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a b s t r a c t
We study the effects of surface water loads and moderate-magnitude earthquakes on the subsurface state of
stress and its relation with seismicity, near the newly constructed Itoiz reservoir in the western Pyrenees,
northern Spain. To do this, we initially compute the evolution of the stress changes in the subsoil due to the
water load distribution during the impounding of the reservoir, and relate it with the main seismicity
occurred after the beginning of impoundment. After this, we compute the coseismic and postseismic stress
changes produced by the main events of the seismic series and study its inﬂuence on the triggering of the
aftershocks. Stress changes due to the water loads are computed by means of the Boussinesq solution for a
homogeneous elastic half-space whereas the coseismic stress changes due to earthquakes are obtained using
the equations for an internal elastic dislocation in a half space. The effects over the possible seismogenic
faults are in both cases, accounted by means of the Coulomb Failure Stress criterion (ΔCFS). We considered
different threshold values and apparent friction coefﬁcients of ΔCFS for the effective static triggering. Then,
we calculate the pore pressure changes produced by the time evolution of the surface water loads, as also the
pore pressure changes generated by the elastic dislocations due to the largest earthquake of the series
(mainshock).
The fault parameters for the computation of the ΔCFS of the perturbing seismic events were selected from
published focal solutions. To deﬁne the target fault parameters we took into account the focal solutions of the
earthquakes and aftershocks themselves, the parameters of mapped faults based on the tectonic setting and
those of optimally oriented faults. Due to the absence of reliable estimations for the slip distributions of the
main earthquakes, we assumed for stress computations a semi-elliptical distribution of slips over the fault.
Results show the existence of a mainly positive stress inﬂuence of the surface water loads on the main
earthquake of the series, in two different senses: the elastic Coulomb failure stress and the change in pore
pressure. However, due to different uncertainties on the possible values of the apparent coefﬁcient of friction
(µ') for the zone, there is not a clear indication of an effective earthquake triggering of the mainshock due to
the elastic stress changes by the surface water loads. On the other hand, a more clear effect is found on the
possible triggering of aftershocks due to the largest earthquakes of the series. It is also found a positive pore
pressure inﬂuence of the two largest events on most of the aftershocks.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Effects of the ﬁlling of artiﬁcial water reservoirs on the state of
stress in the crust and its relation with seismicity near dams have been
studied since the middle of the past century. Near 90 sites around the
world have been identiﬁed with triggered seismicity produced by
surface water loads (Gupta 2002). The Itoiz reservoir located in
Navarra, northern Spain (Fig. 1), is a newly constructed gravity dam
that stores the water ﬂows of the Irati and the Urrobi rivers. The dam
wall has a total height of 121.0 m measured from its basement and a
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total length of 525 m. Eight months after the beginning of its
impoundment a clustered seismic series, located between the city of
Pamplona and the Itoiz lake, began on September 18, 2004 (Ruiz et al,
2006b). The series was headed by an Mw = 4.7 mainshock, followed by
several moderate and small aftershocks. The mainshock and the largest
aftershock were widely felt in this region and in the western Pyrenees.
Different works have been published in relation with the seismic
characteristics of this series (e.g. Colegio de Ingenieros de Caminos,
Canales y Puertos, 2005; Colegio Oﬁcial de Geólogos, 2005; GarcíaYague; 2005; Rueda, 2005) and about the statistical analysis on the
possible relation of seismicity with the water level change of the lake
(e.g. Casas-Sainz, 2005; Ruiz et al, 2006b). However few studies have
presented a quantitative subsoil stress change analysis due to surface
water loads and its relation with the seismicity in this region.
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Fig. 1. Location of the study area and tectonic setting. NPZ = North Pynrenean Zone; PAZ = Paleozoic Axial Zone; SPZ = South Pyrenean Zone; NPF = North Pyrenean Fault;
PF = Pamplona Fault; Paleozoic Basque Massifs: CV = Cinco Villas Massif; A = Aldudes-Quinto Real Massif. AB = Aquitaine Basin; EB = Ebro Basin; JPB = Jaca-Pamplona Basin;
IR = Itoiz Reservoir. Σ-Σ' show the line for the projection of seismicity in Fig. 2. The study area is shown by a dashed line square. Star shows the location of the 18/9/2004 mainshock.
INSET: Location of the study area in the Northwestern Pyrenean Region is shown with a dashed square.

