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SUMMARY

The composite fault plane solutions for 24 large multiplets recorded in the western part of the
Corinth Rift between 2000 and 2007 are computed by jointly inverting P polarities and Sv/P,
Sh/P, Sv/ISh amplitude ratios of the direct waves. The fault plane solutions are determined
using 1-D and 3-D velocity models. Solutions computed with the 3-D velocity model are
preferred to the ones computed with the 1-D model because overall, 3-D solutions have a
better score function. They correspond essentially to E-NE/W-SW and W-N'W/E-SE striking
normal faults, which is consistent with the N—S extensional/vertical shortening tectonic regime
of the area. For 15 multiplets, one of the nodal planes is similar to the plane delineated by the
earthquakes. It is then possible to determine which nodal plane is the fault plane. The analysis
of the fault plane solutions highlights a clear decrease of their dip with depth and towards
the north. Several multiplets with steeply dipping fault planes (50°—60°) located at depths of
7-8 km are clearly located at the base of onshore and offshore faults that crop out close to the
south border of the Corinth Gulf, indicating that these faults are steep down to 7-8 km depth.
To the north, multiplets underline a low angle north-dipping structure (20°-30°) on which
steep north-dipping faults could take root.

Key words: Earthquake source observations; Seismicity and tectonics; Continental tectonics:
extensional; Dynamics: seismotectonics; Fractures and faults.

Historical and instrumental large earthquakes over the two last

1 INTRODUCTION centuries evidence an east—west variation. On the eastern side, the

Long-term observations (since early 1990s) of the crustal deforma-
tion in the Corinth Rift area show some main features. The exten-
sion rate across the Gulf measured by repeated GPS campaigns,
decreases from 1.5 cm yr~! in the western partto 1.0 cm yr~! in the
eastern part (e.g. Avallone ef al. 2004). The almost NS extension
is associated with EW asymmetric active crustal structures and up-
lifted Neogene terraces on the southern border of the Corinth Gulf
(e.g. Armijo et al. 1996; Ford et al., in preparation). Active normal
faults have been mapped on both sides of the Gulf; the density and
the length of these faults are largest on the western southern border
area. Little is known on the south dipping faults, which affect the
northern border of the Rift. Observed faults which cut the terraces
onland in northern Peloponnesus are better documented. The north-
ward dipping faults become younger going northwards and the most
recent ones are likely offshore, even though little is known on the
fault distribution offshore in the Gulf.

1981 Corinth sequence of three M > 6 events has been described
as breaking onshore and offshore faults dipping north and south
(King et al. 1985). On the western side, two different kinds of
events have been described (Ambraseys & Jackson 1990; Briole
et al. 1993; Bernard et al. 1997; Papazachos & Papazachou 1997):
(1) intermediate magnitude events (5.8 < M < 6.5) with hypocen-
tres below the northern coast at depth of about 10 km with no
evidence of surface rupture (e.g. 1965 offshore Itea city, 1970
offshore Antikyra city, 1992 offshore Galaxidi city, 1995 Aigion
event) and (2) larger events rupturing the surface on the south-
ern coast (e.g. Helike event in 1861 associated with the large
Helike north dipping fault). Most of the main events of the last
30 yr correspond to normal faulting events on approximately EW-
oriented faults (Fig. 1). Some focal solutions of smaller events
(Appendix A) can exhibit some strike-slip component (Pacchiani
2006).

1660 © The Authors 2014. Published by Oxford University Press on behalf of The Royal Astronomical Society.
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Figure 1. (a) Map of the seismicity between 2001 and 2007 in the Western part of the Corinth Rift recorded by the CRL network (blue squares) and relocated
by Lambotte ef al. (in preparation). Focal mechanisms of the large earthquakes (black) are from Bernard et al. (1997), Sokos et al. (2012) and Harvard CMT.
Focal mechanisms of the microseismicity (green) are from Pacchiani (2006). The fault traces are the main features compiled and presented in Ford et al. (in
preparation) based on Moretti ef al. (2003), Palyvos et al. 2005 and original field work. WHF, West Helike Fault; AiF, Aigion Fault; KLF, Kamarai and Lambiri
fault system; TrF, Trizonia Fault; KaF, Kalithea Fault; MaF, Marathia Fault. (b) N-S cross-section (modified from Lambotte ef al., in preparation).

The microseismicity is mainly concentrated below the Gulfand is
clearly inhomogeneous along the Corinth Rift: the seismic activity is
very intense in the western area and stops abruptly at the transition
zone, between the narrow shallow western rift and the broader,
deeper eastern rift around longitude 22.2° (Bernard et al. 2006;
Lambotte et al., in preparation; Fig. 1).

