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[1] Recent studies have shown that the Ubaye seismic swarm that occurred in the French
southwestern Alps in 2003—2004 was triggered by fluid overpressures. This contribution
provides additional constraints on the temporal and spatial changes in fluid overpressure during
this swarm. The orientations of the double-couple nodal planes of an extended set of 74 focal
solutions, spanning the whole 2003—-2004 episode, are compared with the regional stress field.
Based on a Mohr-Coulomb analysis, these comparisons provide estimates of fluid pressures
along seismic fault planes. We show that the fluid overpressures required to reactivate the
cohesionless fault planes vary through time, with values close to 35 MPa at the inception of the
swarm. Overpressures then increase up to 55 MPa during the burst of seismic activity and lastly
decrease down to 20 MPa at the end of the crisis. We also show that the fluid overpressures are
developed as patches along two parallel faults bordering a releasing bend structure
characterized by low to null overpressure. The development of moderate fluid overpressure at
the swarm inception enables the reactivation of normal, transtensional, and strike-slip faults

while the development of larger fluid overpressures during the burst of seismic activity
progressively enables the reactivation of further misoriented normal, transtensional, and
transpressional faults. In order to reconcile the spatial and temporal evolution of the fluid
overpressures and the seismic activity, we propose that creep compaction could be the process
allowing the successive development of fluid overpressure and the migration of seismicity.

Citation: Leclére, H., G. Daniel, O. Fabbri, F. Cappa, and F. Thouvenot (2013), Tracking fluid pressure buildup from focal
mechanisms during the 20032004 Ubaye seismic swarm, France, J. Geophys. Res. Solid Earth, 118, d0i:10.1002/jgrb.50297.

1. Introduction

[2] Seismic swarms are characterized by short and intense
microseismic activity. This atypical character consists in alter-
nations of bursts of seismic activity and periods of low seismic
rate. Although seismic swarms do not represent a significant
seismic risk, as they are most often made up of low-magnitude
events, they can, however, precede large earthquakes
[Bouchon et al., 2011]. The Ubaye area, southeastern France,
has been the location of several moderate earthquakes, from
a M; 5.5 event in April 1959 to the most recent M; 4.3 in
February 2012. Consequently, the close monitoring of such
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episodic crises enables us to gain knowledge on the physical
processes controlling the emergence of seismic activity.

[3] Seismic swarms have been described in volcanic regions
where their occurrence is related to magma intrusion and/or to
fluid degassing, inducing pore pressure increase and fault
reactivation [e.g., Nur, 1974; Hill, 1977; Vidale et al., 2006;
Hensch et al., 2008; Yukutake et al., 2011]. Besides, their
occurrence has also been discussed in nonvolcanic areas
where mantle volatiles, or meteoric water, can be the common
trigger for seismic activity, for fluid overpressure, or for fluid
migration [Costain et al., 1987; Bella et al., 1998; Weise
et al., 2001; Hainzl et al., 2006; Bollinger et al., 2007, Rigo
et al., 2008, Brduer et al., 2009, Got et al., 2011].

[4] These studies share the common belief that fluid over-
pressure plays a key role in seismic triggering and fault
reactivation [see also Nur and Booker, 1972; Hickman et al.,
1995; Miller et al., 2004; Hainzl et al., 2006; Cappa et al.,
2009]. The mechanical effect of fluid overpressure on faults
is to reduce the normal stress acting on the fault and hence to
promote its reactivation. However, direct observations or mea-
surements of fluid overpressures during swarm episodes are
not systematically available, and methodological alternatives
are needed to clarify the relationships between fluid pressure
excess and swarm activity. For example, computational
methods based on the seismicity rates modeling [Hainzl and
Ogata, 2005; Daniel et al., 2011], on hydromechanical
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Geological setting of the study area. (a) Simplified geological map. SBF: Serenne-Bersezio

fault; P: Parpaillon faults; BV: Bagni di Vinadio thermal springs; TV: Terme di Valdieri thermal springs.
The gray star indicates the location of the epicenter of the 1959 M; 5.3 Saint-Paul-sur-Ubaye earthquake
[Nicolas et al., 1998]. The white star indicates the location of the epicenter of the 2012 M, 4.3 earthquake.
For simplicity, Briangonnais thrust sheets [Kerckhove et al., 1980; Fry, 1989] are omitted. Black dots show
the 974 relocated epicenters of the 2003—2004 Ubaye swarm. (b) Cross section A-B showing the relation-
ships between the crystalline basement, the autochthonous sedimentary cover, and the Embrunais-Ubaye
nappes. (c¢) Depth-frequency of the 974 relocated events of the 2003—2004 seismic swarm [after Daniel
et al. 2011]. Depths are taken from a mean surface elevation fixed at 1500 m, elevation of the Jausiers
village. The gray star indicates the hypocentral depth of the Saint-Paul-sur-Ubaye earthquake, and the white

star indicates the hypocentral depth of the 2012 M, 4.3 earthquake.

modeling [Miller et al., 2004; Cappa et al., 2009], on geodetic
data [Lohman and McGuire, 2007], or on Mohr-Coulomb the-
ory [Sibson, 1985, 2000; Cox, 2010] have been proposed to
determine the state of stress on faults and the fluid pressures
required for fault reactivation.

[5s] In the Ubaye area, several studies have proposed that
fluid flow at depth could be a possible triggering mechanism
for the 2003-2004 seismic sequence [Jenatton et al., 2007,
Daniel et al., 2011; Leclere et al., 2012]. These propositions
are based on the observation of a nonstationary state back-
ground seismicity rate [Daniel et al., 2011] and on inappropriate
fault orientations with respect to the orientations of the principal
axes of the regional stress field [Leclere et al., 2012].

[6] Here we attempt to go beyond the study of Leclere et al.
[2012] by providing additional constraints on the temporal and
spatial changes in fluid overpressure. For this purpose, we use
an extended set of 74 focal solutions for the Ubaye swarm,
spanning the whole 2003-2004 episode. Our approach is
based on the analysis of double-couple nodal plane orienta-
tions within the ambient regional stress field. If compared to
the method used by Terakawa et al. [2010], this study
represents an improvement, as it takes into account the
existing competition between reactivation and fracture

creation processes on target fault planes. To do so, we test
whether the fluid overpressure required to reactivate fault
planes does or does not exceed the fluid overpressure required
to create new optimally oriented fractures. We then reconstruct
the pore pressure buildup history within the Ubaye swarm
seismogenic volume from a set of fluid overpressure estimates
obtained from focal mechanisms.

[7] Below, after summarizing the Ubaye tectonic context,
we present a set of 74 focal mechanisms, and we discuss
the associated regime of deformation for the swarm area.
We then determine the regional stress field and compute the
fluid overpressures required to reactivate fault planes.
Finally, we discuss our results and propose a comprehensive
mechanism for the 2003-2004 episode, in accordance with
previous observations and with the results of this study.

