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Abstract. The Ubaye Region is the most seismically active region in the Western Alps, with earthquakes
that were commonly felt by the population and that even damaged local villages and cities. Since the
first testimonies in 1844, this area has been regularly struck by seismic swarms with a high number of
events, such as in 2003–2004 or 2012–2015, or by mainshock–aftershock sequences with a magnitude
up to ML 5.3 in 1959. In this paper, we analysed both historical records and instrumental seismicity
in the light of geological observations. Some earthquakes could be associated with known faults,
even if most of them occurred on blind, unknown faults that reveal a highly fractured basement. The
abnormal level of seismicity, together with its peculiar behaviour, suggests complex driving processes
involving not only tectonic loading but also fluid pressure.

Keywords. Earthquake swarms, Fluid-driven process, Ubaye region, French Western Alps, Mainshock-
aftershocks sequences.
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1. Introduction

Earthquakes usually occur as mainshock–aftershock
sequences, which are interpreted as the release of

∗Corresponding author.

the tectonic stress that build-up during the inter-
seismic period. On the contrary, seismic swarms are
characterized by a series of earthquakes clustered in
time and space, with no clear mainshock [Hill, 1977,
Scholz, 2002]. They can last for days to months [e.g.,
Bachura et al., 2021, Cheloni et al., 2017, D’Auria
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et al., 2019, Ebel, 2016, Hauksson et al., 2019], which
requires a forcing mechanism in order to maintain
the activity. Earthquake swarms are common in vol-
canic regions such as Japan [Kodaira et al., 2002,
Yukutake et al., 2011], Hawaii [Karpin and Thurber,
1987], Yellowstone [Farrell et al., 2009, 2010, Shelly
et al., 2013a], as they are associated with magma up-
welling or phreatic processes [McNutt and Roman,
2015]. They are also induced by anthropogenic ac-
tivities in reservoirs, such as shale gas extraction or
geothermal activities. For example, the massive stor-
age of waste water produced by shale gas extrac-
tion in the Oklahoma state (US) induced a ∼800-
fold increase in the seismicity in 2016 compared to
the pre-injection rate [Keranen et al., 2014, Schoen-
ball and Ellsworth, 2017]. Swarms are also located
in active tectonic zones with high deformation rate,
like the Salton Trough swarm near the San Andreas
Fault [Chen et al., 2012, Lohman and McGuire, 2007]
or the Corinth rift [De Barros et al., 2020, Duverger
et al., 2018]. In both volcanic and reservoir case and
for some tectonic swarms, fluid perturbations can be
easily evidenced [Chen et al., 2012, Duverger et al.,
2015, Hainzl et al., 2016, Lohman and McGuire, 2007,
Parotidis et al., 2003, Ruhl et al., 2016, Shelly et al.,
2013b]. Earthquake swarms could also be found in
subduction zones as in the Central Ecuadorian sub-
duction zone [e.g., Segovia et al., 2018]. Such swarms,
as well as some swarms in other tectonic settings,
are associated with surface deformation, which re-
veals that they are triggered by slow, aseismic slips
[Lohman and McGuire, 2007, Nishikawa and Ide,
2017, Rubin et al., 1999, Waldhauser et al., 2004]. Re-
cent studies on swarms show that fluid diffusion and
aseismic motion may be intertwined driving mech-
anisms [De Barros et al., 2020, Duverger et al., 2018,
Eyre et al., 2020, Hatch et al., 2020]. Seismic swarms
also occur in intraplate region with low deformation
rate [Špičák, 2000] such as Arkansas [US, Chiu et al.,
1984], Vosges [France, Audin et al., 2002], England, or
Scotland [Assumpção, 1981] without evidence of ei-
ther fluid or tectonic loading. For most of the tectonic
swarms, the lack of direct observations on deforma-
tions and fluid processes at depth does not allow an
easy and unambiguous interpretation of the driving
mechanisms [e.g., Ruhl et al., 2016].

The Western Alps, between France and Italy, show
low-to-moderate seismic activities with the presence
of seismic swarms [Eva et al., 2020, Larroque et al.,

2021]. Recently, swarms were observed in at least five
main areas: Blausasc [10 km to Nice and Monaco;
Courboulex et al., 2007], Vallorcine [between Cha-
monix, France, and Martigny, Switzerland; Fréchet
et al., 2011], Maurienne Valley [50 km east of Greno-
ble; Guéguen et al., 2021], Sampeyre [80 km south-
west to Turin, Italy; Godano et al., 2013], and the
Ubaye Region, composed by the Ubaye and High
Durance Valley [100 km to Nice and Grenoble; e.g.,
De Barros et al., 2019]. They can last for months
(Blausasc, Vallorcine, Sampeyre) to years (Maurienne
Valley, Ubaye Region). They are characterized by a
large number of events, with more than 300 earth-
quakes recorded for each swarm, a low-to-moderate
maximal local magnitude (between 3 and 4.8) leading
to a maximal intensity (EMS-98) from III (Sampeyre)
to V (other swarms). Therefore, some of them were
felt by the population and caused slight damages in
Vallorcine and the Ubaye area.

The most seismically active area in the Western
Alps is the Ubaye Region, which mainly comprises
the Ubaye Valley and the Durance Valley, close to
the city of Barcelonnette (Figure 1). This 60 km long
area is surrounded by the Chambeyron massif at
the French–Italian border to the east, by the Serre-
ponçon lake and the High Durance Valley to the west,
and by the Argentera (Mercantour National Park) and
Pelvoux (Ecrins National Park) massifs to the south
and north, respectively. This area was not only struck
by many swarm sequences [1977–1978, Fréchet and
Pavoni, 1979; 1989, Guyoton et al., 1990; 2003–2004,
e.g., Jenatton et al., 2007], but also by mainshock–
aftershock sequences as in 1959 [Rothé and
Dechevoy, 1967], 2012 [Thouvenot et al., 2016] and
2014 [De Barros et al., 2019] with local magnitude up
to 5.3 in 1959 [Nicolas et al., 1998]. These moderate
earthquakes were felt by the population and caused
some damages to the buildings [Rothé and Dechevoy,
1967, Sira et al., 2012, 2014]. The seismic hazard is
therefore a source of concern for the population.

The dual behaviour of the Ubaye Region is there-
fore peculiar, as a recurrent seismic activity occurred,
with alternating mainshock–aftershocks sequences
and swarms, even if the deformation rate in this area
is very low [Masson et al., 2019, Walpersdorf et al.,
2018]. It raises the question of the processes at depth
that can trigger and drive such seismic behaviours.
Therefore, studies on this region highlighted the need
of complex processes that involve tectonic loading
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Figure 1. Topographic map of the Ubaye Region, with the main cities, rivers, massifs, and geothermal
springs (BV: Bagni di Vinadio, PH: Plan de Phazy).

and fluid overpressure [Daniel et al., 2011, De Barros
et al., 2019, Jenatton et al., 2007, Leclère et al., 2012,
2013, Thouvenot et al., 2016]. To explore this com-
plex behaviour, we here propose a review on the ex-
isting studies about this area. We first present the ge-
ological context of the Ubaye Region, before showing
the seismic activity from 1590 to the present day. We
then discuss the specificity of the seismic behaviour
in order to explore the potential processes that drive
this activity.

