviations asin Fig. 3.

in Europe (Madrid, Spain; Matera, Italy; Graz, Aus-
tria; Wettzell, Germany; and Hersmonceux, England)
in the International GPS Service (IGS) network.

We analyze the data using the GAMIT software
[25] with standard procedures [13]. For each signal,
the linear combination (LC) that removes first-order
ionospheric phase delays is formed from the two
GPS frequencies [26]. Double difference LC phase
residuals are inspected manually for cycle dips in
the phase data, although virtually all cycle dips can
be detected and corrected by automatic algorithms.

The GPS data are grouped as daily network solu-
tions, with about thirteen stations in each solution,
holding fixed the coordinates of the IGS stations
and the satellite ephemerides cal culated at the Center
for Orbit Determination in Europe [27]. Root mean
sguare scatter (or ‘RMS repeatabilities’) for stations
with multiple occupations are 5.4 mm, 7.1 mm, and
13.9 mm, respectively, in the north, east, and vertical
components of the Alpes93 vectors and are less than
5.7 mm, 6.0 mm, and 30 mm in the north, east and
vertical components of the RBF94 vectors [22].
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Fig. 3. Map showing geodetic network stations measured on at least two different dates for which we can estimate a velocity (solid
triangles). The mesh is a Delaunay triangulation connecting these points. Within each such subnetwork, the bar indicates the azimuth
6 of the maximum compressive strain. The length of the bar is proportional to the (‘total’) shear strain rate y. These two parameters
classify the subnetworks into three categories, distinguished by their shading: white = negligible deformation y < 0.05 wrad/yr; dark
grey = NE-SW compression with y > 0.08 prad/yr and 6 between NO° and N75°E; light grey = NW-SE compression with y > 0.08
wrad/yr and 6 between N10°W and N75°W. The Penninic front is abbreviated PF. Faults are shown as heavy lines with triangular teeth
on the underthrust side, including: CF = Cévennes fault; NF = Nimes fault; DF = Durance fault; COT = Costes thrust; LURT = Lure
thrust; TRT = Trevaresse thrust; LUBT = Lubéron thrust; SPF = NE-SW-trending faults south of the Pelvoux massif; VET = Ventoux
thrust; DSRF = Durance—Serenne—Roburent fault. Relatively rigid blocks are shown with crosses. Squares denote cities: Di = Digne;
Ca = Castellane; Ga = Gap. Arrow shows the velocity (3.3 + 2.5 mm/yr at N169.4°W + 35.5°) of the Grasse site relative to northern
European sites from space geodetic measurements between 1983 and 1992 [4].

We pay particular attention to the occupation
history of each benchmark. For example, we do
not estimate a velocity for a station with only a
single occupation. We avoid ‘tie’ measurements by

3. Estimation procedure

To estimate the strain rates, we use the forward
modelling network deformation analysis software

package to adjust the network [28,29]. For each sta-
tion, we can estimate as many as four parameters. the
two horizontal components of both the position and
velocity vectorsin aso-called ‘ free network’ solution.
The velocity does not vary with time.

ensuring that the GPS benchmark coincides with
the triangulation benchmark. Furthermore, multiple
GPS occupations of a given benchmark are never
separated by more than a few days in our solu-
tion.
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Table 1
Station names, coordinates, number of directions and year of
observation

Station Long. Lat. N 1stobs 2nd obs.
B ©ON)

CBR9 43 441 27 1903, 1924 1993
RPA9 44 448 6 1947 1993
SUN4 50 443 15 1947 1994
LUBA 52 438 26 1901, 1930, 1947 1993
RVE9 53 434 5 1887, 1930 1994
SXL4 59 446 6 1905, 1927, 1949 1983, 1994
SXQ5 6.1 438 7 1952 1994
SYOS 6.2 443 17 1903, 1930, 1949 1981, 1994
SYUs 6.3 432 4 1952 1994
11414 64 46 21 1949 1983
11409 64 449 28 1949 1983
SZA 6.6 434 17 1952 1994
11417 6.7 44 22 1949 1981
11418 6.7 443 38 1949 1981
CABR 6.9 437 7 1952 1993
11419 6.9 434 17 1949 1981
CHEO 7.0 438 40 1948, 1952 1993

First observations are always horizontal angles. Second obser-
vations are aso horizontal angles in 1981 or 1983, but GPS
measurements in 1993 or 1994.