In this work we study the effects of surface water loads and several
moderate-magnitude earthquakes on the subsurface state of stress,
and its possible relation with seismicity near the Itoiz reservoir. In a
ﬁrst stage, we compute the evolution of the stress changes in the
subsoil due to the water load distribution during the impounding of
the reservoir and relate it with the main clustered seismicity in the
area occurred after the beginning of impoundment. After this, we
compute the coseismic and postseismic stress changes produced by
the main events of the seismic series and study its possible inﬂuence
on the triggering of the aftershocks. Stress changes due to the water
loads are computed by means of an analytical solution for a homogeneous elastic half-space and the coseismic stress changes due to
earthquakes are obtained using the equations for an internal elastic
dislocation in a half space. The effects over the possible seismogenic
faults, in both cases, are accounted by means of the Coulomb Failure
Stress change criterion (ΔCFS). We next, evaluate the effects of the

Fig. 2. Space-time plot of recent seismicity (M N 2.5) in the western Pyrenees along an
E–W (Line Σ–Σ' in Fig. 1) proﬁle. Time span is from 1/1/1990 to 31/12/2006. Data from
the IGN catalog. Star shows the location and time of the 18/9/2004 mainshock. Thin
solid line shows the time of the beginning of impoundment. Data is compiled from the
Spanish National Geographic Institute (IGN).

pore pressure changes produced by the time evolution of the surface
water loads and also the pore pressure changes produced by the
elastic dislocations of the mainshock of the series.
2. Tectonic setting and seismicity
2.1. Tectonic setting
The study area is located in the western Pyrenean edge, which is a
complex geological structure with a roughly E–W orientation
belonging to the Pyrenean Range. Here, the region is usually divided
in three major zones. From north to south are the North Pyrenean
Zone (NPZ), the Paleozoic Axial Zone (PAZ) and the South Pyrenean
Zone (SPZ) (Fig. 1). The NPZ is a Mesozoic unit overthrusting the
Tertiary Aquitaine foreland basin, divided with respect to the PAZ by
the North Pyrenean Fault system (NPF). The NPF system is a major
tectonic structure running in an E–W direction along the whole
Pyrenean range and is interpreted as the surface expression of the
Mesozoic plate boundary between Iberia and Europe (Choukroune,
1992). This transform fault system is characterized by multiple fault
segments, which locally may have different orientations and slip
directions than the general E–W direction. This includes several pullapart basins and basinal areas where different lower crustal and upper
mantle bodies crops out, conforming a domain that in some cases can
reach tens of kilometers width (e.g. Larrasoaña et al, 2003a). The trace
of the NPF vanishes towards the western edge of the Pyrenean Belt,
leading to different PAZ massifs, known as the Paleozoic Basque
Massifs (Fig. 1). The South Pyrenean zone constitutes the external part
of the Pyrenean Belt and is a Tertiary unit with E–W structures and
fault systems, which overrides to the south the Ebro foreland basin. An
important structure in the area is the Pamplona Fault (PF) also known
as the Estella Fault. This system runs in a NNE–SSW direction with
more than 125 km length (Turner, 1996) (Fig. 1). This is interpreted as
a large crustal discontinuity that limits two different structural zones:
on the west side the NPZ Basque–Cantabrian basin with structures
that verges northward, and the SPZ to the east side with its most
important structures verging south (e.g. Turner, 1996; Faci et al, 1997).
This fault had, since the Cretaceous, different kinematic behaviors
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Fig. 3. Map of the study area and relative location of Itoiz reservoir with respect to the 2004–2005 seismic series. The mainshock is shown by a solid red star and the largest aftershock
earthquake is shown by a red circle. Aftershock locations for the interval between September 22 and October 20, 2004, are shown in yellow-and-brown circles while blue circles show
aftershocks between April 14 and October 8, 2005. Water level is shown at its maximum capacity, as in May 6, 2008. Map is in an UTM projection.

(Ruiz et al, 2006b; Larrasoaña et al, 2003b). In Cretaceous times, it
mainly had a vertical movement separating the subsiding basins in the
west from the more stable areas in the east (Rat, 1987) and during the
late Eocene, the subsidence changed to the eastern side (Faci et al,
1997). During the Alpine compressional stage this fault has been
interpreted as a major strike slip fault with either sinistral (e.g. Faci
et al. 1997; Pedreira et al. 2003) or dextral (e.g.Turner, 1996) sense of
movements.
The large-scale present stress ﬁeld in most Iberia has a N150°E
mean compressive trend (e.g. Herraiz et al, 2000; De Vicente et al.,

2008), and a N120°E Shmax trend in the Pyrenean region (De Vicente
et al., 2008), which reﬂects the state of stress generated by the
interaction among the Eurasian plate, the African plate and the E–W
push coming from the mid-Atlantic rift (e.g. Herraiz et al, 2000;
Jabaloy et al, 2002). This stress ﬁeld is however not homogeneous at
small and local scales. Focal mechanisms in the western part of the
Pyrenean range suggest trends varying from NW–SE to NNW–SSE
(Ruiz, et al, 2006a) while microstructural, microfault data and
seismological data in the eastern part of Pyrenees suggests a NNE–
SSW direction of maximum compressive stress (Jabaloy et al, 2002).