2. Seismotectonic Setting of the 2003-2004
Ubaye Swarm.
2.1.

[8] The study area is located in the southwestern Alps, in the
Ubaye valley, which is one of the most seismically active zones
in the French Alps (Figure 1) [Thouvenot and Fréchet, 2006].

Geological and Seismological Background
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Figure 2. Maps displaying the migration of earthquakes
during the 2003-2004 Ubaye swarm based on the seismic
relocated catalog of Daniel et al. [2011] (974 events). (a)
General map (view) of the swarm. Color scaling refers to
the time spanned in days since 1 January 2003. (b) Each
panel is a density map for successive sets of 100 earthquakes.
Heading numbers correspond to the time interval (in days)
used for each map. Reference day is 1 January 2003.

This area is geologically composed of the Argentera
Paleozoic crystalline basement, an autochthonous Mesozoic
and Cenozoic sedimentary cover (also called Dauphinois
cover), and allochthonous units of the Embrunais-Ubaye
nappes overlying the sedimentary cover [Faure-Muret, 1955;
Kerckhove, 1969; Bogdanoff, 1986; Fry, 1989; Labaume
et al., 1989; Sue and Tricart, 2003]. These 1- to 2 km-thick
nappes are located in a basement depression north of the
Argentera massif. Current seismic activity in the area occurs
within this depression, below allochthonous nappes and the
autochthonous sedimentary cover, as did the most recent M

4.3 event in February 2012 (Figure 1). Sporadic swarm epi-
sodes also occurred in this area: in 1978 [Fréchet and
Pavoni, 1979], in 1989 [Guyoton et al., 1990], in 2003-2004
[Jenatton et al., 2007], up to the most recent ongoing episode
that started on 26 February 2012. Seismic activity seems well
correlated to pluri-kilometric subvertical NW-SE strike-slip
faults crosscutting the Argentera massif (Figure 1). Such a re-
lationship to basement faults is attested by the 1959 Saint-
Paul-sur-Ubaye earthquake focal mechanism [Ménard, 1988;
Nicolas et al., 1998] and also by the alignment of hypocenters
of the 2003—-2004 seismic swarm along a N130°E striking and
80°W dipping plane [Daniel et al., 2011].

[o] Interestingly, the NW-SE fault suggested by this
alignment of hypocenters at depth has not been mapped
across the autochthonous and allochthonous sedimentary
covers [Kerckhove, 1969; Kerckhove et al., 1980; Labaume
et al., 1989]. This can be explained by the presence of the
Embrunais-Ubaye nappes hiding the fault trace or by a
sealing of the NW-SE basement faults by the autochthonous
sedimentary cover (Figure 1).

2.2. The 2003-2004 Seismic Swarm

[10] The 2003-2004 Ubaye seismic swarm consisted of
more than 16,000 events. 1616 events were located using man-
ual pickings of first arrivals, and among these, 974 could be
relocated using a double-difference relocation algorithm
[Jenatton et al., 2007; Daniel et al., 2011] (Figures 1 and 2).
Their magnitudes (M;) range from —1.3 to 2.7, with a com-
pleteness threshold of 0.2 (Figure 3). The swarm consisted of
a 2 year continuous period of nonstationary activity. Figure 3
shows the daily rate of events during the Ubaye swarm and en-
ables us to distinguish three main periods. Period I, spanning
from the swarm initiation until day 170, corresponds to the
swarm inception. Period II, between days 170 and 340, corre-
sponds to the most intense burst of seismic activity. Period III,
starting on day 340, corresponds to a progressive decay of the
overall swarm activity after the most intense seismic burst
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Figure 3. Evolution of the seismicity rate and magnitudes of
the 16,147 events detected during the Ubaye swarm (modified
from Daniel et al. [2011]). (bottom) Gray curve shows the rate
of My >0.2 events taken from the 16,147 detected earthquakes.
Black curve shows the rate of M; > 1 events taken from the 974
relocated earthquakes. Dashed lines divide the swarm episode
in three periods: I, swarm inception; II, burst of seismic activ-
ity; and III, progressive decay of seismic activity.
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activity. However, it is worth mentioning a lower-intensity
seismic burst occurring between days 550 and 610.

[11] The seismic activity was mainly concentrated along a
single NW-SE elongated cluster (denoted as CL1 on
Figure 2a). At the end of the sequence, a much smaller sec-
ondary cluster (denoted as CL2 on Figure 2a) appears north
of CL1. Hypocenters range between 3 and 8 km depth below
the sea level [Jenatton et al., 2007]. This depth interval thus
tends to confirm that during the swarm, seismic rupture took
place only within the crystalline basement (Figure 1c).

[12] Figure 2b displays the swarm chronology. Each panel
represents the spatial density of events for each successive
temporal set of 100 microearthquakes. The number of 100
events represents ~10% of the total number of relocated
events (974 events) and constitutes a compromise between
temporal resolution (short time windows) and a small num-
ber of windows. The spatial migration of events is very strik-
ing, initiating in the northern part of CL1 and progressively
moving to its southern end, with an ultimate activity located
nearby, in CL2. The microseismic activity thus began in a
confined area (<1km?) until day 113 and migrated like a
shooting star in the southeast direction, while a remanent
activity persisted behind the seismic front (Figure 2b). Most
of the migration occurred between days 176 and 300, at the
time of the main burst of activity (period II). Once the south-
ermnmost end of cluster CL1 was reached, this back-front per-
sistent activity progressively decreased from north to south.
Toward the end of the crisis, between days 488 and 608, seis-
mic events again focused toward a small area (~1 km?) of CL1.
This constituted the second burst of seismic activity. The two
seismic bursts thus occurred at two different locations along
the main cluster CL1 and presented two different spatiotempo-
ral evolutions. Indeed, while the seismicity clearly migrated
southward during the main seismic burst, the second burst
presented an activity focused in a small area. Afterward, the
activity in cluster CL2 developed between days 609 and 720,
without any obvious connection to cluster CL1.

[13] According to Daniel et al. [2011], this migration pat-
tern presented a quasi-diffusive character, which could indi-
cate that fluids may have played a role in driving the swarm
migration as described elsewhere [Nur and Booker, 1972;
Shapiro et al., 1997; Miller et al., 2004; Cappa et al., 2009].

3. Focal Mechanisms and Deformation Regime
in the Ubaye Area.

3.1.

[14] The 38 focal mechanisms presented in Jenatton et al.
[2007] for the year 2003 activity are characterized by normal
faulting with a SW-NE extension direction, and by NW-SE
right-lateral strike-slip motion. Both regimes agree with other
regional structural data. Indeed, the strike-slip regime is con-
sistent with the counterclockwise rotation of the Adriatic
microplate relative to Eurasia [Thouvenot and Fréchet,
2006], and the extensional regime can be the result of the iso-
static compensation of crustal volumes [Sue et al., 1999].
Based on this set of 38 focal solutions, Leclere et al. [2012]
determined the local stress tensor, which is dominated by a
strike-slip regime.