Two different temporary seismicity experiments have been used
to infer the velocity structure in the region. In 1991, a 2-month
deployment of 51 seismological stations allowed Rigo et al. (1996)
to produce a mean 1-D model, which is extensively used for events
location over the western part of the Corinth Rift. In 2002 a
6-month experiment covering the same area (deployment of 49
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1662 M. Godano et al.

three-component stations on the southern and northern coasts com-
pleted by three three-component ocean bottom seismometers de-
ployed during 1 month in the centre of the Gulf) produced a new
data set. Compared with the 1991 data set, the 2002 data set is
improved thanks to a better covering and instrumental homogene-
ity. Traveltime tomography using asymptotic ray theory and finite
frequency ray theory has provided 3-D ¥}, and V; models (Gautier
et al. 2006, 2008).

In 2000/2001 a permanent dense seismic network of 12 short-
period three-component stations, the Corinth Rift Laboratory Net-
work (CRLNET, Lyon-Caen et al. 2004), was installed around
Aigion area on both sides of the Corinth Rift. This network, com-
pleted with data provided by Athens University (LAKK), Patras
University (SEL) and Prague University (SERG), allows to follow
with a good precision the western rift seismic activity.

A detailed study of the 2000-2007 microseismicity consisting in
(1) identification of multiplets and (2) relocation of the whole seis-
micity using a double difference technique (Waldhauser & Ellsworth
2000) was performed by Lambotte ef al. (in preparation). Events
were classified in multiplets by evaluating waveform similarity. This
was done by computing cross-correlations between earthquakes and
the reference event of each multiplet already identified as well as
events not classified in multiplets. Relocation was performed with
HYPODD software in an LSQR (least squares) mode. The 1-D ve-
locity model used is from Rigo et al. (1996). Double differences
from both absolute time catalogue and cross-correlation from mul-
tiplets were integrated. The relative locations are well constrained
in the centre of the rift (maximal errors of the order of 30 m) where
there is a high density of events and are less well constrained to the
west where the network coverage is not optimum with respect to the
seismicity (maximal errors of the order of 200-300 m). Seismicity
relocation shows that the activity is distributed on different crustal
structures. Schematically, the following must be considered (1) a
large active zone beneath the Gulf of Corinth dipping north at low
angle (~20°) from 7-8 km below the southern coast to 11-12 km
below the northern one, on which large events like the 1995 Ai-
gion event have occurred and (2) a shallower crustal activity mainly
above this zone (but some seismic activity is nevertheless observed
below this zone) and structured in swarms (Fig. 1); the spatial distri-
bution of these swarms seems to indicate the presence of high angle
(50°—60°) north dipping crustal structures located at the downward
extension of faults mapped on the southern coast. The better known
structure is the Aigion Fault, which has been cut by a drilling at 750
m, confirming a 50°-60° dip towards north. The activated structures
may stop or not on the main low angle deeper structure.

In this paper, we focus on the determination of focal solu-
tions and associated uncertainties for the multiplets presented in
Lambotte et al. (in preparation). The fault plane parameters are an
independent estimation of the geometry of the active structures at
depth, and Rietbrock ez al. (1996) have shown that associating fault
plane solutions with multiplet geometry allows to characterize the
deformation associated with a multiplet. In a first part, we present
the methodology used to compute focal mechanisms which is based
on the joint inversion of P polarities and Sv/P, Sh/P, Sv/Sh ampli-
tude ratios of the direct waves. Due to the limited number of stations
which were able to record these small events with a sufficient high
signal-to-noise ratio and the very good similarity of waveforms, we
propose a composite analysis (determination of one focal mecha-
nism from polarities and amplitude ratios of several earthquakes).
We also assess the influence of the velocity model (1-D versus 3-D)
on the focal solution determination. In a second part, we compare

the fault plane solutions with the geometrical parameters of the
multiplets.

2 METHODOLOGY

2.1 Focal mechanism in 1-D velocity model

The fault plane solutions are computed by jointly inverting the po-
larities of the direct P waves and the amplitude ratios between the
direct P, Sv and Sh waves (Sv/P, Sh/P, Sv/Sh). The amplitudes con-
strain better the solution than the P polarities alone. However, they
are subject to distortion caused by structural heterogeneities along
the seismic wave path. The effect of the distortion can be reduced
by using amplitude ratios for focal mechanism determination (e.g.
Julian et al. 1998).