Fig. 4. Isometric view of the water column distribution for the Itoiz reservoir at its maximum capacity, as in May 6, 2008. Spatial sampling rate in both spatial directions is 25 × 25 m.
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Fig. 5. Theoretical earthquake slip distribution on the fault plane, used on the
computation of the coseismic ΔCFS of each earthquake. Amplitudes of slips are set to
match the seismic moment of each event.

During the Quaternary and present time the active faults in the
Western side of the Pyrenean range appear to behave mainly with
strike slip to normal faulting (Herraiz et al 2000; Ruiz, et al 2006b)
where most of the P axes show a NW–SE general orientation (Ruiz
et al, 2006c).
2.2. Seismicity
During the second half of the last century, the seismicity in the
westernmost part of the Pyrenees appears relatively sparse with small
to moderate magnitudes. Due to this, few clustered seismic series in
the region have been reported during this period. In recent times,
seismicity in the western Pyrenean region is rather moderate and
mainly located along an E–W belt of about 200 km long and 40 km
width. Between the longitudes 0.0° to 1.3°W, the seismicity shows
shallow depths and is concentrated in a narrow strip of 15 km wide
mainly in the French side (Souriau and Pauchet 1998, Ruiz, et al.,
2006b). The activity in this particular range of longitudes is traditionally associated to the NPF with a mainly E–W orientation of
faults (Souriau and Pauchet 1998). On the other hand, in the
westernmost part of the Pyrenean range (1.3°W to 1.6°W), the
seismic activity becomes less concentrated and their depths increase
up to 20 km (Ruiz et al, 2006b). Instrumental catalogues report in this
region earthquakes with moderate magnitudes up to M = 5.5 in the
last few decades (Ruiz et al, 2006a), however six destructive earthquakes with intensities greater than VII have been reported in this
area in the recent past (Martínez-Solares and Mezcua, 2003). In Fig. 2
we show the space-time evolution of the recent seismicity in
the region up to December 31, 2006, in an E–W cross section. On
September 18, 2004, an Mw = 4.6 earthquake occurred about 15 km
east of Pamplona city in Navarra, Spain. Ruiz et al (2006b) reports an
intensity V in the region of Aoiz and at the Itoiz Dam and an intensity
IV in Pamplona City. This earthquake was followed by at least 350

Table 1
Focal mechanisms used for the mainshock and largest aftershock.
Mainshock (Mw = 4.6; Ms = 4.7)
18/09/2004; 12:52:17

Largest aftershock (Mw = 4.0;
Ms = 3.6) 30/09/2004; 13:09:07

ϕ,θ,λ

ϕ,θ,λ

298, 42, −76
266, 38, − 130
215, 72, − 98
285, 41, − 92
289, 65, −92
342, 40, − 32§

282, 34, − 93
272, 40, − 102
–, –, –
279, 36, − 97
277, 61, −94
346, 48, −52§

Fig. 6. Time evolution of ΔCFS due to surface water loads. Computations are for
different values of µ' at the mainshock hypocentral location, for the complete interval
0.0 ≤ (1 − µ') ≤ 1.0, resolved in the direction (ϕ = 298, θ = 42, λ = 76). Time interval is
normalized to the entire studied period of impoundment. The solid vertical line
indicates the time occurrence of the mainshock.

aftershocks in the next month after the mainshock, having magnitudes up to Mw = 4.0 (Fig. 3).
3. Data and method
The impoundment of the reservoir began on January 19, 2004 and
the time histories of the lake levels (THLL) used in this study, covers
from this date up to May 6, 2008. The time series was obtained from
the Confederación Hidrográﬁca del Ebro (CHE), with a daily sampling
rate of the lake levels, measured at the center of the dam. The surface
water loads evolution was computed based on these time series levels
and on the Digital Elevation Model (DEM) of the zone, obtained before
the reservoir ﬁlling. The combination of these two data sets (i.e., daily
THLL and DEM) gives a unique opportunity to perform a highly
accurate estimation of the evolution of the water loads and the space
distribution in time, due to the relatively high spatial sampling rate of
elevations in the DEM (25 m × 25 m). Fig. 4 shows the spatial distribution of the water loads at the maximum level of the lake.
3.1. Stress analysis

Reference

1
2
3
4
5
6

Notes: ϕ = strike angle, θ = dip angle, λ = rake angle, following Aki's convention.
References: 1 = Rueda (2005); 2 = Instituto Andaluz de Geofísica (IAG) moment tensor
catalog, Spain. 3 = Harvard Global CMT moment tensor catalog. 4 = Instituto Geográﬁco
Nacional (IGN) moment tensor catalog, Spain. 5 = ETHZ Swiss Moment Tensor
Solutions catalog. 6 = Ruiz et al. (2006b). Focal mechanisms are obtained from
Moment Tensor Inversion, except in (§) where it was obtained from ﬁrst motion P wave
arrival.