2. Geological context

The Alpine belt results from the collision between
the continental margins of the African and European

plates following their convergence and the subduc-
tion of the Tethys ocean during the Cenozoic [Handy
et al., 2010, Stampfli et al., 2002, Tricart, 1984]. The
main structures of the Western Alps are distributed
in the internal zone in the east and the external zone
in the west, which are separated by the Frontal Pen-
ninic Thrust [Ricou and Siddans, 1986; Figure 2]. The
Ubaye River is a main stream of the southwestern
Alps. Its valley crosses the Frontal Penninic Thrust,
as it first flows in the Briançonnais unit, belonging
to the internal zone, and then in the Dauphinois
unit, which belongs to the external zone (Figure 2).
The Briançonnais unit is composed of a pile of thick
metamorphic nappes [Sue et al., 2007b]. The Dauphi-
nois unit is composed of 1 to 2 km thick Mesozoic

C. R. Géoscience — 2021, 353, n S1, 535-559
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Figure 2. Structural scheme of the Ubaye Region showing the main geological units and the main fault
traces. The black line corresponds to the Frontal Penninic Thrust and the red lines to the trace of the late
alpine faults from Tricart [2004]. The major faults have wider red lines.

to Cenozoic sedimentary rocks [sandstone, marls,
and limestone, Kerckhove et al., 1978; Figure 2] that
forms the sedimentary cover of the external crys-
talline massifs represented north and south of the
Ubaye Valley by the Pelvoux and Argentera massifs,
respectively (Figure 2). Above the Dauphinois unit,
the “Flysch à Helminthoïdes” thrust sheet [also called
“Embrunais–Ubaye nappes” by Kerckhove, 1969] is
composed by late Cretaceous turbiditic series that
were thrusted westward during the Oligocene period
[Fry, 1989, Gratier et al., 1989].

As a consequence of the long-lasting geological
history of the Western Alps, the geological formations
are highly deformed and fractured. In the following,

we mainly focus on the description of the faults con-
sidered as late alpine faults [Kerckhove, 1969, Tricart,
2004]. They correspond to the ones that were reac-
tivated during the last setting of the chain, that show
nowadays indices of neotectonic activities [Sue, 1998,
Sue et al., 2007b] and along which the seismic activ-
ity currently seems to develop [Jenatton et al., 2007,
Le Goff et al., 2009, Mathey et al., 2020, Sanchez et al.,
2010, Sue et al., 2007b].

In the crystalline basement of the Argentera mas-
sif, the major faults are mainly NW–SE with dip close
to the vertical. Several faults can be seen connect-
ing to each other over a width of about 20 km. This
system of faults continues towards the northwest
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under the Ubaye–Embrunais area even if we can-
not describe it in detail [Kerckhove, 1969, Sue and
Tricart, 2003, Tricart and Schwartz, 2006]. The ma-
jor faults present in the Ubaye Region are the High
Durance fault, the Serenne fault, and the Bersezio
fault (Figure 2). The Serenne fault is the surface tip of
the Frontal Penninic Thrust, whilst the High Durance
and the Bersezio faults are the prolongations towards
the northwest and the southeast, respectively, of the
Serenne fault (Figure 2). The Jausier–Tinée fault is a
fault system parallel to and at about 20 km south
of the Serenne fault. These faults are partly hidden
below the sedimentary units, but they might be ex-
tended in the Argentera massif, where they are out-
cropping. Therefore, the observations of these out-
cropping faults may help characterize the hidden
fault system at depth below the Ubaye–Embrunais
area.

Some of the recent seismicity occurred on or close
to these faults, showing that these faults are still ac-
tive. At least three historical earthquakes could be as-
sociated to the High Durance fault (27th November
1884, 12th July 1904, 19th March 1935), with a still
persistent activity on this fault area [Mathey et al.,
2020, Sue et al., 1999]. Recent seismic activity in the
Ubaye Region was also observed close to the Serenne
fault [Sue et al., 2007a] or to the Jausier–Tinée fault
[Jenatton et al., 2007]. However, most of this seismic-
ity cannot be unambiguously related to known fault
traces. The Flysch of the Embrunais–Ubaye Nappes
are indeed too compliant to preserve the fault trace
if the rupture reaches the surface. It is therefore diffi-
cult to find and see the outcropping traces of the still
active faults in this area. For example, the ML 4.8 and
ML 5.1 earthquakes, occurring respectively in 2012
and 2014, took place on blind, unknown faults [Sira
et al., 2012, 2014].

The seismic mechanisms in the Ubaye Region
show a dominant extensional regime with a strike-
slip component. Fojtíková and Vavryčuk [2018] gath-
ered the published mechanisms for the 2003–2004
and 2012–2015 swarms and inverted them to infer
the stress state. They obtained a σ1-axis-oriented
N29° E and plunging 61° SE; a σ2-axis-oriented
N188° E and plunging 27° SW; and a sub-horizontal
σ3-axis-oriented N283° E, with a stress ratio (R-ratio)
of 0.38. The Ubaye Region is therefore character-
ized by a transtensional stress regime according to
the orientation of the principal stress axes and the

R-ratio [Fojtíková and Vavryčuk, 2018]. Other stress
state computations [Delacou et al., 2004, Eva and So-
larino, 1998, Leclère et al., 2013] also reveal such ex-
tensional regimes with slight changes in the stress
orientations.

The strain rate in this Ubaye Region was measured
using satellite geodesy [Nguyen et al., 2016, Nocquet
et al., 2016, Serpelloni et al., 2013, Walpersdorf et al.,
2018]. It shows a small uplift of 0.5 mm/yr in the
Ubaye Region without significant horizontal strain.
Different processes can explain this uplift: counter-
clockwise rotation of the Apulian plate [e.g., Serpel-
loni et al., 2007], isostatic adjustment in response
of erosion process [e.g., Vernant et al., 2013], post-
glacial rebound [e.g., Barletta et al., 2006], or post-
slab-detachment rebound [e.g., Gardi et al., 2010].
Recent studies [e.g., Sternai et al., 2019] agreed that
several processes are needed to explain the deforma-
tion occurring in the Western Alps and the present-
day extensional regime in the Ubaye Region [e.g., Sue
et al., 2007a,b].

3. Seismicity

According to the available records, the seismic activ-
ity can be split in two parts. While only testimonies
and field markers can be used to reconstruct the seis-
mic activity before 1965, the installation of national
[LDG, RESIF, 1995] and local (Sismalp) seismic net-
works [Larroque et al., 2021] allows then finer analy-
sis of the seismicity.

3.1. Historical seismicity

Before the installation of seismic networks, earth-
quakes are only known from the analysis of archives
(local and/or regional newspapers, felt reports by the
population, etc.) describing their impact on build-
ings and infrastructures as well as effects on the
population and the environment. The knowledge we
have about earthquakes while going back in time
strongly depends not only on the strength of the
events but also on local geographical and histori-
cal contexts. In this section, we used data contained
within the SisFrance database [Jomard et al., 2021,
Scotti et al., 2004] in order to discuss both the loca-
tion and the behaviour of historical earthquakes in
and around the Ubaye Region.

C. R. Géoscience — 2021, 353, n S1, 535-559
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Figure 3. Location map of the historical seis-
micity. (a) Location of the historic earthquakes
coloured by the occurring year from SisFrance
database [Scotti et al., 2004]. (b) Location of his-
toric earthquakes coloured by the location un-
certainty, with: A: few km, B: ∼10 km, C: ∼20 km,
D: ∼50 km, E: arbitrarily defined, I: isolated.

Figure 3. (cont.) On both panels, circles show
events scaled by estimated intensity, while the
coloured squares are events with no deter-
mined intensity. The white border on sym-
bols indicates the presence of several events
at the same period. The black squares are the
main cities. Near Le Lauzet, Barcelonnette, and
northwest of Vars, the superimposed earth-
quakes have been artificially dispersed for bet-
ter visualization.

The oldest event reported so far in SisFrance in
the area dates back from 1590 (Guil Valley), and sev-
eral other earthquakes were reported in 18th century
in Durance Valley. These ancient testimonies could
be mainly explained by the presence of important
cities settled in the Durance Valley (e.g., Embrun), as
well as historical strongholds (e.g., Mont-Dauphin lo-
cated eastward of Guillestre and Briançon). On the
other hand, the first event reported within the Ubaye
Valley occurred in 1844, which is very recent and is
probably due to the low population density in this
area, but also to the rural character of the habitat and
the economy within the valley at the time. As a conse-
quence, the information we have on historical earth-
quakes, especially within the Ubaye Valley, is highly
incomplete and results in strong uncertainties, being
driven by the location of human settlements as well
as the economic development of valleys.