[15] In this study, we use an extended set of focal mecha-
nisms by including events that occurred during year 2004
and first-motion polarities for five additional temporary

Focal Mechanisms

stations deployed in the area between September 2003
and December 2004 (Figures 4 and 5). Inversion of double-
couple focal mechanisms was performed using the FPFIT
software [Reasenberg and Oppenheimer, 1985]. The deter-
mination of the focal mechanisms based on the first-motion
polarities is done by minimizing the misfit function. The mis-
fit values for each focal mechanism are computed by adding
the error between observed and theoretical first-motion polar-
ities. If the observed and theoretical polarities are similar, the
error is 0. If the observed polarity is compressional and the
theoretical polarity is dilatational, the error is 1; vice versa,
the error is —1. The error for each polarity is then weighted
as a function of the position of the polarity with respect to
the nodal planes. This weighting scheme downweights
observations near nodal planes, thereby minimizing the ef-
fect of associated inconsistencies, such as those caused by
unmodeled refractions. In this study, the focal mechanisms
were determined by using at least 13 P wave polarities and
led to misfit values smaller than 0.3. The extended data set
contains 74 focal mechanisms.

3.2. Deformation Regimes Inferred From
Focal Mechanisms

[16] In this section, we characterize the type of deforma-
tion observed during the Ubaye swarm, based on the ap-
proach of Delacou et al. [2004]. Their method introduces
an “r” parameter (in degrees) built from the plunge of the P
and T axes of the focal mechanisms. Pure extensional mech-
anisms are characterized by a vertical P axis, and their asso-
ciate “r” value of —90 corresponds to the negative plunge
of the P axis. Conversely, pure compressional mechanisms
are characterized by a vertical T axis, and their associate
“r” value of +90 corresponds to the positive plunge value
of the T axis. Based on this, negative “r” values between
—90 and —65 indicate an extensional tectonic regime while
positive “r” values between +90 and +65 stand for a
compressional tectonic regime. Moreover, intermediate “1”
values between —65 and —15 describe a transtensional tec-
tonic regime while “r”” values between +15 and +65 involve
a transpressional tectonic regime. Finally, “r” values between
—15 and 15 stand for a strike-slip deformation regime.

[17] In the Ubaye area, the tectonic regime of deformation
deduced from focal mechanisms is predominantly extensional:
64% of the data belong to an extensional to transtensional
regime, while 20% belong to a transpressional to compres-
sional regime. However, note that 16% of the data correspond
to a strike-slip regime. Figure 6a summarizes the relative
contribution of each regime of deformation to the whole focal
mechanism data set, and Figure 6b displays the temporal
evolution of deformation during the Ubaye swarm.

[18] Interestingly, all modes of deformation did not undergo
the same temporal history (Figure 6b). Indeed, although
extensional and transtensional regimes were active during
the whole swarm episode, strike-slip deformation was mainly
active from the swarm initiation until day 420, while
transpressional deformation started at day 240. Period II thus
appears to be a period of transition between a period I
combining extensional, transtensional, and strike-slip defor-
mation regimes, and a period III described by extensional,
transtensional, and transpressional deformation regimes.

[19] Moreover, Figure 6c¢c shows that most of the
transpressional and compressional events are located to the
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Figure 4. Focal mechanisms (lower hemisphere, equal area projection) for the 74 largest events of the Ubaye
swarm. The heading over each diagram indicates the date, origin time, depth, and magnitude of the event.

southeast of cluster CL1 (except for five events located to the
northwest). Besides, extensional to transtensional events are
mostly located northwest of cluster CL1 (except for seven
events located to the southeast).

[20] Finally, P and T axes azimuths are homogeneous along
the main cluster CL1, with P axes azimuths preferentially ori-
ented N-S to NE-SW and T axes preferentially oriented E-W
to NW-SE (Figure 6¢). Note that such directions are in good

agreement with GPS measurements, which indicate an E-W
extension and a N-S shortening [Calais et al., 2002; Delacou
et al., 2008; Larroque et al., 2009].

4. Imaging Overpressurized Areas

[21] The computation of the fluid overpressure required for
the reactivation of fault planes identified from our set of focal
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for compressional first motions; empty quadrants stand for dilatational first motions. Labels over each
mechanism indicate the date of occurrence of the event.

mechanisms is based on the Mohr-Coulomb theory [Sibson,
2000; Cox, 2010]. The orientations and relative magnitudes
of the three principal stress axes are first determined from
published data. Then, the principal stress orientations are
used in conjunction with independent structural information
to discriminate, for each focal mechanism, the nodal plane
corresponding to the active fault plane. Finally, the spatial-
temporal fluid overpressure history is computed from the
selected fault plane of each focal mechanism using the
Mohr-Coulomb theory.

4.1. Determination of the Principal Stress Axis
Orientations and Magnitudes

[22] We suppose the stress state in the swarm hypocentral
region to be Andersonian; that is, one principal stress axis
is vertical (and the two others are therefore horizontal). In ad-
dition to being supported by seismological and geological
evidence, the Andersonian hypothesis allows us to consider
the vertical stress axis 6, as the lithostatic stress o,

[23] The orientations of the principal axes of the regional
stress tensor in the study area have been extensively analyzed
[Béthoux et al., 1988; Labaume et al., 1989; Sue and Tricart,
2003; Delacou et al., 2004; Sanchez et al., 2010; Leclere
et al., 2012]. These studies indicate that the maximum hori-
zontal stress axis, SH, is the o, axis and trends N10°E +5°
and that the minimum horizontal stress axis, Sh, is o3 and
trends N100°E +5°. These principal stress orientations are
in good agreement with GPS measurements [Calais et al.,
2002; Delacou et al., 2008; Larroque et al., 2009].

[24] The intermediate (vertical) principal stress o, is taken
equal to the lithostatic load o,: 6, =0, = pgz, where p corre-
sponds to the rock density, taken equal to 2700 kg m™; g
stands for the gravitational acceleration; and z stands for
depth. The magnitude of the minimum horizontal principal

stress 63 (Sh) is constrained from various stress measure-
ments taken from deep boreholes investigations in France
[Cornet and Burlet, 1992; Cornet et al., 1997, Evans,
2005], in Germany [Brudy et al., 1997] and in California
[Zoback and Healy, 1992] (Figure 7). The choice of these
values of o3 (Sh) is motivated by a horizontal 63 axis having
the minimum stress in all these stress measurements and by
the availability of in situ stress measurements at depth within
the western European crust. In addition, we added the Cajon
Pass stress measurements because they come from an area
where the tectonic regime is the same as in the study area
(strike-slip stress state) and because the o3 values are similar
to those obtained in France and Germany. We hypothesize
that in situ stress conditions in the Ubaye area follow the
trend presented on Figure 7. The magnitude of o3 (Sh)
corresponds to the best fit of measurements between 100
and 7000 m depth where o;=az — b, with z being the
depth, a=21MPa/km, b=5MPa, and with a correlation
coefficient R of 0.98. The magnitude of o, (SH) is obtained
from the magnitudes of o, and o3, and from the stress
shape ratio ® =(0, — 03)/(0; — 03), by the relation o, =(o;3
(® —1)+06,)/D.