The vertical component of the position coordinate
(ellipsoidal elevation) for each station remains fixed
to its GPS-derived value. For stations never occupied
by GPS, we retain the relative height differences
estimated by IGN from spirit and/or trigonomet-
ric levelling, correcting for geoid undulations using
values interpolated from a model [30]. We do not
correct the triangulation observations for deflection
of the vertical, an approximation which isunlikely to
cause significant errorsin the estimates of strain rate.

From the resulting velocity estimates, which are
undetermined in scale and orientation, we calculate
the angular shear strain rates over triangular subnet-
works (Fig. 3). This technique has also been applied
to asimilar data set involving historical triangulation
and modern GPS observations [31].

The angular shear rates are defined by convention
[32]:

7}1 = Eee - I.Enn (1)

7}2 = 2Een (2)

where E is the conventional strain rate tensor, that
is the symmetric part of the gradient of the velocity

field, and the subscripts ‘e and ‘n’ denote eastward
and northward components, respectively. The shear
rate parameter y, measures the decrease in the right
angle between a ray pointed north and one pointed
east, as sketched previously [33]. This decrease can
be attributed to either right-lateral shear across aver-
tical fault striking east or to |eft-lateral shear across
a fault striking north. Similarly, y; measures the
decrease in the right angle between rays pointing
northwest and northeast, due to right-lateral shear on
afault striking N45°W or left-lateral shear on a fault
striking N45°E. These parameters can aso be esti-
mated directly from angle changes between repeated
measurements of direction [32,34], but such an ap-
proach does not suit the extremely heterogeneous
nature of the Alpine geodetic data set.

As an dternative representation, we also calculate
the maximum (‘total’) shear strain rate y and the
azimuth » of the vertical plane on which it occurs
using the expressions:

v =y +7§ ©)

tan2y = 2 @
V2

In Fig. 3, we show the azimuth 6 = i — 45° to

provide the orientation of the axis of the most com-

pressive principal strain rate, called the ‘P-axis' by

seismologists.

0 = Jatan (—y,/y1) if y1>0 (59)

0 = Latan (—yz/y1) — /2 if y1 <0 and 7, >0
(5b)

0 = Latan (—y,/y1) + /2 if y1 <0 and y, <(50)
C

Both v and 6 are azimuths measured in degrees
clockwise from north. The numerical values of all
four parameters and their 1o uncertainties appear in
Table 2.

The advantage of parameterizing the gradient of
the velocity field in terms of two angular shear strain
rates is that we can separate them from the rates of
dilatation and rotation. We cannot resolve dilatation
and rotation because we lack geodetic control on the
scale and orientation of the network. Thisis because
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Table 2

Components of angular shear rates y; and y», total shear rate y and azimuth 6 of the P-axis in degrees clockwise from north
Subnetwork y1 (wrad/yr) y2 (prad/yr) y (nrad/yr) 6 ()

A 0.04+0.12 —0.10+0.14 0.11+0.14 35.1+315
B 0.03+0.10 —0.10+0.12 0.10+0.12 37.7+284
C 0.09+0.11 —0.05+0.10 0.11+011 1524279
D —0.007 + 0.061 —0.01+0.06 0.01+0.06 62.3+ 141
E 0.02+0.05 0.02 £ 0.05 0.03+0.05 —246+451
F 0.006 + 0.063 0.05+0.10 0.05+0.10 —418+34.1
G —0.04+0.09 —0.03+0.10 0.04+0.09 722+ 61.7
H —0.006 + 0.081 0.005 + 0.058 0.008 + 0.074 725+ 236
| —0.001 + 0.05 —0.05+ 0.07 0.05+ 0.07 454+ 24.2
J 0.08 + 0.07 —0.01+0.07 0.08 + 0.07 2.32+27.3
K —0.07 £ 0.07 —0.16 £ 0.08 0.18+0.08 56.7+11.2
L 0.02+0.13 0.12+0.12 0.12+0.12 —40.5+31.2
M 0.03+0.07 0.04 £ 0.07 0.05+ 0.07 —25.0+40.9
N —0.06 + 0.07 0.14 £+ 0.09 0.15+0.09 —57.4+ 136
o 0.07+0.08 0.04 £ 0.05 0.08 +0.08 —13.8+21.0
P —0.14+0.09 0.09 + 0.07 0.17 +0.09 —743+130
Q —0.14+0.09 —0.13+0.09 0.19+ 0.09 68.5+ 13.6
R —0.09+0.12 —0.08+0.12 0.11+0.12 69.2+30.1
S —0.14+0.10 —0.17 £ 0.07 0.20+ 0.07 60.1+12.0