To analyse the data contained in the SisFrance
database, we first went back to the original docu-
ments (archives) with the aim to understand whether
the reported earthquakes were followed or preceded
by other events not individually listed in the data-
base, and whether the number of events and their
temporal organization are compatible with the oc-
currence of a swarm sequence (Figures 3, 4a). Sec-
ondly, we analysed the location of earthquakes in the
light of their reported uncertainties in order to eval-
uate if these locations correlate with instrumentally
recorded events and with the location of potentially
active faults.

Epicentre locations of the earthquakes reported in
the SisFrance database (from year 1590 to 1965) are
plotted in Figure 3(a), whether or not the intensity
of the epicentre has been determined. In Figure 3(b),
we present the uncertainty related to the location
of these events, following the quality scale [QPOS

C. R. Géoscience — 2021, 353, n S1, 535-559
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parameter, Jomard et al., 2021, Scotti et al., 2004] de-
termined in SisFrance from the quality and location
of the individual testimonies reporting the events.
The event location qualities from A to D indicate an
increasing uncertainty from a few kilometres up to
50 km. The quality E indicates an arbitrary location
when few poorly constrained data are present, while
the quality I indicates an isolated location, which
corresponds to the location of a single testimony.
This last category could also indicate a low intensity
event felt only locally. Similarly, the uncertainty re-
lated to the level of the epicentral intensity (MSK-64)
increases from 1 to 3 (well constrained to poorly con-
strained), 4 and 5 indicating an arbitrary or isolated
intensity, respectively (Figure 4a).

Among the 127 events reported before 1965, there
were at least 23 events with an intensity equal to
or greater than V (i.e., producing slight damages
and frightening people). The maximal intensity re-
ported in the catalogue is related to the 5th of April
1959 earthquake, with an intensity VII–VIII [MSK-64,
Rothé and Dechevoy, 1967]. At first glance, there are
more historical earthquakes reported in the Durance
Valley than in the Ubaye Valley, which could be a bias
due to the presence of cities and military strongholds
in the north. This heterogeneity in the testimonies
between the north and the south of this area could
also affect the location of some events for which no
or only few reports are available in the Ubaye Val-
ley. Similarly, the apparent increase in the number of
events with time is also likely to be related to an in-
crease of testimonies rather than to an actual change
in the seismic rate.

Figure 4(a) represents the temporal distribution of
the historical seismicity, which is also summarized in
Table 1. Most of the events were observed scattered
in time and space, but several periods show clusters
of seismic activity:

• The 1780–1785 cluster is composed of six
events with a maximum intensity of VI (29th
April 1785). This group of events is located
at the confluence between the Durance and
Guil rivers near Guillestre (Figure 3, Table 1),
but their large location uncertainty makes
their spatial clustering doubtful. For exam-
ple, two events reported in Mont-Dauphin
on the 12th of September 1785 are more
likely linked to a stronger event that oc-

Figure 4. Temporal distribution of the seismic-
ity. (a) Historical seismicity. The left axis corre-
sponds to the number of events per year shown
as bars, while the dots indicate the estimated
intensity (right axis). The colour of the intensity
corresponds to the intensity uncertainty with 1:
sure, 2: pretty sure, 3: not sure, 4: arbitrarily, 5:
isolated. The stars show the presence of several
events at the same period. (b) Temporal dis-
tribution for the Instrumental seismicity. The
blue line shows the number of events per year
(left axis) while the red dashed line is the cumu-
lated number of events (right axis). The black
bar corresponds to the duration of the identi-
fied swarms.

curred few minutes before in the Sousa Val-
ley more to the north with an epicentral in-
tensity of VII.

• The 1884–1885 cluster corresponds to twelve
events located near Guillestre and most
probably some kilometres north of the city.

C. R. Géoscience — 2021, 353, n S1, 535-559



542 Marion Baques et al.

Table 1. Swarms and group of events in the Ubaye Region

Date Number of earthquakes
located/detected

Maximum
magnitude (ML)

Maximum
intensity

Depth
(km)

Lieu References

1780–1785 7 (d) - VI - Mont-Dauphin Si

1844 2 (d) - IV - Barcelonnette Si

1884–1885 12 (d) - VII - Guillestre Si

1915 QQ (d) - - - Barcelonnette Si

1916 QQ (d) - - - Guillestre Si

1933 4 (d) - VII - Le Lauzet Si

1935 5 (d) - VII - Durance-Guil confluence Si

1937–1938 12 (d) - VII - Guillestre, Embrun Si

1938 3 (d) - V - Le Lauzet Si

1941 6 (d) - - - Larche Si

1950 2 (d) - IV - Le Lauzet Si

1959 23 (d) 5.9 VIII 8 St-Paul-sur-Ubaye Ni, Si

1965–1966 5 (d) - IV - Barcelonnette Si

1977–1978 200 (l) 3.6 - 0–13 Chambeyron Fr

1989 250 (l) 3.4 - 10 Chambeyron Gu

2003–2004 1616 (l) 2.7 - 3–8 Jausier Je

2012–2016 6000 (l) 4.8 V–VI 4–11 Crevoux Th, Db, Sir

Si: SisFrance database [Scotti et al., 2004], Ni: Nicolas et al. [1998], Fr: Fréchet and Pavoni [1979], Gu: Guyoton et al.
[1990], Je: Jenatton et al. [2007], Th: Thouvenot et al. [2016], Db: De Barros et al. [2019], Sir: Sira et al. [2012, 2014],
(d): detected events, (l): located events, QQ: more than one events felt.

The crisis started on the 23rd of November
with the strongest event occurring on the
27th and had a maximal intensity of VII, with
a good intensity and location uncertainty (1
and B, respectively). The last event occurred
in early January.

• During 1915–1916, two distinct areas were
struck by earthquakes with only some events
reported. The first period started in Decem-
ber 1915, where some shakings were felt by
the population in Barcelonnette and lasted
until February 1916 when an earthquake of
an epicentral intensity of V occurred, how-
ever not mentioned elsewhere. In Septem-
ber 1916, some earthquakes have been felt in
Guillestre and in some villages in the Queyras
Valley (northeast of Guillestre). The events
are poorly known and it is not possible to ex-
clude that they had a common source.

• The cluster in 1933 contains four events
occurring within five days at the end of
September with the strongest event at the

start of the crisis. These events are located in
the Le Lauzet area with a maximal intensity
of VI–VII (Figure 3, Table 1) and are associ-
ated with a small uncertainty of 1 and B for
intensity and location, respectively.

• In 1935, one of the strongest earthquake
known in the region occurred in an area be-
tween Crevoux and Vars. The crisis started on
the 19th of March with an event of epicentral
intensity Io = VII and was followed by four
events with undetermined intensities during
the next five days. The location uncertainty
varies from the B to the I, with the best qual-
ity for the strongest event (Figure 3, Table 1).

• The seismicity in 1937–1938 is com-
posed of more than ten reported events
occurring nearby Guillestre city, with a
maximal intensity of VII. The crisis started
in December 1937 with two shocks of Io = VI
and ended in September 1938 with the
strongest event occurring in July (Io = VII).
Considering the locations of all these events,

C. R. Géoscience — 2021, 353, n S1, 535-559



Marion Baques et al. 543

an epicentre area located somewhere be-
tween Guillestre, Vars, and Embrun may be
favoured, close to the 1935 one. In addition
to these events, a second cluster composed
of three events with a maximal intensity of
V is located in the Le Lauzet area (Figure 3,
Table 1). The two sequences are more proba-
bly independent from each other, even if the
location of the second one is uncertain.

• From February 1941 until March 1942, nine
events were reported. It began on the 23rd of
February 1941 by a foreshock, followed by an
intensity Io = VI event and five aftershocks,
most of them being reported in the area
of Larche, near the Italian boundary. How-
ever, the mainshock has been reported in Sis-
France as occurring in Italy near Prazzo. Con-
sidering both the hour and the macroseismic
data reported in SisFrance, this earthquake
occurred most probably near Larche as well.
In October the same year, an earthquake oc-
curred near Vars, felt both in Barcelonnette
and St Clément near Guillestre city. On the
15th of March 1942, a stronger event (Io =
V) occurred in the same area. These two
sequences appear to be independent from
each other.

