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SUMMARY

Due to the steady moderate seismicity observed along the Briangon seismic arc, in the south-
western French Alps, three temporary GNSS (Global Navigation Satellite System) surveys
took place in 1996, 2006 and 2011, across a ~50 x 60 km? wide area, to investigate the
surface deformation field. The horizontal velocity field computed from these three surveys
showed an east—west extension in the network. A fourth campaign was led in 2016, creating
a 20 yr observation span, resulting in measurements which reach a sufficient accuracy to
assess whether extension found within the Briangon network is localized onto any particular
tectonic feature. Several faults in this area are known to be active normal faults. Assessing the
localization of the deformation may lead to a better understanding of the active tectonics of the
Alpine belt. To address this issue, a robust velocity field was computed from the combination
of the different campaign and permanent GNSS data. Strain rate tensors were derived for the
first time in this area on a 0.1 x 0.1 deg grid to assess the distribution of the deformation.
The regional deformation appears localized in the Briangon area and reaches up to 20 £
5 nanostrainyr~! in the centre of the network. The observed velocities were projected on a
profile across the network and compared with modelled interseismic deformation to character-
ize the behaviour of the major active faults known in the study zone. While a two-fault model
provides the best fit to the data, a single fault model has only marginally higher residuals, with
parameters which are more consistent with the seismotectonics of the region. The localization
of the single modelled fault is consistent with the location of the High Durance Fault (HDF).
Therefore, we used the known geological location of this structure as a priori information in a
block model to compute a fault slip rate at the interface between the two blocks. The velocities
on the interface indicate 0.4-0.5 mm yr~! of extension, and therefore strain accumulates along
the HDF throughout the seismic cycle. The geodetically derived fault slip rate is converted into
an equivalent seismic moment release rate, which is consistent within its uncertainty bounds
with the known historical and instrumental seismicity of the Briangon area.

Key words: Geodetic instrumentation; Transient deformation; Seismicity and tectonics; Con-
tinental tectonics: extensional; Dynamics and mechanics of faulting; Neotectonics.

southern part of the Briangonnais seismic arc, in an exceptionally

I INTRODUCTION dense network, during the summers of 1996, 2006, 2011 and 2016.

The Western Alps are one of the most seismically active areas of
France (Fig. 1a). Due to its regular moderate seismicity, it was one
of the first areas instrumented with GNSS in Europe (Chéry et al.
1995). The Western Alps thus provide an exceptional long time
span of permanent and survey GNSS data. The first stations of the
RENAG network (French national permanent GNSS network for
research purposes, RESIF 2017) were installed in the French Alps’
region in the late 1990s. Four temporary surveys took place in the

The first three surveys, combined with permanent GNSS (Fig. 1b)
data, revealed a deformation pattern with an east-west extension
in the network (Walpersdorf et al. 2015). This geodetic strain rate
tensor is in agreement with some of the kinematic models derived
for the Adriatic—Eurasia relative plate motion, which localize the
westernmost plate boundary of the Adriatic microplate in the south-
western Alps (Calais ef al. 2002; d’ Agostino et al. 2008). However,
plate tectonics cannot be the sole origin of the deformation in the
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Figure 1. Location map and tectonic context of the study area. (a) Seismicity of south eastern France from FCAT-17 between 1965 and 2009 (Manchuel et al.
2018). (b) Major faults in the Briangon area modified from Sue & Tricart (2003): PF = Penninic Front, HD = High Durance Fault, EBF = East Briangonnais
Fault and SR = Serennes Fault. Geological units are shown by thin grey lines: dark grey areas = external zones, light grey areas = internal zones. Black line
is the location of the cross-section (c) vertical cross-section of the seismicity showing three extensional focal mechanisms and uncharacterized events (grey
circles), as well as main faults (CPF = Penninic Front), modified from Sue & Tricart (2003).

Western Alps, as uplift is also observed in addition to extension, as
noted by several studies (Delacou et al. 2005; Champagnac et al.
2007; Vernant et al. 2013; Nocquet et al. 2016, Walpersdorf ef al.
2018, Sternai et al. 2019). The mechanisms driving the vertical
motions in the Western Alps are still debated, and are probably
associated with processes operating over longer wavelengths than

the network under consideration here. They are thus beyond the
scope of this paper.

The present study focuses on the horizontal component of the
deformation field to better constrain the active tectonics of the area.
We seek to analyse the motion of one or two local faults that could
play a major role in the regional tectonics. The fourth campaign, led
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in 2016, results in a 20-yr span of observations. The measurements
have now reached a sufficient accuracy to precisely assess on which
tectonic structures the regional deformation is accommodated. The
final objective of our study is to estimate slip rates for these faults,
and compare the corresponding rate of geodetic moment release
with that estimated from the seismicity catalogue. Such a compar-
ison can be used to develop seismic hazard assessment models, in
particular in the context of low-strain continental interiors such as
in the Western Alps, which feature low levels of seismicity and long
return periods.