Surface water loads and the associated stress changes in the subsurface were computed by means of the Boussinesq solution for a
vertical point load on a homogeneous elastic half-space (e.g. Jaeger
and Cook, 1969), in a 3D tensorial way (e.g. Gough and Gough, 1970).
The surface vertical forces can be expressed by means of F(x,y,t) = ρ g
s h(x,y,t), where ρ = 1000 kg/m3, g = 9.81 m/s2, s is the area of the
spatial sampling rate in the DEM, and h(x,y,t) is the water column
height that depends on the spatial location at surface and the time
(date) during the impoundment. Given the internal stress change
tensor due to a surface point load, the total contribution of the entire
lake water loads is computed by the sum of subsurface stresses due to
the two dimensional array of forces at surface. The time varying elastic
stress changes due to the time varying reservoir loads are then
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Fig. 7. Stress changes for the two main events of the 2004 series. Fig. 7A–C shows the ΔCFS for an apparent coefﬁcient of friction µ' = 0.4, shear and normal stress respectively due to
the mainshock, resolved in pure normal dip slip fault. Fig. 7D–F, same as 7A–7C due to the largest aftershock. Computations are for a plane at 6.2 km depth, which is the median depth
of the studied aftershocks. Black circles show the epicenters of aftershocks.
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Fig. 8. E–W cross-section view of the coseismic ΔCFS produced by the mainshock event. Fig. 8A–C shows the ΔCFS for µ' = 0.4, shear and normal stress respectively due to the
mainshock, resolved in a normal dip slip fault. Fig. 8D shows the ΔCFS for µ' = 0.7. Black circles show the epicenters of seismicity. ΔCFS is computed in a vertical plane containing the
hypocenter of the mainshock.

obtained by the computation of stresses due to the lake water level at
a given time.
On the other hand, the coseismic stress changes due to earthquakes were obtained using the equations for an internal elastic
dislocation in the half space given by Okada (1985, 1992) and all of
these stresses were calculated in a 3D tensorial way. The rupture area
assigned for each analyzed earthquake was given by the empirical
relation log(S) = Ms−4.1 (e.g. Wells and Coppersmith, 1994), where S
is the source area in km2 and Ms is the surface-wave magnitude. The
aspect ratio of the source fault plane was assumed as L = W, where L is
the length along the strike direction and W the width along the dip
direction. This aspect ratio is the expected for small and moderate
earthquakes (e.g. Wells and Coppersmith, 1994) and has been used for
similar studies in Spain (e.g. Santoyo and Luzón, 2008). In the process,
we assumed a mean shear modulus of G = 3.7 × 1011 dyne/cm2
derived from the information for this region (Pedreira et al, 2003;
Ruiz, et al, 2006b) and a Poisson ratio of ν = 0.25. On the other hand,
slip distribution over the fault plane of earthquakes is usually
heterogeneous. Due to the absence of this information and because

not enough near ﬁeld, nor far ﬁeld data were available to perform a
reliable kinematic inversion for the analyzed earthquakes, we
assumed a theoretical 2D semi-elliptical distribution of source slips
over the fault, which is expected from a nearly uniform stress drop
(e.g. Mikumo, et al., 1998; Santoyo, et al 2005). Fault planes were
divided in 21 × 21 subfaults and the values for the coseismic
displacement were set to match the seismic moment of each event
(Fig. 5). In order to suppress the stress edge effects on the fault, we
spatially tapered the distribution of slips with a cosine function along
the fault length and width, in the two spatial directions (strike and
dip) for all events (Fig. 5). We assumed different values for taper in the
interval 0% to 50% on each side of the fault. A 0% taper implies that no
reduction on the edge effects is included and a 50% taper implies that
the slip distribution is completely deﬁned by the taper shape. We
assumed a value of 7.5% taper on each side of the fault. As taper is
intended only to reduce the stress edge effects on the fault, its
inﬂuence on the stress change outside the fault is small and limited to
distances close to the edges. The orientation of the different fault
plane solutions used in this study is given in Table 1.
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Fig. 9. Coseismic ΔCFS due to the interaction between the mainshock and the largest aftershock resolved in the mean slip direction of the aftershock series. Fig. 9A shows the
epicenters of aftershocks between September 30 and October 20, 2004. Fig. 9B shows the epicenters of aftershocks for the 2005 period.