[25] The stress/shape ratio of the study area is equal to 0.75
and was obtained from the Slick program [Michael, 1987]
applied to the 74 focal mechanisms. The Slick program deter-
mines the stress/shape ratio, @, by performing a series of
stress inversions (using a grid-search algorithm), so as to find
the optimal ® value minimizing the difference between the
slip vector and the resolved shear stress vector on each of
the fault planes.

[26] This ratio is in good agreement with the 0.76 estimate
of Delacou et al. [2004] obtained from independent data
(focal mechanisms located over a broad area encompassing
the study area of this paper).



LECLERE ET AL.: FLUID PRESSURE DURING THE UBAYE SWARM

100

(a) (b)

50

60 120 180 240 300 360 420 480 540 600 660 720

i=}
S

T

1%

19%

wu
o o
T

[=}
S

60 120 180 240 300 360 420 480 540 600 660 720

T T T T T T T T T T

wu
o
T

16%

[=}
S o

60 120 180 240 300 360 420 480 540 600 660 720

Percent of events

wu
o
T

[=}
S o

60 120 180 240 300 360 420 480 540 600 660 720

wu
o
T

o

60 120 180 240 300 360 420 480 540 600 660 720

Day from 1/01/2003

Extension Transtension  Strike Slip Transpression Compression
90 65 15 0 +15 65 490
r parameter
(c) c
o
MTawis —— ' 2
. g 60
- P-axis 4+ CL2 1 g
- o I
¢ n
F e 1 20
- 3 =l
€ 5| % Y =
< e s’ E
x'* 1 % (E
- 20 ©
S ool &
-40
L W ]
[~ c
L 1 O M0
; !
0 5 0 X B
(km)

Figure 6. Regime of deformation based on the 74 focal mechanisms presented in Figures 4 and 5. (a) Pie

box displaying the relative contribution of individual

tectonic regimes to the deformation of the Ubaye area.

(b) Bar plots showing the temporal variations of individual deformation regimes. (c) Map of principal defor-
mation directions (P and T axes) during the Ubaye swarm. Lines correspond to the projection at the surface of
P axis directions (red lines) and T axis directions (blue lines). Filled circles stand for events’ epicentral loca-
tion and are colored as a function of their respective » parameter value (based on the P/T axes dips, see text).

4.2. Discrimination of Active Nodal Planes

[27] The selection of the appropriate nodal plane for each
double-couple mechanism is based on the misfit angle o be-
tween the theoretical and observed slip vectors and on the
main orientation of the regional faults. The theoretical slip
vector corresponds to the orientation of the shear stress direc-
tion, 1, on the fault plane. The observed slip vector is given
by the rake angle of the focal mechanism. For each nodal
plane of a particular focal mechanism, the computation of
the misfit angle o is based on the principal stress axes orien-
tations, the stress shape ratio, @, and its rake angle. If the two
misfit angles, o, for both nodal planes, are larger than the

threshold value oy, equal to 30°, then the focal mechanism
is discarded and will not be used in the analysis. Indeed, an
a angle greater than oy, indicates that, for the concerned
event, the slip is not controlled by the regional stress field,
but rather by local stress perturbations. If only one nodal
plane has an angle a < ay,, it is then considered as the active
nodal (fault) plane. If the two nodal planes have angles a <
o, the nodal plane striking most closely to the directions
of the regional faults (NW-SE to N-S) will be retained.
Following this selection procedure, 19 events are discarded
from the original data set of 74 focal mechanisms, leading
to a final set of 55 fault planes.
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Figure 7. Dependence of principal stress magnitudes on
depth for the Ubaye area. Values for the minimal horizontal
stress Sh are taken from borehole measurements. The magni-
tude of the minimal principal stress 63 (Sh) corresponds to
the best fit of measurements between 100 and 7000 m depth,
where 63 =az — b, with z being the depth, a=21 MPa/km,
b=5MPa, and with a correlation coefficient R of 0.98. The
intermediate principal stress 6,=ov is taken equal to the
lithostatic load, and the maximal horizontal stress SH is com-
puted from Sh, ov, and the stress shape ratio ®. (1) Cornet
et al. [1997], 40 km south of Ubaye area; (2) Cornet and
Burlet [1992], various areas in France; (3) Zoback and
Healy [1992] at Cajon Pass (California); (4) Evans [2005]
at Soultz-sous-Foréts (France); and (5) Brudy et al. [1997]
at KTB (Germany).

[28] Figure 8 shows the projection of these 55 fault planes
on a Mohr-Coulomb diagram. The Mohr-coulomb diagram
was done using a tensile strength T of 17.5 MPa (consistent
with granitoids, [see Amitrano and Schmittbuhl, 2002]), a co-
efficient of static friction for the failure envelope, g intact, Of
0.75, and a static friction coefficient for reactivation, g,
of 0.4 used to compute the pore fluid pressure Pf. The value
of p, is in agreement with the presence of phyllosilicate-rich
gouges in core zones of the Argentera massif NW-SE faults,
located further south, in continuity with the Ubaye swarm
trend [Leclére et al., 2012].This diagram also presents the
failure envelope and the reactivation envelope at initial

conditions (i.e., with hydrostatic fluid pressure). Note that
the location and diameter of the three Mohr circles come
from stress values presented on Figure 7, assuming 6,/0;
and stress shape @ ratios constant with depth. On the
Mohr-Coulomb diagram (Figure 8), fault plane projections
(gray dots) located above the reactivation envelope can be
reactivated without pore fluid overpressure (pore pressure
above hydrostatic fluid pressure). On the contrary, fault plane
projections located below the reactivation envelope (black
dots) require pore fluid overpressures to be reactivated.
This diagram also shows the projections of four fault planes
(unfilled circle symbols), which cannot be reactivated be-
cause the circle (o, 63) will reach the failure envelope before
the four fault planes reach the reactivation envelope.

4.3. Computation of Fluid Overpressure

[29] By projecting the three principal stress axes orienta-
tion and magnitude on the selected fault planes, one can com-
pute the shear stress T and normal stress ¢, acting on each
plane using Cauchy’s equations [Jaeger et al., 2007]:

2

2 = (61 — 6)*Pm? + (65 — 03)*m’n’ + (03 — 0)*Pn® (1)

on = I’6; + m?c; + n’o3 )

where [, m, and n are the direction cosines between the nor-

mal n of the fault plane and the principal stress axes 67, G,
and o5 respectively.