• The sequence in 1959 contains 23 events
(Figure 4a), and is located near St-Paul-sur-
Ubaye (Figure 3, Table 1). This sequence
started with one of the strongest events in
the Western Alps (intensity of VII–VIII, MSK-
64) on the 5th of April 1959 [ML = 5.3,
Nicolas et al., 1998]. It was felt in Grenoble,
Nice, and in Italy. Two children were injured
and many damages were reported [collapsed
walls, chimneys, and rock falls, etc.; Rothé
and Dechevoy, 1967]. Between 5th April 1959
and 17th July 1959, 20 aftershocks were de-
tected with a maximum intensity of V (Sis-
France database), and were felt by the pop-
ulation. The activity continued until the 8th
of May of the next year. There is discus-
sion about the location of the 5th of April
earthquake, because the instrumental data
and testimonies lead to locations ∼20 km
away from each other. Using testimonies and
an intensity map, the epicentre is found few
kilometres east of St-Paul-sur-Ubaye [Rothé

and Dechevoy, 1967; Figure 3a,b] spatially
correlated with the Serenne Fault. The in-
strumental location, more to the west, is ob-
tained using data from 26 stations [Nicolas
et al., 1998] and it is more compatible with
the southern prolongation of the High Du-
rance fault (Figure 5a). Looking at the spa-
tial distribution of the aftershocks, especially
those occurring on the 19th of April (Io =
IV) and the 17th of April (Io = V), and con-
sidering that these aftershocks happened in
the same area as the mainshock, one could
consider that the epicentre area of the main
event is more likely located near the Vars
pass, i.e., compatible with the macroseismic
field in SisFrance.

• Finally, the last pre-instrumental cluster of
seismicity occurred in 1965–1966 and is com-
posed of five events with a maximal intensity
of IV (MSK-64), located nearby Barcelonnette
(Figures 3, 4(a), Table 1), despite a strong lo-
cation uncertainty (D). The crisis started in
September 1965 and ended in early January
1966, with the strongest event occurring in
early December 1965.

With the description of the historical tempo-
ral distribution, four independent seismic zones,
with recurrent activities may be highlighted: a wider
area encompassing Guillestre to the north and St-
Paul-sur-Ubaye to the south (1780–1785?, 1884–
1885, 1935, 1937–1938, 1942, 1959), Le Lauzet (1933,
1938, 1949–1950), Barcelonnette (1844, 1915?, 1965),
and Larche (1903, 1941, 1943). However, as the lo-
cation is poorly constrained, it is not possible to
infer if the recurrent seismic activity occurred at
same locations and on same faults, nor to associate
it to known faults. Finally, except for the 1959 se-
quence, it is difficult to classify the clusters of seis-
micity as either swarms or (foreshock-) mainshock–
aftershock sequences. Some sequences might look
like mainshock–aftershock sequences as the 1933
and 1935 ones. Indeed, the strongest event occurred
at the start of the crisis and the following events
could be seen as aftershocks. The 1884–1885, 1937–
1938, and 1965–1966 sequences might be interpreted
as swarms, as the strongest event occurred in the
middle of a long-lasting (several months) sequence.
However, the events occurring before the strongest
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Figure 5. Location map of the instrumental
seismicity. (a) Earthquake epicentres from 1965
to 2020 (LDG catalogue). The orange, yellow,
green, and blue ellipses show the 1977–1978,
1989, 2003–2004, and 2012–2015 swarms, respec-
tively. The star corresponds to the instrumental
location of the 5th of April 1959. (b) Map of the
focal mechanisms [Leclère et al., 2013, Maz-
zotti et al., 2021, Thouvenot et al., 2016] from
1965 to 2020 with a magnitude greater than 2.5.

Figure 5. (cont.) The size of the mechanisms
associated with the magnitude and the colours
to the year. The red lines corresponding to the
late alpine faults, the black one, to the Frontal
Peninnic Thrust, from Tricart [2004].

one might also be seen as foreshocks, or the cluster
as a quick succession of several mainshock events.

In conclusion, the region has been regularly active
since the oldest records dating from 1590. The earth-
quakes show a low-to-moderate intensity, and mostly
occur on unknown faults, as swarms or mainshock
sequences. It is worth noting that the widest area en-
compassing the city of Guillestre and the villages of
St-Paul-sur-Ubaye, Vars, and Crevoux seems to be a
privileged place of recurrent seismic activity, with the
strongest events recorded regionally.

3.2. Instrumental seismicity

Instrumental data started in 1962 with the installa-
tion of the LDG network at the national scale [Du-
verger et al., 2021]. In 1981, the short period triggered
stations that composed the Sismalp network (https:
//sismalp.osug.fr) were specifically installed to mon-
itor the seismicity in the Alps. The first continuous
station in the Ubaye area (SURF), belonging nowa-
days to the RESIF network (http://seismology.resif.
fr), was settled in October 1989. Since 2006, SURF has
been a continuous, broadband, three-component
station. The LDG catalogue is the longest in time and
the most homogeneous instrumental catalogue that
we have in the Ubaye Region. Therefore, we use this
catalogue to analyse the seismic activity after 1965
(Figure 5a).

From 1965 to nowadays, about ∼13,000 earth-
quakes (Figure 4b) occurred, with local magnitudes
below 5.2. The apparent increase of the activity with
time, as seen in Figure 4(b), is directly linked to the
improvement of the seismic network [Duverger et al.,
2021]. Nearly half of them are associated with the
swarms that occurred in 2003–2004 and 2012–2015 in
the external zone between the localities of Crevoux
and Jausier (Figures 4, 5a). In the Briançonnais unit
to the north and east, the seismicity is less clus-
tered in space and time and gathers in a wide cor-
ridor around the High Durance and Serenne faults.
The 1977–1978 and 1989 swarms seem also located in

C. R. Géoscience — 2021, 353, n S1, 535-559

https://sismalp.osug.fr
https://sismalp.osug.fr
http://seismology.resif.fr
http://seismology.resif.fr


Marion Baques et al. 545

this area, within the internal zone, even if the depth
uncertainties and their proximity with the inclined
Frontal Penninic Thrust make it questionable. To the
west and south of the Ubaye Region, the seismic ac-
tivity is lower and scattered.

Since 1965, four swarm episodes have been unam-
biguously observed (Figure 4(b), Table 1). The small
burst in 1977–1978 corresponds to a swarm sequence
with magnitudes from ML −0.5 to ML 3.6 [Fréchet
and Pavoni, 1979]. This swarm activity (Figure 5(a),
Table 1) was recorded by two 1-month long tem-
porary seismic networks of respectively 11 and 16
stations. During the first temporary deployment in
September–October 1977, Fréchet and Pavoni [1979]
detected 1500 events and located 150 events, with
an epicentral uncertainty of 1 km. During the sec-
ond one in September–October 1978, 50 events were
located out of 300 detected events, with an epicen-
tral location uncertainty of 500 m. This swarm ex-
tends from 0 to 13 km depth, which correspond to
the sedimentary covers and the crystalline basement
(absolute uncertainty greater than 1 km) beneath the
Chambeyron massif. Most of the events are located
in the crystalline basement and do not seem to align
on a unique fault plane but scatter on a wide zone.
Several focal mechanisms were computed that show
either normal or right-lateral strike-slip motion on
fault planes oriented N–S to N140° E [Fréchet and
Pavoni, 1979; Figure 5b]. The epicentres are within
the Briançonnais unit (internal zone). However, the
uncertainties on the depth make difficult to deter-
mine if this swarm is located in the external or inter-
nal zone due to its promiscuity to the dipping Frontal
Penninic Thrust.

A second swarm occurred from 22nd to 29th Janu-
ary 1989 [Guyoton et al., 1990; Figure 5(a), Table 1].
Guyoton et al. [1990] detected 250 events, seven of
which have a magnitude between ML 2.4 and ML
3.4. The events were located (absolute hypocentre
location uncertainty of 1 km) beneath the Cham-
beyron massif (10 km depth) at a similar location
as the 1977–1978 swarm. They also computed two
focal mechanisms that show right-lateral strike-slip
motion, with orientation similar to the Serenne fault
[Guyoton et al., 1990; Figure 5b].