Subnetworks A to S are shown in Fig. 3.

the triangulation surveys do not include precise ob-
servations of distance or azimuth. As a consequence,
we can resolve only angular changes measured by
the parameters y; and y,. The disadvantage of this
parameterization is that it is difficult to interpret un-
ambiguousdly. In particular, it cannot distinguish pure
shear from simple shear without additional informa
tion.

4. Geodetic estimates of strain rate

To evaluate the robustness of our solutions to the
estimation strategy, we have performed a suite of
sensitivity tests on the following issues: (1) a priori
values of the vertical component of station position;
(2) correcting for the deflection of the vertical where
possible; and (3) choice of fixed stations or a ‘free
network’ adjustment. None of these perturbations
atersthe estimated values of y; and y, by more than
about athird of their stated uncertainty [22].

We have rejected one estimate of shear strain rate
higher than 0.3 wrad/yr, half the typical value for
rapid shear across the San Andreas fault in Califor-
nia [35]. Such a high rate does not seem reasonable

in the Alps, where the relative speed between the
bounding plates is roughly eight times slower than
in California. It occurred in the solution for the 1952
and 1993-1994 surveys, where we found unreason-
ably high valuesin all the triangles involving station
SZRO (Fig. 2). Either the benchmark is unstable
or the tie vector between the survey flag and the
benchmark isincorrect. To avoid confusion, we have
omitted this station from the solution shown here.

5. Interpretation

The maximum shear strain rate y is significantly
different from zero (with 68% confidence) in only six
of nineteen subnetworks (Table 2). The uncertainty
istypically about 0.1 wrad/yr, which corresponds to
1 mm/yr of shearing motion across a zone 10 km
wide.

To visualize the shear strain rates, we plot them
on a map in Fig. 3. We group the subnetworks
into three categories according to the values of the
maximum shear strain rate y and the azimuth 6
of the compressive principal axis of the strain rate
tensor.
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5.1. Negligible deformation (white areasin Fig. 3)

In subnetworks D—I, and M, the vaue of the
maximum shear strain rate y is 0.05 wrad/yr and
smaller than its uncertainty. This area includes the
Ventoux massif, the Lubéron region, and the Castel-
lane nappe. Here, the rate of deformation istoo small
to detect with our geodetic data set. In other words,
the uncertainty of 0.03 wrad/yr for y averaged over
a polygon including the seven triangles provides an
upper bound on the deformation rate in this region.
This upper bound applies to the Nimes and Du-
rance strike-dlip faults as well as the Ventoux—Lure
and Lubéron—Costes-Trévaresse thrust faults, all of
which are supposed to be active.

The Durance fault, the inferred site of several
historical earthquakes with MSK intensity greater
than VII [16,36], passes through triangles F and H
for which the estimated shear strain rates do not
exceed 0.1 + 0.1 wrad/yr. If this left-lateral strike-
dlip fault had a high dip rate, we would expect to
see simple shear as positive values of y; rather than
the insignificant values of 0.006 + 0.06 p.rad/yr and
—0.007 £ 0.08 prad/yr we estimate in triangles F
and H, respectively. Our geodetic results confirm
those of a previous study which did not detect sig-
nificant motion in a separate, small-aperture geodetic
network spanning the fault surveyed by triangulation
and trilateration in 1986, 1987, 1988, and 1989, and
by GPSin 1990 [37]. These estimatesimply that the
long-term dlip rate on the Durance fault is unlikely
to exceed 2 mm/yr, assuming a fault zone 20 km
wide.