The stress changes due to these two types of elastic perturbations,
i.e., the time varying water loads and dislocations, transmitted to the
surrounding faults and subsequent earthquake locations, was described by means of the calculation of the coseismic Coulomb Failure
Stress change.
The change of the Coulomb Failure stress (ΔCFS) can be obtained
from (e.g., Harris, 1998):
ΔCFS = Δσs + μðΔσn + ΔpÞ

ð1Þ

where Δσs is the change on the shear stress over the fault plane, µ is the
static coefﬁcient of friction Δσn is the stress in the normal direction to
the fault plane and Δp is the change in the ﬂuid pore pressure. Under
undrained conditions in an isotropic and homogeneous poroelastic
material, the change in the pore pressure due to a change in stress can
be expressed as (e.g. Rice and Cleary, 1976; Cocco and Rice, 2002);
B
Δp =  Δσkk
3

ð2Þ

where σkk = σxx + σyy + σzz is the volumetric stress and B is the
Skempton's coefﬁcient of the rock-ﬂuid mixture. Theoretically B
ranges between 0.0 and 1.0 (Roeloffs, 1988) depending on the level
of the ﬂuid saturation, however experimental values range from 0.47 to
1.0 (e.g. Cocco and Rice, 2002). Substituting 2 in 1 gives the Coulomb
failure stress change for an isotropic fault zone model,


B
ΔCFS = Δσs + μ Δσn  Δσkk
3

ð3Þ

Assuming that the fault zone materials are more ductile than the
surrounding materials (Rice, 1992), Δσ3kk ≅Δσn , and expression (3) can
be written as
ΔCFS = Δσs + μΔσn ð1  BÞ

ð4Þ

Writing the apparent coefﬁcient of friction as µ' = µ(1 − B), the
change (ΔCFS) can be expressed as
0

ΔCFS = Δσs + μ Δσn

ð5Þ

A value of µ' = µ indicates that B = 0.0 and that the pore pressure
has no effects on the normal stress because the rock is assumed dry. In
our case, this becomes an uncommon consideration due to the usual
presence of water at the shallow crustal depths near the reservoir (e.g.
Cocco and Rice, 2002; Gupta, 2002). On the other hand when µ' = 0.0
(µ ≠ 0.0, B = 1.0), the rock is completely saturated and the pore
pressure is canceling the effects of normal stress. In this case only the
shear stress accounts for the stress change. For the apparent
coefﬁcient of friction, we assumed different values ranging from 0.2
to 0.9. A value of µ' = 0.4 is usually adopted by different authors for
different fault mechanisms in shallow faults at sites as California (e.g.
Deng and Sykes, 1997; Hardebeck et al., 1998) or Turkey (e.g. King
et al., 1994; Stein et al., 1997). It has been shown (e.g. Santoyo et al.,
2005) for earthquake faulting, that outside the ruptured zone the
absolute values for ΔCFS are slightly affected by the choice of µ'. To
deﬁne the target fault parameters to resolve the stress tensor, we took
into account the focal solutions of the aftershocks, those parameters of
mapped faults based on the tectonic setting and those of optimally
oriented faults.
To take into account the effects of the subsurface pore pressure
changes produced by the water loads and by the earthquake dislocations, we assumed a subsurface linear poroelastic medium. Here, to
compute the total pore pressure changes (ΔP) due to the temporal
evolution of surface water loads, we followed the method proposed by
Kalpna and Chander (2000), who solve the hydraulic diffusion equation
in terms of the Green's Functions for pore pressure relaxation. To
compute ΔP in the subsurface volume due to the earthquake elastic
dislocations, we used the method shown by Ge and Stover (2000) for the
hydrodynamic response of a poroelastic half-space to subsurface
faulting. This method also employs the Green's function solutions for
the hydraulic diffusion equation.
3.2. Seismic data
To compare our results from these stress analyses with the local and
aftershock seismicity, we used the hypocentral seismic catalog obtained by
the aftershock campaign made by the CSIC Jaume Almera Institute
(Colegio de Ingenieros de Caminos, Canales y Puertos, 2005) and the
earthquake location catalog of the Instituto Geográﬁco Nacional of Spain
(IGN). Hypocentral locations were improved by the Double-Difference
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Fig. 10. Map view of the coseismic ΔCFS due to the interaction between the mainshock and the largest aftershock. Fig. 10A shows the stress change due to the mechanisms computed
by IAG by means of the moment tensor inversion. Fig. 10B shows the stress change due to the focal mechanism computed by Ruiz et al. (2006a) by means of the polarities of ﬁrst P
wave arrivals. ΔCFS is computed at 6.2 km depth.