2 TECTONIC SETTINGS

The Alps formed in response to the collision between Europe and
Africa, which began in the Late Cretaceous. In the Western Alps,
the Penninic Front, active during the Oligocene (Tricart 1984), is
nowadays the major feature related to this episode. This former
thrust fault strikes roughly north—south through the range, dividing
it into the so-called ‘internal” and ‘external’ zones. The external
part consists of crystalline massifs and their Mesocenozoic cover
(belonging to the European margin), while the internal zone is made
of metamorphic sheets derived from the Briangonnais microconti-
nent (Stampfli et al. 2002), and the remains of the Ligurian ocean
(Schwartz et al. 2012). Sue and Tricart (1999) and Sue et al. (1999,
2007a) show that this major thrust fault has been reactivated as a
normal fault, with smaller normal faults locally connected to it at
depth (Sue & Tricart 2003; Tricart et al. 2006). This extensional in-
version, and associated normal faults, is still seismically active (Sue
etal. 1999; Sue & Tricart 2002; Delacou ez al. 2004). Seismicity and
deformation are indeed persistent (although weak) across the West-
ern Alps despite the end of Europe-Africa collision (e.g. Delacou
et al. 2004, 2008).

The Briangon GNSS network area is located in the south-western
French Alps and represents a 50 x 60 km? wide area straddling
the internal and external parts of the chain. The area is character-
ized by structures belonging to two major tectonic episodes (Sue
& Tricart 2003). The first set of faults includes fold and thrust
structures which date from Oligocene time, when the internal zones
were thrust onto the external zone along the Penninic Front. These
structures are overprinted by a second transtensive phase of defor-
mation (Neogene-present), resulting in Late Alpine faulting within
the internal zones of the arc. The major faults of this episode in the
Briangonnais area include the High Durance fault (HDF), running
roughly north-south, and the Serennes fault (SF), which is a contin-
uation of the HDF (Fig. 1b). The East Brianconnais Fault (EBF) is
a secondary, shorter fault, located east of the HDF and is less well
documented. The HDF is a normal fault, and may be connected at
depth to the Penninic Front, which is also actively extending (Sue
& Tricart 2003; Sue et al. 2007a), while the EBF may be associated
with a dextral strike slip regime (Sue & Tricart 2003). Both faults
have steep dips to the east (~60°-80°), deduced from their surface
structural expression, and microseismicity focal mechanisms (as
shown for the HDF in Fig. 1c).

3 GNSS DATA ANALYSIS

A temporary GNSS network of 30 stations (Fig. 1b) was installed
in 1996 in an area of 50 x 60 km? using classical ‘bolt marks’ (Sue
et al. 2000). The corresponding antenna setup is a tripod with an
optical tribrach. Forced centring markers (screw marks) were in-
stalled in 2006 near each of these original sites. Screw marks were

drilled into bedrock, thus allowing installation of an observation
mast, which provides forced centring of the antenna. This type of
marker creates fewer setup errors compared to classical markers,
which need a vertical adjustment of the antenna. A full measure-
ment campaign took place on the classical marks in 1996 and 2016,
while the screw marks were reoccupied in 2006, 2011 and 2016.
Additionally, in 2006, short measurements were made on the clas-
sical marks in order to establish local ties between the old and new
monuments.

In addition to these campaign surveys, the French RENAG per-
manent network (RESIF 2017, http://renag.resif.fr) provides a good
spatial coverage of the French Alps. About 40 stations were in-
stalled and measured since 1998 covering the entire Western Alps.
Six stations of this national network lie in the Briangonnais area
(Fig. 1b). These six stations were installed between 1998 and 2011.

At a larger spatial scale, 36 IGS (International GNSS Service)
stations were included in our analysis to constrain the stabilization
frame (ITRF2014, Altamimi et al. 2016). The stabilization stations
have been selected depending on their observation span and geo-
graphical location.

Daily positions of the stations are computed with the
GAMIT/GLOBK software (Herring et al. 2015). The data are pro-
cessed using double differences, with precise IGS orbits and up-to-
date ocean and atmospheric loading models (Tregoning & Van Dam
2005; Lyard et al. 2006), as well as tropospheric mapping functions
and a priori values (Vienna Mapping Function version 1, Bohm
et al. 2006).