In 2003–2004, an abnormally high seismic activ-
ity, as shown by the strong increase in the cumu-
lated number of events, is caused by another swarm
(Figure 6a,c). More than 16,000 earthquakes were

recorded with magnitude ranging from ML −1.3 to
ML 2.7. Among them, about 200 events with magni-
tude down to ML 1.3 were felt at La Condamine-
Châtelard, a small town located just above the
swarm, 5 km north of Jausier (Table 1). Figure 7(a)
presents the temporal distribution of the 2003–2004
seismic activity for 974 events that were relocated
through a double-difference algorithm [Daniel et al.,
2011]. The seismic activity increased slowly from the
beginning of 2003 until July 2003, and then remained
at a high level for about 3 months. The maximal mag-
nitude (ML = 2.7) event occurred in the middle of the
seismic sequence. The seismic rate then slowly de-
cayed to reach a background level towards the sum-
mer of 2004, despite some episodes of high activity
in late 2004 and early 2005 (Figures 4b, 5a, 6c, 7a).
The event locations describe a 9 km long alignment
oriented ∼N150° E [Jenatton et al., 2007; Figure 6c].
All seismic activity occurred between 3 and 8 km
depth, within the crystalline basement. Jenatton
et al. [2007] computed the focal mechanisms for
38 events, later extended to 74 events by Leclère
et al. [2013]. The events show right-lateral strike-
slip motions along N150 to N175° E structures with
small extensional components as well as normal-slip
motions with a small strike-slip component (Fig-
ure 5b). For both mechanisms, nodal plane orienta-
tions are similar to the main extensional direction
of the cluster [∼N150° E, Jenatton et al., 2007] and
to the orientation of the Jausier and neighbouring
faults.

Within the swarm, an apparent migration of the
seismicity can be observed from the NW to the SE
[Daniel et al., 2011, Jenatton et al., 2007, Leclère et al.,
2013, 2012, Thouvenot et al., 2016]. Figure 8(a) rep-
resents the spatio-temporal distribution of the cri-
sis in a distance versus time plot. The seismic front
can be fitted by a hydraulic diffusion law [Shapiro
et al., 2002], with a diffusivity of 0.005 m2/s (Fig-
ure 8a), similar to the one found by Jenatton et al.
[2007]. Such value is consistent with fluid diffusivity
observed in other swarm sequences [e.g., Duverger
et al., 2015]. Daniel et al. [2011] and Leclère et al.
[2012, 2013] calculated the fluid overpressure needed
to explain the migration. Daniel et al. [2011] fitted
the seismicity rate recorded at one station using a
stochastic epidemic-type aftershock sequence
model. Then, using a rate-and-state framework,
they converted the estimated background seismicity
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Figure 6. Location map of the 2003–2004
swarm, in green from Daniel et al. [2011], and of
the 2012–2015 (blue, Thouvenot et al. [2016]).
The red lines show the positions of the cross-
section represented in (b) and (c). (b) N60° E
cross-section for the 2012–2015 swarm, and in
(c) for the 2003–2004 swarm. For both cross-
sections, only the seismicity within 1 km of the
red lines in (a) is shown. In (a) the purple star
corresponds to the 2012 and 2014 mainshocks.

Figure 6. (cont.) The position of this star also
corresponds to the origin point for the spatio-
temporal distribution represented in Figure 8.
The green and red squares corresponding to
the origin point for the 2003–2004 and the
swarm-like spatio-temporal distribution, re-
spectively.

rate to changes in effective stress and in fluid pres-
sure. They found that a relative overpressure change
of 8 MPa explained the change of the seismicity rate.
After inverting focal mechanisms to reconstruct a
local stress state, Leclère et al. [2013] used Cauchy’s
equations to estimate a fluid overpressure of 20-to-
50 MPa. In conclusion, the 2003–2004 swarm is char-
acterized by a rupture zone of 15 km2 along a N145–
175° E fault plane and a migration from NW to the SE.
This swarm is likely to be driven by a fluid-pressure
diffusion, with a hydraulic diffusivity of 0.005 m2/s
and an overpressure between 8 and 50 MPa.

The latest crisis started in 2012 and continued un-
til 2019, with the largest period of activity between
2012 and the end of 2015 (Figure 4b) and a few
smaller bursts of activity in 2016 and 2017. We later
refer to this period as the 2012–2015 swarm, follow-
ing Thouvenot et al. [2016]. It is located 10 km north-
west of the 2003–2004 swarm (Figures 5a, 6a). The cri-
sis started by a Mw = 4.3 (ML = 4.8) earthquake on
26th February 2012, and was followed two years later
by a Mw = 4.8 (ML = 5.1) event, on 7th April 2014
(Figure 7b). Both events occurred approximately at
the same location, except that the 2014 event is
found deeper (9.9 km depth) than the 2012 one
(8.8 km depth). No depth uncertainty was provided
by Thouvenot et al. [2016], then the question about
the significance of the depth difference between the
two mainshocks could be raised. After both main-
shocks, the seismicity decreased as an aftershock se-
quence (Figure 7b). This decay, fitted by a modified
Utsu–Omori’s law [Utsu, 1961], is however, slower
than usual, with p = 0.77 for the 2014 aftershocks
[De Barros et al., 2019]. After the 2014 event, other
mainshock–aftershock sequences were observed in
April and November 2015 with magnitudes of Mw =
3.4 and Mw = 4.2, respectively. The 2012–2015 se-
quence can be therefore seen as a quick succession of
mainshock–aftershock sequences. However, the full
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Figure 7. Temporal distribution of the seismic-
ity during (a) The 2003–2004 and (b) The 2012–
2015 swarms. (a) Weekly number of events
(bars) and maximal magnitude (red dots) for
the 2003–2004 swarm. The catalogue is from
Daniel et al. [2011]. (b) Two-weeks number
of events (bars) and maximal magnitude (red
dots) for the 2012–2015 swarm. Catalogue is
from Thouvenot et al. [2016].

sequence shows all the characteristics of a swarm,
with the main event in the middle of the sequence
and the size of the seismic cloud much larger than
the rupture size of the largest event.

The population felt the 2012 and 2014 mainshocks
at distances up to 250 km with an epicentral intensity
of V–VI and VI (EMS-98), respectively [Sira et al., 2012,
2014]. For the 2012 mainshock, the cities located in
the south felt the event more strongly than those in
the north. The peak ground acceleration (PGA) value
on rock-site stations was indeed eight times larger in

Nice (100 km south of the event) than in Grenoble
(100 km north of the event). Courboulex et al. [2013]
explain this amplitude difference by a rupture direc-
tivity southward (towards N155° E). However, no such
effect was found for the 2014 event. The rupture be-
haviour was then different for 2012 and 2014, even
though they both have similar focal mechanisms,
showing a normal motion with a right-lateral strike-
slip component on a fault plane oriented N155° E,
70° W (Figure 5b).