Hypocenter Location algorithm proposed by Waldhauser and Ellsworth
(2000).
The fault parameters of the mainshock and the largest aftershock
used in this study were selected from published focal solutions (Table 1).
For the September 18, 2004 mainshock, we used the hypocentral location reported by the Spanish National Geographic Institute (IGN),
while for the aftershocks we used the relocated seismicity published by
Ruiz et al. (2006b). We studied two sets of aftershocks: the ﬁrst one for
the period 2004/09/22–2004/10/20 shown with yellow-brown dots in
Fig. 3, and the second one for the period 2005/04/14–2005/10/08,
shown with blue dots in this Figure. The epicenters of the mainshock and
the largest aftershock are shown with red circles.

4. Results
In order to analyze the possible stress triggering of the mainshock
due to the change of surface water loads, the evolution of the change of
the Coulomb Failure stress (ΔCFS) produced by the evolution of the
THLL was computed at the hypocentral location of the mainshock, for
different values of µ'. Initially, the ΔCFS time evolution was resolved on
each direction in Table 1. However, as it can be seen from Table 1, most
of the solutions presented have similar focal mechanism, except the
one coming from reference 6. As the latter solution is less reliable than
the others, we gave it a lower weight in the analysis. After comparing
the results for each direction of faulting, the values of ΔCFS resolved in
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Fig. 11. Time evolution of the reservoir water level (WL) and pore pressure change for a
homogeneous poroelastic halfspace computed at the 18/9/2004 mainshock hypocenter.
Compression part of the pore pressure changes (C) is shown with a dotted line. Diffusion
part of the pore pressure (D) is shown with a thick dashed line. The total pore pressure
change (T) is shown by a thick solid line. Values of c = 1.0 m2/s and B = 0.5 are assumed
for computations. Time in months is after the beginning of impoundment. Vertical line
shows the 18/9/2004 mainshock occurrence time.

the directions of references 1 to 5 showed only small differences
among them. Given this, we used solution 1 for our analysis.
Assuming that µ can take values between 0.6 and 0.8 and that the
Skempton's coefﬁcient ranges between B = 0.5 and B = 1.0 (e.g. Cocco
and Rice 2002), µ' can take values of 0.0 ≤ µ' ≤ 0.75. In Fig. 6 we show
the time evolution of ΔCFS for different values of µ' at the mainshock
hypocentral location for the complete interval 0.0 ≤ (1 − µ') ≤ 1.0, and
resolved in the direction of solution 1 (ϕ = 298°, θ = 42°, λ = −76°).
It is to be noted that for this location, there is a change in the sign of
the ΔCFS during the evolution of the surface water loads. By the time
of the mainshock occurrence denoted by a solid vertical line in Fig. 6,
the change of sign in the value of the effective friction coefﬁcient
occurs for a value of µ' = 0.6. This value is in the range used by other

Fig. 12. Map view of the compression part of the pore pressure change produced by the
evolution of the water level, at the time of occurrence of the mainshock. Solid triangle
indicates the mainshock location. Itoiz lake is projected on the map with solid dots. Pore
pressure is computed at 6.0 km depth.

Fig. 13. Time evolution of the compression component of pore pressure change due to the
main seismic event. Solid line shows the pore pressure change produced by the mainshock,
computed in the hypocentral zone of the largest aftershock. Dashed line shows the change
in pore pressure due to the evolution of the water level, computed at the mainshock
location. Top: plot using a full scale in the amplitude of pore pressure. Bottom: same as top,
with zoom in amplitude. Reference time (T = 0.0) in the Time axis is 19/1/2004.