The velocities were estimated using the Kalman filter GLOBK.
To evaluate meaningful velocity uncertainties, the real sigma strat-
egy has been applied (Reilinger ez al. 2006). This strategy evaluates
the amount of Markov noise individually for the three position com-
ponents of each of the permanent stations. A conservative amount
of Markov noise was attributed to the survey stations with 4 and
8 mm? yr~! on the horizontal and vertical components, respectively
(Vernant et al. 2004). The uncertainties output by GLOBK on the
velocity estimates depend mostly on the amount of Markov noise
attributed to the stations. Therefore, the uncertainties of campaign
sites are systematically larger than permanent sites, while otherwise
both campaign and permanent site uncertainties depend mostly on
the time span of instrumentation of the site (Supporting Informa-
tions 1 and 2).

The stabilization frame ITRF2014 is defined by 36 IGS stations.
Horizontal velocities are calculated with respect to stable Eurasia by
determining the rigid plate motion using 46 Eurasian stations. The
Euler pole for the Eurasian plate with respect to ITRF2014 is found
at 55.378 £ 0.176°N and —97.946 + 0.387°E with a corresponding
rotation rate of 0.263° My~! (Cartesian rotation components and
their covariance are available in Supporting Information 2), which is
consistent with previous studies (Walpersdorf ez al. 2015; Altamimi
et al. 2016). The resulting velocity field and their uncertainties are
presented and discussed in the following Section 4.

4 RESULTS

4.1 Velocity field

Thanks to the long observation span, almost all horizontal site ve-
locities have converged to values below 1 mmyr~!, which was
considered as a velocity threshold for tectonic significance in this
slowly deforming region (Walpersdorf et al. 2015, 2018; Nguyen
et al. 2016; Nocquet et al. 2016). Exceptions are sites RES, CVYV,
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Figure 2. Velocity field with respect to Eurasia obtained by the local tie
solution (black vectors). White vectors are the permanent stations located
within the Briangon network. GPS velocities are projected on profile AA’
(see Section 4.3 for details). See Fig. 1 for underlying geological units and
fault traces.

PSA, CGR, PET, PSV and RDE with velocities at least one and a
half-times higher than the maximum expected tectonic signal. Field
investigations confirmed that they were not installed on bedrock.
These stations were thus excluded from the velocity field presented
in this study.

The processed GNSS data set combines measurements made
over 20 yr (for the bolt markers installed in 1996), and 10 yr (for
the forced centring markers), together with local tie measurements
between the two benchmarks of each site. Given the richness of
the measurements, which display a high degree of redundancy, we
conduct methodological tests to identify the optimal use of the
final data set. These tests, based on a dispersion criterion of the
velocities (Pinget 2016), are presented in Supporting Information 3.
The results indicate that the most coherent velocity field combines
the velocity derived from (1) two campaigns on the old markers
(1996 and 2006), and (2) three campaigns on the new markers
(2006, 2011 and 2016). This solution uses the local tie data of 2006
and excludes the position data of the 2016 survey on classical bolt
marks. This velocity field, shown in Fig. 2, identified in the tests as
the ‘local tie solution’, forms the basis of the following analysis.

The velocity amplitudes with respect to stable Eurasia range
from 0.2 to 0.9 mm yr~'. The uncertainties are £0.45 mmyr~! for
campaign sites instrumented during four surveys. The uncertainties
are higher for several sites that were not instrumented during each
survey, such as VIGI (£0.8 mmyr~!). The uncertainties of the
permanent stations range from 40.06 mm yr~! for MODA (which
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is the oldest station of the network) to +0.25 mmyr~! for OGAG
(which is the youngest).

The velocity field reveals a coherent pattern. The majority of the
stations located west of the HDF are moving westward, while those
to the east are moving eastward. This pattern was a feature of the
velocity field previously derived by Walpersdorf ez al. (2015). With
respect to this preliminary solution, our velocity field is more coher-
ent, with only PUYA, OGAG, VLA1, ORC and SCR not following
this pattern. Also, the general northward motion previously seen for
the campaign stations, and which was thought to result from limited
ties between the classical and the new markers, is now attenuated
following inclusion of the 2016 measurements. Based on the obser-
vation of a general east-west extension in the network, and on the
evidence of the HDF being the major active fault in the region (see
Section 2), we make the basic first-order hypothesis that the regional
deformation is dominated by the relative extensional motion of two
tectonic blocks separated by the HDF. We use this hypothesis as a
criterion to evaluate the quality of the different velocity solutions.
We computed the average absolute deviation to the mean velocity
on each side of the fault (Supporting Information 3), and used this
dispersion measurement to classify the velocity solutions. For the
‘local tie’ solution, the dispersions of the east and north velocity
components are 0.06 and 0.08 mm yr~' on the western block, and
0.03 and 0.18 mm yr~! on the eastern block. The dispersion on each
side of the main active fault is small, thereby supporting our ini-
tial hypothesis that deformation of the Briangonnais region is well
characterized by two blocks along the HDF.