After both mainshocks, numerous aftershocks oc-
curred. Of the 13,000 events detected by Sismalp
during the period 2012–2015, ∼6000 events were lo-
cated and ∼3000 relocated [Thouvenot et al., 2016;
Figure 6a,b]. Using a 2-month temporary deploy-
ment (10/04/2014–10/06/2014) after the 2014 event,
De Barros et al. [2019] detected by template match-
ing more than 9000 aftershocks among which about
∼6000 events were relocated. The 2012 cluster is
about 5.5 km long, between 2 to 9 km depth while
the 2014 cluster is about 11 km long, and 4 to
11 km depth [Thouvenot et al., 2016; Figure 6a,b].
The main alignment of both aftershock sequences
is N155° E and is consistent with the orientation
of the mainshock fault plane inferred by the focal
mechanism. In detail, the spatial distribution of the
aftershocks is, however, much more complex. In-
deed, De Barros et al. [2019] show that the seis-
micity after the 2014 earthquake did not occur on
the mainshock fault plane, but on several fault seg-
ments describing a thick band of seismicity. This is
consistent with the fault structure observed in the
Argentera Massif. Indeed, faults are likely not pla-
nar surfaces surrounded by damage zone but rather
anastomosed thick bands of deformation [Baietto
et al., 2009, Sanchez et al., 2010], even if the major
faults (High Durance, Serenne, Bersezio, and Jausier–
Tinée) are still clearly individualized. Deep earth-
quakes (at 7–9.5 km depth), located around the main-
shock hypocentre, occurred on ∼N150° E planes dip-
ping either ∼70° E or ∼65° W. As those events fol-
lowed Omori’s law, they are thought to be triggered by
Coulomb stress changes as classical aftershocks. At
shallow depth (4–6 km), events aligned on N20–60° E,
∼65° E or W conjugate structures that differ from
the mainshock plane. Finally, some clusters of seis-
micity occurred outside the main cluster of events,
on structures with various orientations and depths.
Both the shallow families and these outside clusters
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Figure 8. Spatio-temporal distribution of the
seismicity, shown as distance–time plot. (a)
Spatial–temporal distribution for the 2003–
2004 swarm (catalogue from Daniel et al.
[2011]). The origin point is defined as the time
and location of the first event with a magnitude
greater than 1, and corresponds to the green
square on Figure 6(a). (b) Spatial–temporal
distribution following the 26/02/2012 main-
shock (catalogue from Thouvenot et al. [2016]).

Figure 8. (cont.) (c) Spatio-temporal distribu-
tion after the 07/04/2014 earthquake (cata-
logue from De Barros et al. [2019]). For both (b)
and (c), the origins are the mainshocks location
and time corresponding to the purple star on
Figure 6(a). Note that the first three days after
the 2014 mainshock are not shown in (c) be-
cause of the incompleteness of the catalogue.
(d) Spatio-temporal distribution of an isolated
swarm-like family, which occurs during the 2
months following the 2014 mainshock [De Bar-
ros et al., 2019]. The origin is the first earth-
quake occurring in this family, and corresponds
to the red square on Figure 6(a). In all panels,
the colours correspond to the magnitude. The
green line is the best fit for a constant veloc-
ity migration (V = 0.1 km/day); the plain red
lines show diffusion law with a hydraulic diffu-
sivity of D = 0.005 m/s2; the red dash line is the
same as the plain line, but shifted according to
the rupture length of the first event [Thouvenot
et al., 2016].

do not show a clear decay of seismicity with time af-
ter the mainshock but behave as swarms inside the
aftershock sequence [De Barros et al., 2019].

Thouvenot et al. [2016] show that the 2012 after-
shock sequence displays a migration pattern (Fig-
ure 8b). Such migration could be fitted by a diffu-
sion law with a hydraulic diffusivity of 0.005 m2/s
(Figure 8b), similarly to the 2003–2004 migration.
On the contrary, the 2014 aftershock sequence does
not show any migration (Figure 8c), as the seismic-
ity was scattered in the full seismic cloud since the
first days after the mainshock. However, within this
seismic sequence, while families close to the main-
shock do not show any migration, the families that
occurred outside the main cluster or within its shal-
lowest part show a diffusive behaviour (Figure 8d).
Indeed, a diffusivity between 0.002 and 0.06 m2/s,
compatible with a hydraulic diffusivity, allows fit-
ting the seismic front migration [De Barros et al.,
2019; Figure 8d]. Equivalently, the migration could be
fitted with a constant velocity of about 0.1 km/day
[De Barros et al., 2019; green curve, Figure 8d]. This
velocity seems too low to be attributed to a slow-slip
event, which generally generates seismic migration
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velocities of the order of 0.1 to 1 km/h [Lohman and
McGuire, 2007]. Therefore, the process at play might
be related to fluid-pressure diffusion. De Barros et al.
[2019] proposed a conceptual model to illustrate the
processes occurring at depth. Seismicity developed
on conjugate fault planes belonging to the damaged
zone of the main fault planes, and on some localized
small faults away from the main cluster. While static
Coulomb stress transfer from the mainshock might
explain the seismicity occurring at depth, as classi-
cal aftershocks, fluid-driven processes were required
to induce the swarm behaviour observed for the seis-
micity in the shallow part or outside the main cluster.

4. Discussion

4.1. A continuous seismic activity

Both swarms and mainshock–aftershock sequences
struck the Ubaye Region with a steady activity ob-
served since 1844. Before this date, seismicity seems
to be scarcer, which is likely due to a lack of records
in the historical seismicity. Therefore, a high level of
seismic activity seems to be a permanent feature in
this area, at least since the beginning of the 20th cen-
tury. Before that, the historical data does not allow us
to extend undoubtedly this observation.

According to the temporal distribution of the
historical (Figure 4a) and instrumental (Figure 4b)
records, the swarm occurrence seems to have a pe-
riodic pattern (Table 1). Indeed, we can notice a
burst of activity, at different locations and on differ-
ent faults, but every ∼10 years from 1938 until nowa-
days (Table 1, Figures 3, 4a). Before 1938, we did not
retrieve this ∼10-years periodicity. This break in reg-
ularity may be associated either to a lack of events or
to a lack of notice in the earthquake testimonies be-
fore 1938. Hence, even if a nearly constant periodicity
can be observed for nearly one century, it is not pos-
sible to conclude if such regular activity is physically
meaningful, and if so, if it is a constant or a transient
phenomenon. This question is, however, of great in-
terest, as it may help to constrain ongoing processes
and bring insights for risk mitigation. In addition to
a temporal regularity in the swarm occurrence, the
duration of the swarms is also quite regular. Indeed,
the swarms recorded by the instrumental network
mainly lasted for about 1 to 2 years. The only excep-
tion is the 2012–2015 swarm, whose behaviour is in-
termediate between swarms and quick succession of

mainshock–aftershock sequences. We cannot either
generalize this observation to the historical swarms,
as only a few events were noticed for each group of
events. Finally, an intriguing observation is that most
of the recent mainshocks (1938, 1959, 2012, and 2014)
occurred in springtime. This may suggest a season-
ality in the temporal distribution of the seismicity. It
can be linked to the meteorological conditions, and
particularly to the snowmelt periods, as observed by
e.g. Deichmann et al. [2006] in the Swiss Alps. How-
ever, a deeper analysis, not yet done in any studies,
should be performed to infer if such observations are
of physical origin or fortuitous.

4.2. Complex distribution of the seismicity

The spatial distribution of the seismicity may high-
light the fault traces. The 1977–1978, 1989 swarms
and the background seismic activity east of Larche,
St-Paul-sur-Ubaye, and Vars draw the trace of the
Serenne fault (Figures 2, 5a). This alignment of seis-
micity is, however, very broad, as it is scattered in a
20 to 30 km large band. As event locations are de-
termined using regional or national networks, their
uncertainties might lead to an apparent scattering.
Despite this methodological bias, it seems not likely
that all seismic events occur on a single fault, as it
would imply a fault with a very low dipping angle
(<20°). Therefore, the seismicity might develop on
a complex network of faults within a fractured vol-
ume. For the High Durance fault, Mathey et al. [2020]
proposed a single-fault model for this structure fur-
ther north. However, the distribution of the seismic-
ity in the north part of the Ubaye Region (Figure 5a)
is hardly compatible with a single-fault model as it is
also widely spread. Contrary to the seismicity associ-
ated with the High Durance fault, the 2003–2004 and
2012–2015 seems to align along a single main struc-
ture, oriented N155° E that may be the prolongation
to the northwest of the Jausier fault. This fault can-
not, however, be seen at the surface because of the
compliant sedimentary layers that cover it [e.g., Palis
et al., 2016]. Therefore, we can wonder if the align-
ment of earthquakes is related to a single fault, to
two different structures with a swarm occurring on
each one, or to a complex network of smaller-length
faults. At a smaller scale, the spatial distribution of
the 2014 aftershocks reveals a complex network of
small (hectometre to a few kilometres) structures,
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both just around the mainshock fault and at kilomet-
ric distances from it [De Barros et al., 2019]. There-
fore, whatever the scale, the fault network in this area
appears very complex, with different orientations of
structures of various lengths. It suggests a highly frac-
tured basement inherited from the complex geologi-
cal history during the Hercynian and Alpine chains
formation, which probably contributes to the spa-
tial extent of the seismicity. However, the major faults
(High Durance, Serenne, Bersezio, and Jausier–Tinée)
are still clearly individualized. That leads to the ques-
tion, which is still opened, of the seismogenic fac-
tor of these major faults. Moreover, the presence
of small faults with various orientations are indeed
more likely to be reactivated as swarms, as it stati-
cally increases the chance to have faults in a near crit-
ical state. Finally, out of the Serenne and High Du-
rance faults and the 2003–2004/2012–2015 clusters,
the spatial distribution of the seismicity seems to be
rather diffuse in the area. Some clusters of historical
seismicity occurred close to the town of Le Lauzet,
Barcelonnette, and Guillestre. However, as the detec-
tion and the precision of event locations were not
optimal before 1989 and before the installation of
the station SURF, it is not possible to associate those
groups of events or the diffuse instrumental seismic-
ity to any geological structures.