authors for different calculations of ΔCFS (e.g. Harris, 1998; Stein,
1999). Typically a value of ΔCFS = + 0.1 bar is considered as the
threshold for an effective static stress triggering (e.g. Harris, 1998;
Steacy, et al., 2005). However, depending on the slip distribution
assumed, different threshold values have also been recently proposed
(ΔCFS = + 0.005 bar; Nalbant, et al., 2005). At the time of occurrence
of the mainshock, a value near ΔCFS = + 0.01 bar is obtained for
µ' = 0.35.
We computed after this, the ΔCFS produced by the dislocation of
the mainshock resolved in the direction of the aftershock events. Due
to the low rate of relative tectonic displacements on the region, about
0.1 to 1.0 mm/a (e.g. Ruiz et al, 2006a; Jabaloy et al, 2002) and the
relative short time after the beginning of the seismic series (4 years to
present day), the effect of the tectonic loading on the state of stress in
the region, computed based on the scheme of virtual backslip can be
disregarded. As these changes are not signiﬁcant in the general state of
stress, this effect was not taken into account.
ΔCFS produced by the mainshock was ﬁrst resolved in the slip
direction of the largest aftershock taking into account all the
published solutions. Here, in all cases the mainshock produced a
positive ΔCFS N 0.1 bar with respect to the largest aftershock, suggesting that the mainshock could have had inﬂuence on the triggering of
this aftershock. The ΔCFS produced by this earthquake was also
resolved in the slip direction of the different aftershocks reported by
Ruiz et al. (2006b). In this case, we obtained a Coulomb Index
(Hardebeck et al, 1998) of 72% for the computed aftershocks. In
Fig. 7A–C we show the results of the stress change due to the
mainshock compared with the series of aftershocks for the ﬁrst period
in 2004. Fig. 7A shows the ΔCFS for µ' = 0.4, and Fig. 7B and C shows
the shear and normal stress respectively resolved in a normal dip slip
fault (ϕ = 280, θ = 40, λ = −90), common for most of the aftershocks
in Ruiz et al. (2006b) for this period. For this case, we obtained a
Coulomb Index (CI) of 65% for both fault planes, and a CI = 82% for
either one of them. Fig. 7D–F shows the results of the stress change
due to the largest aftershock compared with the second series of
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aftershocks, after September 30, 2004. Similar to the mainshock case,
Fig. 7D also shows the ΔCFS for µ' = 0.4 and Fig. 7E and F shows the
shear and normal stress respectively.
In Fig. 8 we show the cross section view of the coseismic ΔCFS due to
the mainshock with respect to aftershocks. Fig. 8A–C shows the ΔCFS for
µ' =0.4, shear and normal stress respectively due to the mainshock,
resolved in a normal dip slip fault. Fig. 8D shows the ΔCFS for µ' =0.7.
ΔCFS is computed in a vertical plane, with an E–W trend containing the
hypocenter of the mainshock. As we pointed out, here the static stress
changes due to the mainshock becomes consistent with the stresstriggering hypothesis. Here it can be observed that the normal component
of stress change becomes important as it cause sensible changes in the
total stress. In Fig. 9 we show the ΔCFS for a µ' =0.4, due to the combined
effects between the mainshock and the largest aftershock. Fig. 9A shows
the relative location of aftershocks between September 30 and October
20, 2004. Fig. 9B shows the stress change with respect to the epicenters of
aftershocks for the 2005 period. The static triggering hypothesis for the
second period becomes less clear as the CI in this case is near 60%.
In Fig. 10 we show the map view of the coseismic ΔCFS due to the
interaction between the mainshock and the largest aftershock
computed at 6.0 km depth. Fig. 10A shows the stress change due to
the mechanisms computed by IAG by means of the moment tensor
inversion. Fig. 10B shows the stress change due to the mechanisms
computed by Ruiz et al (2006b) by means of the polarities of ﬁrst
arrivals. Here the majority of the aftershocks CI = 70% for both periods
occur where ΔCFS N 0.1 bar. This indicates that most of the aftershocks
could have been triggered by the stress changes due to the combined
effects of the two main events of the series.
After the elastic stress analyses produced by the evolution of the
surface water loads and by the dislocation of the two main events of
the series, we computed the change in pore pressures due to the
surface water loads and the changes produced by the dislocation of the
largest event (mainshock). In Fig. 11, we show the time series of the
compression part, the diffusive part and the total pressure change ΔP
due to the evolution of the surface water loads at the mainshock
hypocenter. The total pore pressure changes sum the effects produced
by the two components (compression and diffusion) of the solution of
the diffusion equation. In this case we assume for computations a value
for the hydraulic diffusivity of c = 1.0 m2/s and a Skempton's
coefﬁcient of B = 0.5 (Kalpna and Chander, 2000). Here it can be
observed that the pore pressure changes have an absolute value of
ΔP = 0.008 bar for the time of occurrence of the mainshock. In this
case, the absolute values of the pore pressure changes are about the
same order of magnitude of the elastic changes in the state of stress
due to the water loads. In Fig. 12 we show the horizontal distribution of
the compression part of pore pressure change at the time of occurrence
of the mainshock at a depth of 6.0 km. As it can be seen here, the
epicenter of the mainshock occurs at a point of a maximum positive
pore pressure change due to the evolution of the surface water loads.
Fig. 13 shows the pore pressure changes due to the dislocation of
the mainshock event, at 3.0 km eastward the mainshock hypocentral
location. This location is about 1.0 km of the hypocenter of the largest
aftershock. As it can be observed, the total pore pressure changes due
to the mainshock have a positive value about 1.5 months after its
occurrence and its effects lasts about 6 months after the beginning of
the series. The maximum pore pressure change value after the
occurrence of the mainshock is ΔP = 0.38 bar. This value should be, in
terms of the threshold value for earthquake trigger, enough to
inﬂuence the occurrence of the epicentral subsequent seismicity.
5. Discussion and conclusions
Our results on the effects of surface water loads over the state of stress
of the subsurface medium show different correlations with respect to the
occurrence of the mainshock of the series. Here, the elastic stress change
at the hypocentral location of this event shows a change in the sign of the