4.2 Strain rate field

The evaluation of strain rate tensors allows us to further analyse
the deformation field, since they make use of redundancies between
nearby stations. Large-scale geodetic strain rate fields have been
successfully derived from permanent stations throughout the West-
ern Alps (Walpersdorfet al. 2018) and Europe (Sanchez ez al. 2018).
Both studies confirm the extension in the Briangon area that has pre-
viously been reported (Walpersdorf et al. 2015). Our study aims at
exploiting the enhanced precision brought by the re-measurement
of the dense local network in 2016, with the aim of increasing spa-
tial resolution of the strain rate field, thereby allowing us to better
characterize the zone of extension inside the Briangonnais region.
For that purpose, the strain rate field will be used to validate our
initial hypothesis of two microblocks separated by an active fault
(the HDF).

The first strain rate introduced here corresponds to a single rate for
the entire local network. It reveals (1) an east—west extension rate of
20 = 2 nanostrain yr~! (azimuth of 118 = 3° from north), equivalent
to a velocity difference of 2 mm yr~! over 100 km, and (2) a smaller
north—south compressive component of 8 4= 2 nanostrain yr~—'. This
strain tensor is consistent with the one determined by Walpersdorf
et al. (2015), yielding an extension rate of 16 % 8 nanostrain yr—'.

Our data are too noisy, with respect to the weak total deformation,
to determine strain rates based on a simple triangulation method
(e.g. Delaunay triangulation, Shewchuk 1996). Therefore, we ap-
plied a smoothing filter between nearby stations of the network
to estimate the strain rate tensors. The baseline length variation
approach uses the distance changes between all pairs of stations
(Masson et al. 2014). This strategy reduces the dependency on a
single station’s velocity with respect to the neighbouring stations
by cumulating the deformation of all baselines where they cross a
grid cell. The impact of an outlier velocity at one station is thus
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Figure 3. Strain rates in the Western Alps, based on permanent and survey
GPS station velocities. Extension = blue arrows, compression = red arrows.
Circles = permanent and survey GPS stations. Cells of 0.1° x 0.1° are
coloured according to the model resolution of the strain rate (dimensionless
criterion, defined in Masson et al. 2014).

reduced, and does not create an inaccurate local strain patch. In our
study, horizontal strain rate tensors are estimated from variations in
geodetic distance (‘baseline length’) using this STIB code (Masson
et al. 2014). To do so, we embed our study area in a much larger one
(from 3° to 10°E and 41° to 49°N , Fig. 3). The strain tensors are
computed on a 0.1° x 0.1° grid, with a constant 15 km smoothing
distance throughout the network. The accuracy of the model is given
through the diagonal term of the model resolution matrix in each
cell (color density in Fig. 3).

The strain rate field confirms the existence of an E-W extension
pattern spread over the whole campaign network. The extension
amplitude decreases north of our area and turns to a more N-S
orientation, coherent with both the geodetic analysis by Walpersdorf
et al. (2018) and the overall seismotectonic framework (Sue et al.
1999; Delacou et al. 2004). The maximum extension is found in

the centre of the local Briangon network on the cells of 44°51" N.
Strain rate tensors summed between 6°24’ and 7°E on this parallel
reach 23 nanostrain yr~'. However, the extension is distributed over
the whole network and thus is not localized within a single cell.
The model resolution, given by the diagonal term of the resolution
matrix in each cell (Masson et al. 2014), depends mainly on the
density and distribution of the baselines crossing the cell. This
dimensionless quantity ranges from 0.12 to 0.27 in our network,
and decreases below 0.1 in the other parts of the map. Only tensors
having a resolution term over 0.1 are shown in this strain field.
Following Masson et al. (2014), who propose a more conservative
value of 0.5 as a minimum threshold while applying STIB to a more
actively deforming area, we acknowledge that one must be careful
when interpreting our results.

4.3 Localization of the deformation on a velocity profile:
elastic dislocation modelling

An alternative method is to investigate the localization of the ex-
tensional motion by fitting the surface velocities by a dislocation
model (Segall 2010). This modelling method has recently been used
in various deformation contexts (e.g. Mousavi et al. 2013; Daout
et al. 2016; Mariniere et al. 2019). This first-order approach con-
siders a screw dislocation propagating along an infinite buried line
to model interseismic locking on a dip-slip fault.