[30] The pore fluid pressure, Pf, required to reactivate a

fault plane can then be computed using Amontons’ law
[Amontons, 1699]:

T = p,(on — Pf) 3)

where L is the coefficient of static friction. Hence,

_ HOn — T

M

B 4)

Figure 8. Mohr-Coulomb diagram displaying the failure
and reactivation envelopes with projections of the 55 selected
fault planes (dots). Gray dots stand for fault planes reactivated
without need of excess pore pressure, while black dots corre-
spond to mechanisms requiring an excess pore pressure to be
reactivated. Unfilled circles correspond to fault planes that
cannot be reactivated because the great circle (o1, o3) will
reach the failure envelope before the fault planes reach the
reactivation envelope.
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[31] Depending on the values of pg and on the differential
stress (o; — 03), the reactivation of a preexisting fault may
not be possible as a new optimally oriented fault may be cre-
ated before the reactivation process takes place. Thus, in or-
der to test if a target fault plane was reactivated, we first
compute the pore fluid pressure (Pfrp) required to create a
new fault using the Mohr-Coulomb theory and the Griffith
failure criterion. If Pfy . > Pf, the target fault plane can be
reactivated. Conversely, if Pf> Pfyy, the target fault cannot
be reactivated, and a new fault is created more favorably un-
der the given regional stress conditions.

[32] Under excess pore pressure conditions, the creation of
new faults or failures can take place according to three modes:

[33] 1. “Extensional mode failure” involves the generation
of fractures perpendicular to the orientation of o3, with ten-
sile opening of the fracture parallel to o5. Following Secor
[1965], it is assumed that extensional failure occurs only
for stress conditions in which (6, — 03) <4 T, with T being
the tensile strength of the intact rock. In that case,

Pfrupt =03+ T (5)

[34] 2.“Hybrid extensional-shear failure” involves compo-
nents of shear and dilation. Fracture formation occurs only
for stress conditions in which 4T<(c; — 03)<5.66T
[Hancock, 1985]. In this case,

8T(0‘1 +O‘3) — (CT] — 0'3)2
16T

P f rupt = (6)
[35] 3.“Shear failure” involves displacement parallel to the

shear fracture surface. Fracture creation occurs only for stress

conditions in which (67 — 63) > 5.66 T. In this case,

C - Toptimal

Rfrupt = +Gn,0ptimal (7)

lus,intact
where C=2.083 T [Jaeger et al., 2007], P intact 15 the coeffi-
cient of static friction of the failure envelope, and Toptimal and
Gn,optimal are the shear and normal stresses, respectively, for
which the Mohr-Coulomb circle (61, 63) is tangent to the fail-
ure envelope T=C+ g intact On'

@ sin (2er,0Fﬁm“1) (8)

Toptimal =

o +o o —0
Onn,optimal :( 1 ) 3) _( 1 P 3)COS(26r4,z)[7tt'rp1zll) )

0: optimal 1S the angle between the optimal oriented shear plane
and o; [Sibson, 1985] and is given by

1 1
an optimal — ~ tan71 (1 0)
" 2 (ﬂs,inmct)

[36] The pore fluid pressures Pf and Pf . are then
expressed as fluid overpressure OPf and OPf ¢ by
subtracting the hydrostatic fluid pressure pgz (where the
water density p is taken equal to 1000 kg m™).

4.4. Fluid Overpressure for Focal Mechanisms
of the Ubaye Swarm

[37] Following the methodology detailed above, the fluid
overpressure OPf and OPf v are computed for each of the

55 selected fault planes (Figure 9). We consider this set of
55 focal mechanisms to be representative of the whole swarm
activity. These mechanisms are indeed well distributed in
space, along the two clusters CL1 and CL2, with at least one
focal mechanism per square kilometer. In addition, they span
the 2 year period of seismic activity, presenting only a limited
time gap of 90 days between successive mechanisms. The un-
certainties on overpressure estimates (error bars) are obtained
by rotating the stress tensor within its accuracy limits (£5°).

[38] Figure 9a shows, for each mechanism, the fluid over-
pressure OPf required to reactivate a preexisting fault as a
function of the pressure excess OPf v required to create a
new fault. Thus, the oblique line in Figure 9a corresponds
to the failure envelope of the intact rock with OPf v, = OPf.
This envelope delimits two domains: (1) an upper domain
where a new fault formation is more likely (OPf ype < OFf)
and (2) a lower domain where faults can be reactivated.
Among the 55 selected fault planes, four fault planes are
located in the upper domain (Figure 9a). These solutions
are discarded because OPf cannot exceed OPf v -Indeed,
OPf 1ypt 18 the maximum value that OPf can reach, leading to
the formation of a new fault. The occurrence of these four
planes may be more likely explained by local stress perturba-
tion rather than by fluid overpressure.

[39] The remaining 51 mechanisms are then associated
with their overpressure values, and they vary through time
between 0 and 55 MPa (Figure 9b). Interestingly, the three
time periods identified from the seismicity time series seem
also consistent with respect to the OPf overpressure time his-
tory (Figure 3). During period I, 0Pf is approximately con-
stant and close to 35 MPa. During period II, 0Pf varies from
small values up to its maximum (55 MPa). Finally, period
M1 is characterized by lower values, with all mechanisms be-
ing associated with overpressures lower than 20 MPa, except
for the first event in this period. Recalling that OPf estimates
are obtained independently from the seismicity rate time se-
ries, their good fit can be interpreted as fluid overpressure
in the fault zones driving seismic activity. Here we show that
the swarm inception (period I) is characterized by low seis-
mic activity and moderate fluid overpressure (35 MPa).
Period II is characterized by a burst of seismic activity, by
large fluid overpressures (up to 55 MPa), and by larger pres-
sure instabilities. Note that the time history of fluid overpres-
sure OPf does not present any sharp change at the beginning
of period II, as is observed on the seismicity rate history
(Figure 3). This could be induced by the discontinuous char-
acter of the focal mechanism data set. The data set shows a
gap coincident with the beginning of period II. Thus, here
we cannot investigate precisely any sharp change in fluid
overpressure. Due to this limitation, our analysis presents a
rather smooth evolution of overpressure in period II. Lastly,
period III is associated to a progressive decay of activity with
low fluid overpressures (below 20 MPa).

[40] The general evolution of fluid overpressures during
the Ubaye swarm shows a reasonable agreement with the
findings by Daniel et al. [2011]. These authors showed that
an increase in fluid overpressure was very likely during the
main burst of seismic activity by using an independent
technique based on a preliminary seismicity rate declustering
and a subsequent modeling of changes in effective normal
stress based on rate-and-state friction laws [Dieterich, 1994,
Dieterich et al., 2000].
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Figure 9. Fluid overpressure variations for the 55 selected focal mechanisms. (a) Comparison of fluid
overpressure OPf associated with a fault reactivation process versus fluid overpressure OPf rupt required
for the creation of a new fault. Red dots stand for the O0Pf value obtained using a N10°E orientation for
the sl axis, and bars represent the uncertainties on 0Pf. The transition between the reactivation domain
(below) and the fault creation domain is denoted by the continuous line. Note that the four fault events
located above the transition line are later discarded from the overpressure analysis, as they cannot be
reactivated. (b) Time series of fluid overpressure for the 51 reactivated focal mechanisms. Time is
expressed in days elapsed since 1 January 2003. (c¢) Cumulative seismic moment in successive two month
time windows during the swarm. Time axis corresponds to the median date, in number of days elapsed

since 1 January 2003 for each time window.