Similarly, the Nimes fault cuts across triangles
D and G. The estimated maximum shear strain rate
does not exceed 0.04 wrad/yr in either of these
triangles. Left-lateral simple shear on this NE—
SW-trending strike-dlip fault [38] would produce
positive values of ;. Thisresult impliesthat thereis
no significant aseismic slip occurring on the fault or
intersei smic strain accumulating across it. The uncer-
tainty of the geodetic estimate places an upper bound
of about 2 mm/yr on the present-day dip ratefor this
fault, again assuming a fault zone 20 km wide. This
result is also consistent with the low level of pre-
sent-day activity and the long earthquake recurrence
interval inferred from palaeoseismological studies
[39,40]. At its northern end, the left-lateral NTmes

fault meets a N—S-trending fault zone in the folded
and thrust Ventoux massif (triangle E). Here, our
geodetic estimates of shear rate are not significantly
different from zero, although the negative value of
y, intriangle E is compatible with either right-lateral
simple shear on a north-striking fault or left-lateral
simple shear on an east-striking fault. Taking into
account the relationships between the various faults
and thrustsin this area, we infer long repeat intervals
for large earthquakes on E—-W-trending structures
such as the Lubéron, Costes, and Trévaresse thrusts

(Fig. 2).
5.2. NE-SW compression (dark grey areasin Fig. 3)

Seven of the nineteen subnetworks have a com-
pressional axis with azimuth 6 between N15°E and
N75°E and a maximum strain rate y larger than 0.08
wrad/yr, but not necessarily larger than its uncer-
tainty. These subnetworks appear to be undergoing
compression along an axis oriented roughly NE-SW,
aswe will discussin three distinct areas.

Subnetworks Q-R show maximum shear strain
rates between 0.10 and 0.20 wrad/yr, the fastest we
observe in our study area, with a compressive axis
oriented consistently between N60°E and N70°E. Be-
fore interpreting these relatively rapid rates, we con-
sider two geodetic caveats. First, these subnetworks
involve only two triangulation surveys in 1949 and
again in 1981-1983. We have no GPS measure-
ments at these sites (Table 1). Second, the earlier
survey uses eccentric reductions to correct the di-
rection lists, while the second survey considers the
theodolite at the standpoint and the target flag at
the forepoint as separate geodetic points, each with
their own coordinates. This difference in observing
protocol means that the estimated val ues of the shear
rates depend heavily on the measurements between
standpoint and forepoint used in the eccentric reduc-
tion. Having no other information, we assume these
measurements to have zero uncertainty.

To interpret these rapid rates near the Penninic
front, between the Pelvoux and Argentera massifs,
we note that the magnitude 5.3 Haute-Ubaye earth-
quake occurred in 1959, within the geodetic obser-
vation interval [17]. Could the signal be coseismic?
To produce the observed shear strain rates would re-
quire some 6 cm of displacement within the geodetic
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subnetwork in the 33 years between surveys, assum-
ing right-lateral strike-dlip on afault striking N10°W,
as indicated by the focal mechanism [17]. Yet the
epicentre has been located over 10 km from the
nearest geodetic benchmark (site 11,417). Moreover,
the fault most likely responsible for the earthquake,
the Durance—Serenne—Roburent fault, according to
the structural map [41], is even farther from subnet-
works Q-S. At these large distances, the coseismic
displacement is of the order of 1 mm, not large
enough to explain the observed geodetic signal. We
conclude, therefore, that the 1959 earthquake alone
did not produce the deformation recorded by the
geodetic network.

The strain rates in subnetworks Q-S are consis-
tent with interseismic strain which can be interpreted
in two different ways. The first possibility involves
right-lateral simple shear along NNW-SSE-trending
faults, as mapped in the field [42,43]. The second
possibility involves compressive pure shear strain
oriented roughly NE-SW, perpendicular to the Pen-
ninic front. Although we cannot easily distinguish
between these two possibilities, we prefer the lat-
ter, because the rapid strain rates throughout the
Penninic front coincide with higher seismicity than
elsewherein our study area (Fig. 2).

In the northwest part of the network, we aso
find compressive axes oriented NE-SW in triangles
A-C. Although the value of y is smaler than its
uncertainty in each individual triangle, the similarity
of the strain rates in three neighbouring triangles
increases our confidence in the geodetic estimates.
Here the compressive axisis dlightly more northerly
(6 between N15°E and N38°E) and the shear strain
rate slightly slower (y of 0.10-0.11 prad/yr) thanin
subnetworks Q-S. Although these observations are
compatible with N—S shortening squeezing soft ma-
terial between the hard crystalline rocks in the exter-
nal Alpsand thoseinthe Massif Central, they are dif-
ficult to reconcile with activity on NE-SW-trending
strike-slip faults such as the Cévennes fault or the
N-S-trending fault between Ventoux and Pelvoux.