The velocities along the profile are predicted by the following
equation:

Vmod = -2 (coss (tan" ) - T sgn(x)) + M)
b/d 2

1+2¢?
— 0]

X
where ¢ =
V4
With:

s = slip on the fault (mmyr~")

x = distance between the modelled velocity and the fault (km)
z = depth of fault bottom (km)

6 = dip of the fault (radians)

We define a fault perpendicular profile AA’ (Fig. 2) in the centre
of the dense campaign network. We then project all station velocities
(except the most distant ones: CHTL, MODA, CGI, CVA and LCH)
onto this profile, to retrieve fault-perpendicular velocities. Models
are computed investigating every possible combination of the four
following parameters:

(1) longitude of surface trace varying between 6.4° and 7.5° with
0.1° steps in longitude;

(i1) dip varying from 20° to 90° with 1° steps;

(iii) slip rate varying between 0 and 2 mmyr~', in 0.1 mmyr~!
steps; thus we explore three fault models: no faults (both slip rates
equal 0), one fault (one slip rate equals 0 and the other > 0), or two
faults (both slip rates > 0);

(iv) locking depth varying from 0 km for free-slipping faults to
15 km.

1

This parametric study provides constraints on the geometry of
the fault as well as its location.

The depth of the bottom of the fault is fixed to 300 km in order to
model an infinite fault. For each model, the root mean square (rms)
residual is computed between the observed projected velocities and
the modelled velocities:

(Vobs — Vmod)*
ms =,/2——— (2)
N
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Where:

Jobs = observed fault perpendicular velocity component at one
station

Vmod = modelled fault perpendicular velocity at one station

N = number of stations

As explained in Section 3, formal uncertainties associated with
each station velocity may not be representative, especially for survey
stations. Thus we do not take into account velocity uncertainties,
which amounts to an equal weighting of all stations. The model
showing the smallest rms is considered as the best-fitting model
(Fig. 4).

We tested models with a single or two dislocations to compare
the effect of one or two faults, respectively. The model computed
for a single fault (dashed curve in the upper part of Fig. 4, and
black line in the lower part) yields an rms value of 0.27 mmyr~'.
The best-fitting single-fault model is located 35 km along the pro-
file. The associated parameters (a dip of 55°, a locking depth of
10 km and a slip rate of 1.9 mmyr~') are consistent with the
seismotectonic setting, and indicate a steep fault with a moder-
ate locking depth (Section 2; Sue & Tricart 2003). The two-fault
model does not significantly reduce the rms value below that of
the single fault model (blue curve in the upper part of Fig. 4, and
blue lines in the lower part). Therefore, we only consider the single
fault model for our subsequent analysis; this fault represents the
HDFEF, with the associated parameters derived from our unique fault
model.

Fig. 5 shows the rms related to the one fault model grid search
for a given pair of parameters. Two of the four parameters are free
to vary, while the others are fixed to the values deduced from the
best-fitting one fault model. Two examples are presented here: (1)
varying slip rate with varying location of the fault (Fig. 5a), and (2)
varying slip rate with varying locking depth (Fig. 5b). The first plot
indicates that the fault longitude is well constrained. The second
plot indicates that both fault slip rate and locking depth should
increase together for rms values to remain low. However, both plots
show that the slip rate of the fault is less well constrained, which
may contribute to the relatively high slip rate in the best-fitting fault
model.

Our results suggest that the westernmost fault (i.e. the HDF) acts
as the major regional structure accommodating most of the mea-
sured deformation. This deformation is consistent with interseismic
locking, as the observations fit the overall shape of a profile expected
for a locked fault.

However, while our forward modelling highlights the variability
and correlation between the different fault parameters, the amount
of horizontal extension remains poorly constrained, probably due
to block rotations which are not taken into account on the velocity
profile. We therefore apply a complementary block rotation model
based on our single fault model. Our aim is to estimate the fault slip
rate that takes into account the rotation of tectonic units each side
of the fault.

4.4 Fault slip rate estimates: block model

We use a block model approach to reassess the horizontal fault
slip velocities, following the approach of McCaffrey (2009, based
on the DEFNODE code). The GPS velocity field is interpreted
within the context of the regional tectonic framework, that is ac-
tive faults separating non-deforming blocks, the motion of which
are described by rotations about their Euler poles. This approach
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allows an evaluation of the fault slip rate for the various faults
in the model. The deformation field at the block boundaries
due to fault locking is computed using the back-slip approach
(Segall 2010). This strategy has the advantage that fewer pa-
rameters need to be tested compared with the elastic dislocation
model.

Two blocks are defined at each side of the geological surface
trace of the HDF. Fig. 6 shows the limits of the blocks used, with the
observed GPS velocities in Fig. 6a and the velocities predicted by
DEFNODE at each GPS site in Fig. 6b. The borders of the blocks
which are not the HDF are slip freely. The computed velocities
include the block rotation, plus a back-slip contribution due to
interseismic fault locking close to the fault. The locking depth is
here imposed (to prevent solving an underdetermined problem). The
locking is constant along the strike. The interface is fully locked
from 0 to 10 km and freely slipping below 10 km, the maximum
depth of seismicity in the Briangon area (from seismic catalogues,
e.g. FCAT-17, Manchuel et al. 2018). However, locking depths of
2,5, 10, 15 and 20 km were tested and show similar fits to the
observations. Stable Eurasia, considered as the reference frame of
the computed velocities, is modelled by a block with null velocities
west of the system.