[41] Besides, the ranges of OPf obtained here are similar to
the fluid overpressure estimate of 50 MPa obtained by Kurz
et al. [2004] from a finite element modeling of the
Vogtland/Western Bohemia earthquake swarm. Our value
of 25 MPa during the swarm initiation is also similar to the
value of 30 MPa found by Hainzl et al. [2012] during the
initiation of the 2008 Western Bohemia swarm using stress
changes and hydrofracture models.

[42] Our minimal OPf estimate of 20 MPa is also in the
range of fluid overpressure obtained by Leclere et al.
[2012] for the reactivation of a N130°E fault segment in
Ubaye. These authors reported values between 7 and
26 MPa using a similar approach based on a 2D Mohr-
Coulomb analysis [Cox, 2010]. Daniel et al. [2011] report a
smaller difference (8 MPa) between the beginning of the
swarm and the burst of seismic activity (around day 250),
compared with the ~20 MPa difference for the same time in-
terval in this study. Although these estimates are of the same
order of magnitude, the discrepancy is probably related to the
smoothing over large time windows and to the arbitrary set-
ting of some of the rate-and-state model parameters in the
analysis of Daniel et al. [2011].
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[43] The OPf estimates obtained here are also similar to
those found by Terakawa et al. [2010] for the M, 6.3
L’Aquila 2009 earthquake and aftershock sequence using a
similar Mohr-Coulomb analysis. The L’ Aquila overpressure
estimates range between 20 and 50 MPa. Despite contrasted
magnitudes, the similarity between the L’Aquila and the
Ubaye overpressure estimates suggests that the values of
fluid overpressures cannot be connected directly to the size
of earthquakes. However, on Figure 9c, the evolution of the
cumulative seismic moment for successive time windows
of two months was estimated by using Bakun’s [1984] rela-
tionship between M; and the seismic moment M,,

log,oMo = 1.2 My + 10 (11)

[44] This shows that the evolution of the cumulative seis-
mic moments is similar to the evolution of the fluid overpres-
sures. Indeed, at the inception of the swarm, the moderate OPf
values (35 MPa) fit with the moderate seismic moments re-
leased during the same time period, with values mainly close
to 4 10 '3 N'm. Then, the evolutions of the seismic moments
M, and the fluid overpressures OPf have similar trends with
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Figure 10. Evolution of fluid overpressure 0Pf during the
Ubaye swarm. Each panel displays a map view of fluid over-
pressure for successive 90 day time intervals. Color scaling
is a function of fluid overpressure. Heading numbers display
the first and last days of each time interval. Circles correspond
to epicenters of focal mechanisms used for OPf computation.

highest values of M, and OPf reached at the same time
(around days 250-270), followed by a simultaneous progres-
sive decrease of the OPf'and M, values down to their mean
lowest values at the end of the swarm activity.

4.5. Spatial Evolution of Fluid Overpressure

[45] Figure 10 shows the spatial distribution through time
of the fluid overpressure 0Pf computed from focal mecha-
nisms. This map was created by color-coding the epicentral
locations of our set of mechanisms as a function of the
associated overpressures. The picture was smoothed by
using a Gaussian interpolation method between OPf values.
The swarm episode, spanning from 1 January 2003 to 31
December 2004 is divided into eight periods. Thus, on
Figure 10, each map shows the distribution of fluid overpres-
sure required for reactivation, computed for successive 90
day time intervals. Circles also indicate epicenters of focal
mechanisms for each period.

[46] The two clusters CL1 and CL2 have recorded signifi-
cant fluid overpressures during the Ubaye swarm. The three
time intervals (I to I1I) defined in Figure 3 correspond to time
divisions for the spatial evolution of fluid overpressure
(Figure 10). Period I (between days O and 170), linked
with the inception of seismic activity, is characterized by
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the appearance of fluid overpressure within a small area
(2-3 km?) located north of CL1. Most of the overpressure mi-
gration along CL1 occurred during period II (between days
170 and 340). At first, fluid overpressuring progressively de-
veloped southward, between days 180 and 270. Afterward,
and until day 360, it reached its maximum values in two loca-
tions apparently disconnected from each other, and also dis-
connected from the initial locus (north of CL1) of fluid
overpressuring. Finally, period III (after day 340) marked the
progressive overpressure shutdown. Indeed, the last four
panels share a common pattern composed of clearly distinct
spots of low-amplitude overpressure. The northern spot
vanished first, before the spot located south of CL1, and before
the ultimate start of overpressure in CL2. Interestingly, the
general trend of fluid overpressure seems in good agreement
with the seismicity rate displayed on Figure 3. Moderate and
localized fluid overpressure accompanies the swarm initiation.
Then a considerable fluid pressure buildup progressively takes
place southward, resulting in a high production of microseis-
mic events. The progressive decrease of the earthquake rate
is finally associated to a long-lasting (1 year long) dissipation
of fluid overpressure.

[47] Figure 11 summarizes the cumulative history of oPf
fluid overpressure on a 3D diagram. Diagram faces are pro-
jections of the overpressure spot locations in map view and
in two cross sections parallel and perpendicular to the cluster
CLI elongation. Red dashed lines identify the contours of
two zones that underwent high overpressures during the
swarm. These zones are also distinguishable at depth. They
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Figure 11. 3D diagram showing the cumulative distribu-
tion of OPf overpressure for the Ubaye swarm. The top side
of the cube is a map view of fluid overpressure, the left side
is a cross section parallel to CL1 elongation, and the right
side is a cross section perpendicular to CL1 elongation.
Circles stand for the projection of the 51 focal mechanisms
used in the study. Red dashed contours correspond to high
overpressure zones discussed in section 4. Depth is expressed
relatively to the sea level.
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clearly indicate that overpressuring took place within the
crystalline basement, below the sedimentary cover. The
NW-SE planar orientation of such high-pressure zones is par-
allel to the regional faults and suggests the possible implica-
tion of distinct fault segments during the swarm. Fluid
overpressure buildup in two distinct zones and at different
periods could also suggest that these parallel (or nearly paral-
lel) fault segments could have accommodated independently
a similar driving mechanism from January 2003 to December
2004. These two zones are separated by a well-identified gap
of fluid overpressure, and therefore, the focal mechanisms of
the few events that occurred within this gap did not require
significant overpressures. This gap suggests that the two fault
segments may be linked by a structural bend. Given the fault
segment location and the right-lateral sense of slip of the
faults, this bend would correspond to a releasing bend
(Figure 11). The presence of a releasing bend linking the
two fault segments agrees with the structural regime (normal
and strike-slip regimes) of our set of focal mechanisms. This
interpretation is also consistent with Sanchez et al. [2010,
2011], who suggested that the Ubaye area is a transtensional
domain characterized by a pull-apart-like opening.

[48] Finally, the vertical NW-SE slice of Figure 11 dis-
plays individual patches of fluid overpressure along the
Ubaye fault zone. A central area of low overpressure is
bordered by two high overpressure patches, one to the
north and one to the south of cluster CL1. This spatial
pattern probably reflects physical heterogeneities enabling
fluid pressure buildup. The heterogeneities could be linked
with local variations of hydraulic properties such as poros-
ity or permeability, or with local variations of rock
mechanics properties such as friction, Young modulus, or
Poisson ratio.