Further south, we also find NE-SW-directed com-
pression in triangle K, covering part of the Maures
massif and the Valensole plateau. Here, the estimated
rates of angular shear are y; = —0.071 + 0.069
wrad/yr and y, = —0.16+0.08 jrad/yr. The former
is marginaly significant; the latter is significantly

different from zero with 97% confidence. The prin-
cipal compressive axisis oriented 6 = N57°E + 11°.
Such movement suggests that the Castellane nappe
drives southwest into the rigid Maures massif. To
the west, in subnetwork J, the principal compressive
axis is more northerly, with 6 = N2°E + 27°, but
the shear strain rate is only marginaly significant,
y = 0.08 & 0.07 wrad/yr.

5.3. NW-SE compression (light grey areasin Fig. 3)

In the Embrunai s—Ubaye region between Gap and
Barcelonnette, a group of three triangles, P, O, and
N, show shear strain rates in excess of 0.08 wrad/yr
with the compressive axis in the northwest quadrant.
This orientation contrasts sharply with that observed
in the neighbouring groups of subnetworks (A + B
+ C) and (Q + R + ). This significant change in
the deformation field over a distance of less than 50
km is difficult to explain. It is reminiscent of, but not
compatible with, a sharp change in the orientation
of P-axes observed in the focal mechanisms of small
earthquakes near this area [44] (their zone ‘SE’). A
speculative explanation would involve some exten-
sional motion on N-S-trending faultsin this area.

The triangular subnetwork L also shows compres-
sion oriented roughly northwest (6 = N41°W + 31°)
and an intermediate shear strainrate (y = 0.12+0.12
wrad/yr). Yet unlike the other subnetworks, triangle
L sitsin isolation with a P-axis oriented quite dif-
ferently from its neighbours' . Such an orientation is
difficult to reconcile with N—S compression in the
Castellane nappe, as expected from the E-W trend
of thrust fault mapped in thisarea[19]. It is aso dif-
ficult to reconcile with the deformation observed in
subnetwork K, just to the south. Nor can we recon-
cile the deformation observed in subnetwork L with
the movement of the continuously recording GPS
station at Grasse toward the west at some 2 mm/yr
with respect to a reference frame fixed on stable
Eurasia (E. Calais, written commun., 1997). Perhaps
the most prudent interpretation is to discount the sta-
tistical significance of the geodetic estimate of strain
rate in triangle L by noting that the uncertainty is as
large as the value.
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6. Conclusions

We have shown that a rigorous analysis of his-
torical datain atightly spaced geodetic network can
provide useful geophysical information, even in ar-
eas of relatively low rates of deformation. Although
most of the geodetic triangles yield strain rate es-
timates which are not significantly different from
zero, they tend to support the kinematic model pro-
posed previously on the basis of other geological and
geophysical observations [18,19]. Eight of nineteen
geodetic subnetworks indicate compression oriented
roughly NE—-SW. The region between the Pelvoux
and Argentera massifs appears to be deforming more
rapidly than elsewhere in the study area. Here, the
axis of maximum compression is oriented northeast,
roughly perpendicular to the Penninic front. Fur-
ther south, the Maures massif behaves as a rigid
block, moving northeastward relative to the Alpine
arc. Still, four other subnetworks do not fit this pat-
tern. Elsewhere in the Provence region, the estimated
strain rates and their uncertainties are low, both less
than 0.1 prad/yr. Interpreted as interseismic defor-
mation accumulating on locked faults between large
earthquakes, these values imply long-term fault dip
rates slower than 1-2 mm/yr. Taken as a whole,
our geodetic solution suggests that the rate of north—
south shortening across the study area is not more
than 1 or 2 mm/yr. Most of this deformation ap-
pears to occur aseismically within the time interval
spanned by the measurements. It contributes to the
convergence rate of 6 mm/yr predicted by the NU-
VEL-1 model for the entire boundary between the
African and Eurasian plates. Furthermore, the geode-
tic estimates suggest spatial variations in the crustal
deformation field over distances as short as 50 km,
a possibility which reflects the intricate structural
geometry at this plate boundary. For this reason,
wide-aperture geodetic networks may spatially un-
dersample the contemporary deformation field.
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