The Euler poles describing the two block motions are found at
6.7°E, 43.9°N for the western block and 6.9°E, 45.2°N for the east-
ern one, with rotation rates of 0.16 & 0.3 and 0.33 & 0.4 ° My},
respectively. The values of the relative horizontal velocities perpen-
dicular to the limit between the two blocks vary from 0.4 to 0.5 £+
0.3 mmyr~!. These velocities correspond to the extensional com-
ponent of the deformation. The model also gives a smaller, fault
parallel, dextral strike-slip component of 0.1 to 0.2 & 0.3 mm yr~!
along the fault.

The normalized rms between modelled and observed (Fig. 6a,
observed velocities from local tie solution, see Section 4.1 and
Fig. 2) GPS velocities at each station reaches 0.560 mmyr~'. The
predicted velocities are small compared to the observed ones, but
are nevertheless consistent with an E-W extension at plausible rates
in this area of slow deformation.

The Euler poles, and therefore the predicted fault slip rates,
are strongly dependent on the model parameters, such as the
locking ratio (ratio of locked to total width of the fault),
and uncertainties in GPS velocities. In particular, the software
fits Euler poles to the stations with the smallest uncertainties.
Therefore, the modelled velocities presented in Fig. 6b have
been obtained by weighting equally each observed GPS veloc-
ity (in particular weighting equally both permanent and campaign
stations).

To evaluate the impact of fault locking, we run the same block
modelling with a freely slipping fault. In this case, DEFNODE
solves only for the block rotations. The total velocity at the
freely slipping interface between the two blocks is 0.2 to 0.3 &
0.2 mmyr~'. The normalized rms for this model is 0.628, which
is higher than with fault locking. While the model fit cannot dis-
tinguish between different locking depths, it still favours a locked
rather than a freely slipping fault interface.

The residuals remain high largely because of noise in the data,
which is somewhat attenuated by the fourth survey (after 20 yr), but
nevertheless still persistent. This noise is mainly due to the different
motions of the permanent stations with respect to the survey sta-
tions. These differences may be explained both by the different time
spans of observation leading to reference frame issues, and by the in-
dividual geological units in which the stations are located. Although
we identified several outlier stations that were removed due to site
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Figure 4. Upper plot: best-fitting one-fault (dashed curve) and two-fault (blue curve) models corresponding to the observed velocities (blue dots). Grey dashed
lines mark the emplacement of surface geological evidence of the HDF and EBF, respectively. Lower plot: fault locations, dips and slip rates are indicated
by black (one-fault model) and blue lines (two-fault model). X-axis indicates the distance along the profile AA’ (location shown in Fig. 2). Y-axis shows the
fault-perpendicular projected velocity in mmyr~! (upper plot), and depth (bottom plot).
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location of the fault at the surface varying from 20 to 60 km along AA’ profile (Fig. 2), all other parameters fixed; and (b) slip rate of the fault varying from 0
to 2 mmyr~!, locking depth varying from 0 to 20 km, all other parameters fixed. Stars indicate parameter values retrieved from the preferred one fault model

(Fig. 4).
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Figure 6. Block model. Dashed blue lines define the block limits. The line between the two blocks represents the HDF. Values along the interface give the
computed fault velocity (fault perpendicular, extensive component) in mmyr~'. (a) Observed GPS velocities from the velocity field identified as the best
solution (local tie solution, see Section 4.1 and Fig. 2). (b) Velocities computed from the model accounting for both block rotation and interseismic fault
locking. The Euler poles of each block are represented by grey fans (upper one for the eastern block and lower one for the western block).

instabilities (Section 3), some additional corrupted stations likely
remain in our analysis; stations which are subject to slope instabil-
ities at velocities similar to the tectonic motion. Indeed, the study
of the time-series show that there is no random noise associated
with the unstable stations. This slope instability bias may therefore
affect survey as well as permanent stations. Thus, if some stations
measure a gravitational phenomenon at velocities close to the ex-
pected tectonic signal, we are unable (through GLOBK processing)
to distinguish between stations valid for tectonic interpretation, and
ones that are not.

Despite the scatter between the velocities estimated for survey
and permanent stations, extension is found to be the principal slip
component along the fault HDF interface, along with a minor com-
ponent of right-lateral strike-slip. The block modelling takes into
account more GPS station velocities than elastic dislocation mod-
elling along a profile. In addition to evaluating the extent of fault
locking while also considering block rotations, block modelling also
enables us to derive complete slip rates on the fault, which take into
account both strike-slip and dip-slip components. The residuals re-
main high; however the retrieved slip rates are consistent with the
expected tectonic signal. Eventually, we estimate that the uncertain-
ties on the geodetic slip rates are coherent with the lower bound of
the seismic potential of the HDF based on its historical seismicity
(Section 5.2).