ΔCFS depending on the value of µ'. If the subsoil is assumed dry, our
results show negative values of the ΔCFS meaning that the presence of
surface water loads moves away the fault from failure. This as we pointed
out earlier, becomes an uncommon, while not negligible, consideration
due to the usual presence of water at the shallow crustal depths near
reservoirs (e.g. Cocco and Rice, 2002; Gupta, 2002). On the other hand,
when the medium is assumed wet the ΔCFS takes positive values
meaning that the fault is brought close to failure. In our case, ΔCFS
changes sign in the interval 0.5 bµ' b 0.7, and reach ΔCFS ≥ 0.0085 bar
when µ' b 0.35. This ΔCFS value slightly increases when resolving the
ΔCFS on two of the other ﬁve mechanisms used for the mainshock. It is
not clear at the present stage, which values of µ' for the zone and ΔCFS
threshold should be used in order to assume an earthquake stress
triggering by means of the elastic stress changes due to the water loads.
However, the change of sign in the ΔCFS suggests that the surface water
loading could have some positive inﬂuence towards rupture in the
source volume, assuming that the regional state of stress in the zone is
near the point of rupture at the fault. Pore pressure changes due to the
surface water load evolution show that, by the time of occurrence of the
mainshock, the absolute values of the total ΔP = 0.01 bar. In this case, our
results show a positive correlation between change in water level of the
lake and the occurrence of the mainshock event.
Given the occurrence of the mainshock, the absolute values of the
ΔCFS coseismic stress change due to this earthquake and the largest
aftershock are in general, much larger than the ones produced by the
water level changes alone. Taking the same consideration in the regional
state of stress, our results show a relatively high correlation of the
aftershock seismicity with the ΔCFS combined effects due to the mainshock and the largest aftershock, indicating that in this case the series
could have been more inﬂuenced by the largest events than from the
change in the surface water loads. In this sense, also when observing the
inﬂuence of the stress changes over the normal component of the fault
plane in Figs. 7 and 8, it appears the relative importance of the choice of
µ' over the total ΔCFS.
The multiple interaction between the two main events show a
triggering consistency for the 2004 series; however this assumption is
unclear for the 2005 series. This could be indicating that the postseismic
diffusion effect of pore pressure change due to the mainshocks could be
a possible driving mechanism affecting the second series of aftershocks.
In general, three main types of reservoir-triggered seismicity due to
surface water loads can be distinguished: the Rapid, the Delayed and the
Continued seismicity (e.g. Talwani, 1997; Gupta, 2002). The rapid
response occurs when the seismicity near the reservoir, increases shortly
after the beginning of the impoundment, or after a rapid change in the
water level. This is in general characterized by low magnitude, shallow
earthquakes occurring directly beneath or in the close vicinity of the
reservoir. They are usually related with the elastic stress changes due to
pore pressure changes. On the other hand, the delayed response is
characterized by the shifting of the initiation of seismicity by several
months or even years after the beginning of impoundment and the water
of the lake is relatively maintained at the same level. Here, earthquakes
tend to be larger in magnitude and to occur at higher depths and
distances from the reservoir. This response is largely dependent on the
diffusion component of the pore pressure and on the regional state of
stress. The continued response of seismicity occurs in a cyclic behavior,
usually in annual cycles, and characterized by small to moderate
magnitude earthquakes, depending on the state of stress of the region
and the ﬂuctuations of the water depth in the reservoir. Reservoirs can
show a combination of all these responses. In any case, these three
possible cases of reservoir-triggered seismicity share the idea that they
in general depend on the preexisting state of stress of the crust.
Assuming a pre-stressed state of the subsoil medium, the recent
seismicity near the Itoiz reservoir could be related with a combination of
a rapid and a delayed mode, due to the time period taken between the
beginning of impoundment and the occurrence of the mainshock of the
series (8 months). However, in order to have a better understanding of
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the type of seismicity that takes place in the vicinity of the reservoir and
its relation with the change of lake levels, a larger seismologic observing
time and an increasing number of studies on the hydraulic conditions in
the zone are required.
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