Most of the focal mechanisms show a dominant
orientation of faults ∼N150° E (Figure 5b). Such ori-
entation is also the same as the spatial extension of
relocated swarms in 2003–2004 and 2012–2015. It is
also consistent with the main fault orientations in
this area (Figure 2), even if most earthquakes oc-
curred on blind, unknown faults. Using an inversion
of the mechanisms based on Wallace [1951] and Bott
[1959] hypothesis, the stress state was calculated for
the 2003–2004 swarms [e.g., Fojtíková and Vavryčuk,
2018]. This study shows a σ1-axis N11° E, 45° ± 30°, a
σ2-axis N195° E, 37° ± 30°, and a sub-horizontal σ3-
axis, oriented N103° E. The stress state inferred from
the 2012–2015 focal mechanism shows a similar ori-
entation [Fojtíková and Vavryčuk, 2018].

Despite a strong seismic activity, the deformation
in the area is extremely low. In the Ubaye Region,
the vertical deformation determined by GPS survey
is about 0.5 mm/yr and there is no measurable hori-
zontal strain [Nocquet et al., 2016, Walpersdorf et al.,
2018]. Several processes mentioned in section II (ero-
sion, post-glacial rebound, post-slab-detachment re-

bound) may explain the low strain rate. Therefore,
the seismicity might not be directly related to a large-
scale deformation and to tectonic loading mecha-
nisms. In particular, the lack of horizontal defor-
mation seems hardly compatible with the strike-slip
component without additional mechanisms.

4.3. Processes

As this zone shows a high seismic rate together with
a low deformation rate, tectonic strain alone hardly
explains the seismic profusion, and particularly, the
presence of numerous swarm sequences. Additional
processes are therefore likely to be involved.

The aftershocks that follow the 2012 and 2014
mainshocks may be explained by static Coulomb
stress transfer from the mainshock rupture [Stein,
1999]. However, the spatio-temporal behaviours of
the seismicity following the 2014 earthquake suggest
that only part of the seismicity was directly triggered
by stress transfer, while another process is required
to explain the abnormally large number of after-
shocks [De Barros et al., 2019]. In some cases, small
stress or pressure perturbations are enough to trig-
ger the seismicity that then becomes self-sustainable
by stress transfer on faults that are already close to
failure. Such a cascading model [Marsan and Leng-
line, 2008] was used, for example, to explain the high
level of seismicity following the waste water dispos-
als at low pressure in the Oklahoma state [Schoen-
ball and Ellsworth, 2017]. Following this idea, Daniel
et al. [2011] showed that about 59% of the seismic
activity during the 2003–2004 swarm was triggered
by stress transfer from earthquake–earthquake in-
teraction, while the remaining part needed different
processes.

An additional driving mechanism is therefore re-
quired to explain both the swarm activity and the
large number of aftershocks. Either fluid pressure
[Hainzl et al., 2012, Shelly et al., 2013b], aseismic
slip [Lohman and McGuire, 2007, Takada and Fu-
ruya, 2010], or an interplay between both [De Bar-
ros et al., 2019, Eyre et al., 2020] are usually raised to
explain swarm activity. Even if Jenatton et al. [2007]
and Leclère et al. [2013] mentioned the possibil-
ity of aseismic deformation in the triggering of the
2003–2004 swarm, no evidence demonstrating the
presence of aseismic slip has been found so far. The
deformation is indeed too small to be seen from the
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surface, and no repeating events, usually attributed
to aseismic slip [e.g., Uchida, 2019] have been identi-
fied.

On the contrary, the swarm activity in the Ubaye
Region is related to fluid effect in several studies on
this area. The migrating seismicity in 2003–2004 [Je-
natton et al., 2007], in the aftershock sequence of
2012 [Thouvenot et al., 2016] and in some clusters af-
ter the 2014 mainshock [De Barros et al., 2019] show
a diffusive behaviour compatible with fluid. The ve-
locity migration of the seismic front [V = 0.1 km/day,
De Barros et al., 2019] is too slow to be attributed to
a slow-slip event. To have such migration driven by
fluids, overpressurized areas should exist in the base-
ment. Pressure may develop in the faults, because
of low-permeability structures [Sibson, 1990] or be-
cause of time-dependant creep compaction [Blan-
pied et al., 1992]. The faults may then act as valves
[Sibson, 1990]: once the pressure reaches a failure
threshold in the fault, the slip breaks the hydraulic
barriers and the fault permeability is enhanced. The
fluid can then diffuse, inducing migrating seismic ac-
tivity along its path. Beaucé et al. [2019] also con-
firm the presence of fluids in the Ubaye Region, as
they found that the high and continuous seismic
activity shows poor temporal clustering. From the
model proposed by Ben-Zion and Lyakhovsky [2006],
a low temporal clustering and a high seismic activity
(swarm-like) suggest fluid activity.

One of the main questions is then where the fluid
is coming from and how it is trapped and pressur-
ized at depth. The geochemical signature of geother-
mal springs in the Argentera massif (Figure 1) showed
that water from meteoritic origin goes down to 5-to-
6 km depth [Baietto et al., 2009]. As the major faults
in the Ubaye Region are oriented ∼N150° E and are
connected to faults in the Argentera massif in the
south, water from meteoritic origin may flow from
this massif to underneath the Ubaye Valley [Leclère
et al., 2012]. The difference of altitudes between the
Argentera massif and the valley may then lead to
an overpressure below the Ubaye Valley. Indeed, an
overpressure equivalent to a water column of 800 m
(8 MPa) or 2 km (20 MPa) is required to generate
seismicity, according to Daniel et al. [2011] and
Leclère et al. [2012], respectively. Such direct pres-
surization by meteoric fluids was also proposed to
drive the seismicity in Mt. Hochstaufen [Germany,
e.g., Hainzl et al., 2006] sequences. It may explain the

apparent seasonality of the seismicity, if confirmed.
However, this assumption implies that losses of hy-
draulic heads are very limited, especially because
the hydraulic path may reach about 30 km between
the high summit of the Argentera and the 2012–2015
swarm.

Alternatively to this direct meteoritic pressuriza-
tion, other possibilities to explain overpressure at
depth require either an impervious caprock or im-
pervious faults in their upper part. One specificity
of the Ubaye area compared to the neighbouring ar-
eas is the presence of the Flysch nappes. As all the
seismicity lies in the basement below these nappes,
they might act as an impervious caprock. However,
in this case, the seismicity is expected to be denser
just beneath the nappes, which is not really observed
at about 4 km depth. Alternatively, overpressuriza-
tion may develop locally within the faults which show
a fault-valve behaviour [Sibson, 1990]. In this case,
the faults should change behaviours with time. Hy-
drothermal sealing processes may trap the fluid at
depth which allows pressure to increase from hydro-
static to nearly lithostatic pressure [Blanpied et al.,
1992, Leclère et al., 2013, 2015]. Once the pressure
threshold is reached, failures (either seismic or aseis-
mic) within the fault allow the fluid to diffuse at
depth, which induces migrating seismicity.