5 DISCUSSION

5.1 Resolution limits of strain rate fields

The first part of our work consisted in assessing whether the defor-
mation in the Briangon region was distributed or localized onto a
specific fault. Strain rate estimation using the STIB method (Section
4.2) did not enable us to identify the location of any particular fault.
However, the general pattern is in good agreement with larger scale
strain fields, such as the one evaluated by STIB on the Western Alps
(which includes the same permanent data as in our computation, see
Walpersdorf ef al. 2018). In the large-scale strain field (0.5° x 0.5°
grid) of Walpersdorfet al. (2018), extension is localized in our study
area, with the diagonal term of the resolution matrix larger than 0.5
in the cells encompassing the Briangon area. The change of scale
from a regional to a local network appears to be difficult to realize
with the STIB software, which is limited to the use of a constant
smoothing distance throughout the network.

As the GPS stations are not equally distributed over the area, al-
lowing the smoothing distance to vary may reduce the uncertainties,
while increasing both spatial and model resolution. We therefore
implemented another strain rate computation software (VISR, from
Shen et al. 2015) to compute strain rates based on a smoothing
distance which depends on the density of stations in the vicinity
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of a given cell. However, no sufficient model resolution could be
reached in each individual cell.

One explanation for the difficulty to establish a high spatial reso-
lution strain rate field is that the dense local velocities are slow and
not yet coherent enough to constrain a relevant strain rate field over
the short distances in our network. Indeed, over distances below
a few hundred meters, the resolution of individual velocity esti-
mates must be still better than the one obtained by 10-20 yr of
campaign measurements, or some 10 yr of permanent data (of the
order of 0.2 mmyr~!, Tarayoun 2018). Given the strain rate value
is a difference of velocities integrated over a given distance, the
signal-to-noise ratio is still too low inside the width of our network
(~50 km).

5.2 Implications of geodetic slip rate on seismogenic
potential

The next part of our study (elastic modelling on a profile, Section
4.3) has shown that the GPS observations in the Briangon region
are most compatible with the existence of a single active fault at
the location of the HDF. Assessing the distribution of the deforma-
tion around a given fault by block modelling (Section 4.4) enables
us to evaluate a range of possible slip rates along the fault. The
best model thus corresponds to values projected along the interface
between 0.3 and 1.4 mmyr~! of total slip rate, which takes into ac-
count both fault-parallel and fault-perpendicular components (and
their uncertainties), with a locking depth of 10 km (consistent with
seismic catalogues and compatible with the GPS observations). In-
terseismic slip rates on faults and associated locking depths can be
a useful input to quantify the hazard related to a specific fault or
to a fault network. The relatively shallow locking depth of 10 km
retrieved from seismic catalogues and consistent with GPS veloc-
ities could suggest low-to-moderate moment accumulation. This
value, along with the estimated slip rate of the fault, can be used to
compute a geodetic equivalent moment rate (e.g. Brune 1968; Ward
1994):

Mo=psA (3)

Where p is the rigidity modulus in N-m™2, s is the slip rate in m yr~!
and A is the locked area of the fault in m?.

The area depends on the length of the segment along-strike that
is considered capable of rupturing in a single event. Assuming a
single-segment rupture scenario, and taking into account the longest
segment of the fault, we consider a rupture length of 30 km. (We
do not investigate the effect of uncertainties on p or maximum A,
which falls into the scope of seismic hazard assessment). For this
maximum single-segment scenario, and considering a fault rupture
area of 30 x 10 km = 300 x 10° m?; with u = 3.2 x 10" N-m~2,
we obtain a minimum estimate of Mo = 2.9 x 10" N . myr~!(for
a slip rate on the fault of 0.3 mmyr~"), and a maximum Mo = 1.4
x 10" N-myr~!(for a slip rate on the fault of 1.4 mmyr~"), con-
sidering minimum and maximum values of slip rate respectively,
which take into account both along-strike and along-dip compo-
nents of the slip and their lowest and highest uncertainty bounds,
respectively.