5. Discussion

[49] The 2003-2004 Ubaye swarm shows a clear migration
of hypocenters from north to south along cluster CL1
[Jenatton et al., 2007]. This hypocenter migration has been
previously interpreted as resulting from a fluid diffusion
mechanism along the Ubaye fault zone [Jenatton et al.,
2007; Daniel et al., 2011]. Such diffusion is often viewed
as the footprint of a high-pressure fluid upwelling process
from depth, through a high-permeability channel (e.g., fault
intersection and releasing bend), enabling diffusion along a
fault zone [Miller et al., 2004; Cappa et al., 2009; Yukutake
et al., 2011]. Upwelling of high-pressure fluids can itself be
explained by a fault-valve mechanism [Sibson, 1990].
According to this model, fluids of magmatic or mantellic or-
igin are released at depth but cannot escape upward to the
surface due to the presence of hydraulic barriers. Fluids are
blocked below such barriers, and pore pressure progressively
increases. With increasing fluid overpressure, the barrier
eventually breaks and allows fluids to escape and to diffuse
along the fault zone. Fluid diffusion then induces a progres-
sive fluid overpressure decrease, both spatially and tempo-
rally [Miller et al., 2004].

[50] In the Argentera massif, the upwelling of fluids from
depth is evidenced by several geothermal water springs.
According to Baietto et al. [2009], the geothermal waters
have a meteoric origin and present chemical compositions
in equilibrium with physical conditions at a 5 km depth, close
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to the mean hypocentral depth of the Ubaye swarm. Leclere
et al. [2012] proposed that geothermal waters could be a
likely candidate for the triggering of the Ubaye swarm.
However, their meteoric origin indicates that the pressuriza-
tion of fluid at depth cannot be explained by the upwelling
and accumulation of deep fluid origin below a hydraulic
barrier. Indeed, the trapping of meteoric water into the fault
zones appears to be more conceivable.

[s1] Moreover, the releasing and diffusion of fluid over-
pressure through a fault zone, as it is implied by a model of
upwelling, deep overpressured fluids, tend to disagree with
the results presented in section 4. Our results tend to dismiss
the fluid diffusion model proposed in earlier studies
[Jenatton et al., 2007; Daniel et al., 2011] for the following
reasons. First, the spatial pattern of overpressure is discontin-
uous and presents a gap in a possible releasing bend
(Figure 11). Second, fluid overpressure does not progres-
sively decrease from the northwestern to the southeastern
part of cluster CL1, as it would be expected with a fluid
diffusion model. Conversely, it increases and reaches its
maximum values in the southeastern part of cluster CLI.
These considerations dismiss both an upwelling of deep
overpressured fluids for the Ubaye swarm and a migration
of microseismic events related to fluid diffusion processes.

[52] Another process enabling the development of fluid
overpressure within a fault zone is fault compaction
[Blanpied et al., 1992; Byerlee, 1993]. This mechanism re-
quires compaction of the saturated fault gouge and sealing
of the fault zone to prevent water escape. Under these condi-
tions, the pressurization of water in the fault zone lowers the
effective normal stress and thus favors fault reactivation. In
the Ubaye case, the saturation of fault zones may come from
the geothermal water fluid flow [Baietto et al., 2009].
Fault sealing can occur by a pressure-solution mechanism
[Renard et al., 2000; Gratier et al., 2003]. Indeed, pressure
solution is efficient in quartz-rich rocks, commonly observed
along fault exposures in the Argentera massif [Baietto et al.,
2009; Leclere et al., 2012]. Pressure solution reduces poros-
ity and permeability by healing cracks and pores. Reduction
of porosity and permeability prevents the water from escap-
ing and enables fluid pressure buildup.

[53] In the following, we propose a new model for the gen-
eration of the 2003—2004 Ubaye seismic swarm. The model
for this swarm must reconcile the following observations:
(1) seismic events migrated southeastward along cluster
CL1, (2) moderate fluid overpressure accompanied the
swarm inception and was followed by the development of
large fluid overpressure associated with the burst of seismic
activity, (3) fluid overpressure developed in two distinct
areas that were separated by an area of low/null overpressure,
and (4) every distinct patch of fluid overpressure lasted for
about 1 year.

[54] Stress transfer has already been mentioned as a possi-
ble mechanism favoring the migration of seismicity [Stein,
1999; Toda et al., 2002; Aoyama et al., 2002; Yukutake
et al., 2011]. This hypothesis was tested in this study. By
using the 3DDEF software [Gomberg and Ellis, 1993], we
computed for every event of the 55-earthquake population
analyzed above (section 4.4) the (cumulative) static
Coulomb stress induced by all preceding events on the target
fault plane associated with the focal mechanism of the event.
Our results show that the magnitude of the Coulomb stress
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just before these events is always lower than 0.03 MPa and
often has negative values. From these simulations, we con-
clude that the triggering of seismicity by static Coulomb
stress transfer is not significant and cannot explain the migra-
tion observed during the 2003—-2004 Ubaye swarm.

[s5] Aseismic slip could be another viable mechanism fa-
voring the migration of seismicity [Schmidt et al., 2005;
Lohman and McGuire, 2007; Chen and Shearer, 2011]. For
example, at Salton Sea, California, Lohman and McGuire
[2007] proposed that the migration of seismic events could
be explained by aseismic slip at depth. Their interpretation
was based on evidence obtained using geodetic data. Event
migration velocities for Salton Trough swarms (0.1-1 km/h)
is usually larger than the migration velocities for the Ubaye
swarm (~5.10 km/h). This difference in migration velocities
can be related to the difference in strain rate between the high
strain rate of the creeping segment of the San Andreas Fault
(~20 mm/yr; [Titus et al., 2006]) and the low strain rate of
the Southwestern Alps (~1 mm/yr; [Calais et al., 2002;
Delacou et al., 2008]).

[s6] The cumulated seismic moment of the Ubaye swarm
corresponds to a M; 4 equivalent single event, which would
have occurred on a ~5 km? fault surface. Besides, the rupture
surface area of the 2003—2004 Ubaye swarm, as suggested by
the spatial distribution of hypocenters, is larger than 5 km?
and rather corresponds to a potential magnitude of M; 5.5
to 6. This discrepancy could reflect the signature of a driving
mechanism that involves aseismic processes. No geodetic
data, which could help testing this hypothesis, are available
in the study area for 2003 or 2004. Note that the occurrence
of aseismic slip during the Ubaye swarm can explain the ob-
served migration of epicenters from the northern part to the
southern part of CL1 (Figure 2) as it was demonstrated at
Salton Trough in California by Lohman and McGuire
[2007] and Chen and Shearer [2011].