The seismic activity, and the associated processes
in the Ubaye Region, are very similar to a swarm lo-
cated in Nevada (Mogul swarm), which occurred in
2008. As for the Ubaye area, this swarm took place
beneath a valley with geothermal springs surrounded
by high summits. The presence of fluid is necessary to
explain the beginning of the swarm sequence [Jansen
et al., 2019]. This seismicity may be linked to the
presence of a reservoir beneath the swarm, which
is filled by meteoritic water flowing from the high
summit around [Ruhl et al., 2016]. From this reser-
voir, a fault-valve mechanism is raised to induce a
migrating seismicity from the reservoir below. Same
model could be applied in the Ubaye Region even if
there is no evidence of a reservoir beneath the most
active swarm areas. Additional measures and con-
straints are required to better understand the origin
of the fluids and their movements at depth. For ex-
ample, geophysical imagery of the fluid distribution
at depth can be achieved through magnetotellurics
methods or seismic velocity tomography. Geochem-
ical analysis of a geothermal spring in the north of
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Ubaye Region, such as the ones performed in the Ar-
gentera massif [Baietto et al., 2009], would also help
constraining fluid flow and storage at depth.

Finally, even if fluid pressure might be considered,
the alternating swarms/mainshock–aftershock se-
quences likely require simultaneously different pro-
cesses at play. This is illustrated by De Barros et al.
[2019], who showed that within the aftershock se-
quence of 2014, part of the seismicity was trig-
gered by Coulomb static stress changes from the
mainshock while another part showed evidence for
fluid triggering. Clusters of seismicity distant from
the mainshock also suggest that distant triggering
through dynamic or aseismic perturbations may also
occur. Such complexity in the processes, observed
from aftershocks, may be spatially and temporally ex-
trapolated to the full area. Isolated events such as
background seismicity and mainshock events may be
indeed attributed to tectonic stress loading, while the
complex aftershock sequences and the swarms re-
quire an interplay between fluid-pressure diffusion
and stress perturbations.

4.4. Seismic hazards

Hazards related to seismic swarms are often quali-
fied as low, as the largest event is usually of small-
to-moderate magnitude. This is the case in regions
like Vogtland/West Bohemia, where regular swarms
stop on their own [Fischer and Horálek, 2003, Fischer
et al., 2014, Hainzl et al., 2012]. In this case, even if the
regular shakings from small events bother the popu-
lation locally, the seismic hazard is limited to small
vibrations that have a very low probability to gener-
ate important structural damages. However, the seis-
mic activity of swarms can also evolve towards large
events, whether in continental regions [L’Aquila, e.g.,
Papadopoulos et al., 2010] or in subduction zones
[Iquique, e.g., Ruiz et al., 2014], even if such evolu-
tion was not observed so far in the Ubaye Region.
As an example, the seismic crisis (magnitudes lower
than 4.0) that occurred before the L’Aquila main-
shock (Mw 6.3, 2009, Italy), was first seen as a swarm
of events, and led to an underestimation of the risk
in this area [e.g., Papadopoulos et al., 2010]. After the
mainshock (Mw 6.3) that caused about 300 casualties
and extensive damages in the city of L’Aquila, this

swarm was then understood as a precursory se-
quence. Therefore, the relationship between a seis-
mic swarm and large earthquakes is uncertain as
swarms of events can either represent the precursory
phase of a large earthquake [Bachura et al., 2021, Ruiz
et al., 2014] or a self-sufficient process [e.g., Hainzl
et al., 2012].

Moreover, as already mentioned, the Ubaye area
does not only experience seismic swarms like in
2003–2004 with a maximum magnitude smaller than
3, but also moderate size earthquakes (at least in
1935, 1938, 1959, 2012, and 2014) that generated
damages to buildings [Rothé and Dechevoy, 1967,
Sira et al., 2012, 2014]. The epicentral intensity often
reached VI or VII (MSK-64 or EMS-98 scales, respec-
tively). Therefore, it is important to estimate whether
a larger event can occur in this area and to figure its
recurring time.

The recurrence time of large events is classi-
cally extrapolated from the seismicity rate using the
Gutenberg–Richter law. However, such an approach,
in a context where seismicity expresses both as main-
shock and swarms and where processes at play are
likely complex, is definitely not straightforward. On
the one hand, considering swarms as if they were a
permanent contribution of the seismic rate may lead
to a strong overestimation of the hazard. On the other
hand, neglecting swarm activities in hazard forecast-
ing would be spuriously safe. Therefore, estimating a
recurrence time of strong, damaging events, requires
first to understand and isolate the processes at play,
in order to weight the contribution of swarms and
mainshocks in the hazard assessment.

In the Ubaye Region, one should consider the
presence of active faults due to the high rate of seis-
mic activity, even if there is no known geological
evidence of active faulting at the surface. Consid-
ering the continuity of the NW–SE trending fault
system running from the Ubaye valley until the Ar-
gentera massif, a possibility would be to consider ev-
idences of neotectonic activity reported in the latter
[e.g., Ghafiri, 1995, Godel, 2003, Sanchez et al., 2010]
as representative of what we cannot see in Ubaye.
However, the high difference between the seismic-
ity rates recorded in Argentera and in Ubaye then
makes it difficult to easily compare the two regions.
If we consider the alignment of seismicity of the
2003–2004 crisis, we can define an 8 km long
structure oriented NW–SE. More or less the same
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length can be obtained for the 2012–2015 se-
quences of aftershocks within the same direction
(Figures 5c,d,e). A crude estimation of the potential
magnitude can be inferred from the length of faults
using classical relationship [Wells and Coppersmith,
1994]. This estimation can also be simplified by re-
ferring to Italian normal fault events that occurred
in central Italy: 2009 L’Aquila Mw = 6.1 with a fault
length (L) of 15–20 km [Chiaraluce et al., 2011]; 2016
Amatrice Mw = 6.0, L = 20–25 km [Bignami et al.,
2019]; 2016 Norcia Mw = 6.5, L = 25–30 km [Improta
et al., 2019]. If the full fault length highlighted by
the 2003–2004 and the 2012–2015 crises was slip-
ping at once, an earthquake of magnitude ∼6 might
be generated. Similarly, the complex network of the
Serenne fault is long enough to generate events with
magnitude larger than 6. An event of magnitude 6
or more at the same depth as the microseismicity
would result in large ground acceleration and ex-
tensive damages in the epicentre region and should
also be well felt in the cities of Nice and Grenoble
situated 100 km away as it was for the 2012 and 2014
events. In summary, the seismic hazard of this zone
should not be neglected, as the faults can potentially
generate large and damaging events.

5. Conclusion

Since 1780, the Ubaye Region has been regularly
affected by earthquakes, with epicentral intensities
higher than VI (i.e., damaging earthquakes, MSK-64
scale). Part of this seismicity seems to occur along
with the complex network of the Serenne and the
High Durance faults, but also on blind structures
away from these known fault systems, revealing a
highly fractured medium inherited from the complex
history of the Western Alps. The main fault orienta-
tion of ∼N150° E is consistent with the stress state of
the region, despite the very low-deforming rate mea-
sured in this area. On a larger scale, more studies are
needed to make the link between the strain state in
the Ubaye Region and the processes at play in the
Western Alps.

This area is therefore characterized by a high rate
of seismicity, that expresses either as mainshocks or
as seismic swarms with low magnitude. Such com-
plex behaviour reflects complex processes in depth
that involves, in particular, overpressure and fluid
diffusion. The questions of the fluid origin and how

it gets overpressurized at depth remain open, de-
spite their importance to constrain the driving pro-
cesses of the seismicity. Therefore, more studies are
needed to better quantify the influence of the mete-
oric fluid or the seasonality effect on the seismicity,
and to search for the presence of possible fluid reser-
voirs beneath the main active areas.

Regarding hazard assessment, the main concern
is the possibility that a swarm sequence could evolve
towards a large mainshock or that an isolated, dam-
aging event occurs. To address this concern, it is nec-
essary to understand why such peculiar behaviour
occurred in Ubaye Region compared to the neigh-
bouring areas. This mainly implies not only to better
understand the driving processes at the swarm scale,
but also at a more regional one, as well as to better
characterize the faults at depths that may carry large
earthquakes.
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