The equivalent moment rate accumulated by fault locking can
be compared with the actual moment rate released annually in the
area based on seismic catalogues. We use the FCAT-17 catalogue
(Manchuel et al. 2018), which is the first database encompassing
both historical and instrumental events for the whole of France. The
summation of event moments in a given area, divided by the time

span of a given period, allows us to obtain annual seismic moment
rates. We compare the geodetic and seismic rates for the same area.
First, we summed event moments in the area covered by our local
geodetic network, from 6.0° to 7.0°E and 44.3° to 45.3°N. The an-
nual seismic moment rate derived in the area of interest from the
FCAT-17 catalogue corresponds to 7.71 x 10> N-m yr~' (when only
instrumental seismicity from 1965 + is taken into account), which
is two orders of magnitude less than the geodetic rate. However, the
seismic moment rate reaches 2.67 x 10'> N-myr~! if we also con-
sider historical seismicity of the Briangon area. Thus, the moment
rate difference can be explained by a few historical events repre-
senting most of the moment release. Instrumental seismicity in the
area indeed reaches only M,, 3.5, while seven historical events have
associated moment magnitudes ranging from 4.3 to 5.6. Therefore,
the rate estimate largely depends on the uncertainties on the biggest
historical earthquakes. These seven events have a mean magnitude
uncertainty of 0.4 (Manchuel et al. 2018), with an inversion flag of 3
over 4 (flag 1 corresponding to the less well-constrained inversions,
Manchuel et al. 2018).

The value of moment per year accounting for both historical
and instrumental seismicity is of the same order as the minimum
moment rate derived from geodetic slip rates on the modelled
HDF. This would suggest that all or the main part of the geode-
tic deformation measured in the Briancon area could be released
by the current seismic activity. The current geodetic deformation
could be representative of the mid-term (historical and instrumen-
tal) seismicity rate, which corresponds to about one M,, 4 event
each year. This result clarifies the comparison between geodetic
and seismic strain rates developed by Sue et al. (2007b), and re-
worked by Walpersdorf ez al. (2015). On the other hand, the dis-
crepancy we obtain between the maximum estimate of moment
rate from geodesy and the maximum estimate from seismic cat-
alogues could be representative of the part of aseismic processes
measured by geodesy. Another explanation could also stand in the
completeness of the historical catalogues, which is not reached
before 1625 for M, > 5.0 earthquakes in the region (Hannouz
2019).

Some processes not linked to plate tectonics (e.g. erosion, glacial
isostatic adjustment and mantle upwelling) could also induce exten-
sion at the surface as well as uplift. It has been proposed that more
than one of these processes contributes to the present day uplift and
extension of the Western Alps (see review and discussion in Sternai
et al. 2019). However, there is still no consensus on the relative
contribution of each process on the observed uplift values. Given
the magnitude of horizontal velocities is one order of magnitude
smaller than the vertical velocities, it would be challenging to de-
termine the role of fault loading and far-field plate tectonics with
respect to surface and deep intrinsic processes from the horizontal
component of deformation.

6 CONCLUSION

This study takes advantage of a dense and highly redundant GPS
network in the south western Alps to (1) constrain the strain field of
this low deformation region, (2) identify which tectonic structures
contribute to the accommodation of regional tectonic motion and
(3) characterize the seismogenic potential of active faults in the
region.

By incorporating a new (fourth) GPS campaign, we first ex-
tend the period of GPS observation in the south western Alps to
20 yr. This considerably increases the spatial resolution of the slow

€20z ke 01 uo Jesn NSHI Aq 2592685/9€ L.2/€/2zz/a1o1ue/1(B/woo dnoolwapede//:sdiy Wolj papeojumoq



deformation pattern compared to earlier studies (based on three sur-
veys over 15 yr). The spatial resolution is now good enough to link
the strain field to known tectonic structures, and characterize the
seismogenic potential of individual faults.

The general pattern of E-W extension was previously identified
in the Briangon area by seismotectonic and geodetic studies, albeit
without knowing whether the deformation was diffuse or localized
onto one or more active faults. Through a combination of differ-
ent analysis methods, we determine the characteristics of active
faulting in the Briangon region. Exploiting redundancy of the GPS
velocities in the dense network, we better locate where extensional
deformation is accommodated in the region using an elastic dis-
location modelling approach. Extension is largely accommodated
on a single active N-S trending normal fault. The location and ge-
ometry of the fault is consistent with a known geological fault,
the HDF, which is a major active structure within a dense network
of smaller range-parallel faults located within the eastern French
Alps.

We develop a kinematic block model for the region, incorporat-
ing the observed velocity field, along with information on known
geological structures, to retrieve details on the tectonic behavior of
the HDF. Despite substantial slip rate uncertainty, the lower bound
of moment accumulation rate predicted for the HDF is found to be
consistent with the seismic moment released during the historical
and instrumental periods (corresponding to ~1 M, 4 event each
year).

Future re-measurement of the French Alps GPS network will
likely yield further improvements in the precision of station veloci-
ties, such that both the horizontal and the vertical components will
allow a robust assessment of the origin and significance of extension
in the Western European Alps. Furthermore, a combined analysis
of higher quality horizontal and vertical deformation would also
help to address the issues commonly raised in the Alps, such as
the way these components are linked, their relative impacts on the
current seismicity, as well as the way they are related to the chain’s
topography and deep structure.
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