[57] The possibility of aseismic slip may provide informa-
tion about the slip behavior of the fault. Indeed, rate-and-state
friction laws discriminate two categories of fault behaviors,
based on friction coefficient changes at increasing sliding ve-
locities. Velocity-strengthening faults exhibit stable sliding,
or aseismic slip, with increasing sliding velocities, whereas
velocity-weakening faults exhibit potentially unstable slid-
ing, or coseismic sliding, with increasing sliding velocities
[Dieterich, 1978; Ruina, 1983; Scholz, 1998]. The slip be-
havior is governed by the friction properties of the constitu-
tive material (e.g., gouge and breccia) or by the thickness
of the gouge layer [Marone et al., 1990; Marone and
Saffer, 2007]. In the Ubaye case, aseismic slip suggests that
faults are characterized by a velocity-strengthening behavior
inhibiting the triggering of moderate to large earthquakes and
conversely favoring aseismic slip and microearthquakes.

[s8] During the 2003—2004 Ubaye swarm, fault compac-
tion and aseismic slip could have acted in concert, with
compaction causing the development of the fluid overpres-
sure and aseismic slip affecting the migration of events.
Moreover, the similarity between fluid overpressure and spa-
tial migration of events suggests that these two mechanisms
were probably related. The mutual dependence of these two
processes can be explained by aseismic slip-induced fault
compaction, also known as “creep compaction” [see Sleep
and Blanpied, 1994; Gratier et al., 2003; Fitzenz et al.,
2007]. During creep compaction, aseismic slip compacts
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and seals fault zones, thus contributing to an increase in pore
fluid pressure. In the overpressurized volumes, the fluid over-
pressure in turn enables the reactivation of faults misoriented
with respect to the stress field (i.e., faults requiring fluid over-
pressures to be reactivated). Fault reactivation may break the
hydraulic barrier during motion and may induce a fault-valve
behavior [Sibson, 1990], pressurizing the volume surround-
ing the fault and favoring the reactivation of adjacent faults.
The low energy released during fault slip motions, deduced
from the low-magnitude events, induced a low degree of
fracturing and dilatancy around the fault. Consequently, the
low permeability and dilatancy of the fault zone prevent sig-
nificant fluid pressure decrease and may explain the sustained
patch of overpressure (~1 year long) to the NW and SE of
cluster CL1.

[s9] Also, our fault model is consistent with the gap in
overpressure observed in the middle part of the CL1 cluster
(Figures 10 and 11). If this gap marks the emplacement of a
releasing bend, the deformation expected in this area is char-
acterized by dilatation, with associated porosity increase.
Development of porosity would thus inhibit the development
of fluid overpressure, explaining the lack of such overpres-
sure in our observations.

[60] During the swarm activity, the temporal variations
of the seismic moment presented on Figure 9c¢ could be
explained by volume changes as suggested by McGarr
[1976]. McGarr [1976] showed good correlations between
volume changes during fluid injection into wells or during
rock mining and the seismic moments of the triggered earth-
quakes. In the case of the Ubaye swarm, the variations of the
seismic moments through time could be explained by volume
changes induced by creep compaction (decrease of the fault
zone volume). Given that creep compaction is the mecha-
nism allowing fluid pressure buildup, the correlation between
fluid overpressures and seismic moments can be explained by
volume decreases induced by fault zone compaction. The
correlation between fluid overpressures and seismic mo-
ments strengthens our interpretation that creep compaction
is a mechanism active during the 20032004 Ubaye swarm.

[61] At swarm inception, the development of moderate
fluid overpressure (35 MPa) enables the reactivation of nor-
mal, transtensional, and strike-slip faults. During the seismic
burst activity, the development of larger fluid overpressures
(up to 55 MPa) progressively enables the reactivation of fur-
ther misoriented normal, transtensional, and transpressional
faults. This change in the faulting regime during the seismic
burst activity is also accompanied by a change of the b-value
[Jenatton et al., 2007] with a mean b-value close to 1.2 be-
fore the seismic burst and a mean b-value close to 1.4 after
the seismic burst. The correlation between the b-value and
the faulting regime was demonstrated by Schorlemmer
et al. [2005], who found that normal faulting events have
the highest b values, thrust events have the lowest values,
and strike-slip events have intermediate values. However,
the faulting regime is controlled by the orientation and
components of the principal stress axes (see Bott’s [1959]
hypothesis), which are themselves sensitive to the value of
fluid pressure (following Terzaghi’s equation of effective
stress). Consequently, the variations of the 5 values for the
Ubaye swarm may correspond to variations of the magni-
tudes of the principal stress axes caused by fluid overpres-
sures through time.
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6. Conclusion

[62] In this study, we document spatiotemporal changes in
fluid overpressures during the 20032004 Ubaye seismic swarm.
The computation of these changes is based on a Mohr-Coulomb
analysis carried out on a selection of 51 significant focal
mechanisms. The analysis enables to characterize a strong spatial
heterogeneity in overpressure distribution within the swarm
hypocentral area and to refine the preliminary estimates reported
by Leclere et al. [2012]. We show the following:

[63] 1. The Ubaye swarm activity was controlled by fluid
overpressurization, with overpressures 0Pf close to 35 MPa
at swarm inception, increasing up to 55 MPa during the burst
of seismic activity, and finally dissipating toward the end of
the crisis.

[64] 2. Overpressure developed in patches localized along
two parallel NW-SE faults segments, on both sides of a re-
leasing bend structure.

[65] We propose the following:

[66] 1. The migration of earthquake hypocenters could
have been induced by aseismic slip.

[67] 2. Aseismic slip episodes induced creep compaction
of fault zones, which in turn enabled fluid overpressures to
develop. This is supported by the evidence that the migration
of events and the development of fluid overpressures in the
Ubaye area are strongly dependent and are probably
governed by aseismic processes.

[68] Based on previous results [Jenatton et al., 2007; Daniel
et al., 2011; Leclere et al., 2012] and those obtained in this
study, a scenario reconciling structural, hydrogeological,
and mechanical observations can be proposed for the
2003-2004 Ubaye swarm. In this scenario, meteoric waters
infiltrate through the Argentera massif at depth and saturate
the fault zones. Meteoric waters are then trapped in the
fault zones because of hydrothermal sealing of the damage
zones and because of a low-permeability sedimentary lid
preventing the water to escape. Aseismic slip could then
drive the seismic migration toward the SE along cluster
CL1 and could induce creep compaction. The simultaneous
occurrence of creep compaction and hydrothermal sealing
processes, and the presence of the low-permeability lid
enabled the development of fluid overpressure patches in
two distinct areas: NW and SE of cluster CL1. These two dis-
tinct areas appear to be located along two overlapping parallel
fault segments defining a pull-apart-like, releasing bend
structure. This proposed structure is characterized by low to
null overpressure, i.e., high porosity or high permeability.
Conversely, the sustainment of overpressure patches for about
1 year argues in favor of low-permeability fault zones.

[69] Future studies of the Ubaye swarm driving processes
should take into account the dynamic response of the fault
system to compaction and pressure buildup phenomena. As
nonlinear transient dynamic deformation processes may
present strong short-lived variations, they could have a
significant impact on earthquake triggering and need to be
studied thoroughly.
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