The amplitude is defined as the peak of the first half-cycle of
the direct wave (P or S). Practically, the P polarity and amplitude
are manually measured on the vertical (Z) component of a veloci-
gram. The horizontal components are rotated into the radial (R) and
transverse (T) components. The Sv and S/ amplitudes are manually
measured on the R and T component, respectively (Fig. 2). The am-
plitudes are measured on [1 Hz; 5 Hz] Butterworth bandpass filtered
seismograms. This filter is suitable for removing the high-frequency
noise affecting the waveforms (see Appendix B). The observed am-
plitudes (measured in counts on the velocigrams) are next converted
in velocity by removing the gain and the instrumental response.

The focal mechanisms are determined using the non-linear in-
version method of the direct P, Sv and Sh amplitudes developed
by Godano et al. (2009). We modify this method for taking into
account the amplitude ratios. In practice we use the direct problem
described in Godano et al. (2009) and summarized hereinafter to
first compute theoretical P, Sv and Sk amplitude for a point source
in the flat layered medium of Rigo et al. (1996) and next take am-
plitude ratios. Following ray theory (e.g. Aki & Richards 1980), the
elastic far-field displacement of a direct seismic phase & (P, Sv or
Sh) in an inhomogeneous and isotropic medium is given by:

M,

47/ popscocsch RF
(D

where M, is the scalar moment, p, is the density at the source,
ps is the density at the station, ¢, is the velocity of the phase &k
at the source, c; is the velocity of the phase k at the station, R¥ is
the geometrical spreading of the phase £, L‘; is the transmission
coefficient at the j-th interface along the ray path of the phase k,
C is a correction coefficient if the station is at the free surface, and
T* is the source—station time propagation of the phase k. As(t — T)
is the source time function expression set as a triangular function.
F* (9,1, ¢y, 8, 1) is the expression of the radiation coefficient of the
phase & where ¢ is the azimuth of the ray at the source, 7 is the ray
take-off angle at the source, ¢y is the azimuth of the fault plane, §
is the dip of the fault plane and A is the rake of the fault plane. The
modelling also includes the anelastic attenuation of the medium
a(t). We take a quality factor Q of 350 for P and S waves (value
estimated for the upper 20 km of the crust in Greece, Papazachos
1992). The theoretical amplitudes are automatically measured on
synthetic velocigrams which are obtained by taking the temporal
derivative of the far-field displacement.

u(t) = FFTT (Y case — 14 | x a@).
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Figure 2. Examples of Butterworth bandpass filtered 1-5 Hz velocity records for the 2004 January 29 01:25:34 earthquake (multiplet 04432). For the stations
AGE, AIO, ALIL DIM and KAL only the vertical component is represented because at these stations, only the P wave (measured on the vertical component) is
used in the inversion. For the stations PAN, PYR and TRZ, the horizontal traces have been rotated into the radial and tranverse components. The P, Sv and Sh
amplitudes used for the fault plane solution determination are indicated by the red vertical arrows.

The inverse problem is solved by random exploration through a
simulated annealing algorithm (Kirkpatrick et al. 1983). The pa-
rameter values explored are ¢, 6 and A. At each step j, two score
functions are computed. The first measures the fit between the cal-
culated and the observed amplitude ratios:

) 1 N
S;atlo = exp <_N Zi:l |10g]0 (dlf’bs) — IOg]() (diCalc) |> s (2)

where N is the number of amplitude ratios, d°* is the i-th observed
amplitude ratio and d*" is the i-th calculated amplitude ratio. The
use of the base 10 logarithm of the amplitude ratio is more stable than
using simple amplitude ratios (e.g. Snoke et al. 1984; Jechumtalova

& Sileny 2005). The second score function is dependent on the
number of opposition (n) between the observed and calculated P
polarities:

P = exp(—0.5n). 3)

The global score function associated to the explored solution j is
given by:

G __ cratio gpol
§7 =SS )

The exploration is divided in three steps. The first one enables
a wide exploration of the space parameters to localize areas of
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high score. The second one converges towards the area of absolute
maximum score but can get out to explore other areas. Details of
these two steps are described in Godano ef al. (2009). In this study,
we added a third step consisting in a fine exploration of the area
of absolute maximum score to ensure that the optimal solution is
precisely found.

The P polarity is a strong piece of information that allows deter-
mining the compressional and dilatational zones on the focal sphere.
Hence, the score function is designed for allowing a preferential ex-
ploration of the solutions giving P polarities in accordance with
the observations. For solutions without P polarity contradiction,
SG = e In case of one polarity contradiction, S¢ decreases by
39 per cent, for two contradictions S¢ decreases by 63 per cent, for
three contradictions SY decreases by 78 per cent and so on. There-
fore, the optimal solution is the solution best fitting the observed
amplitudes ratio among all the explored solutions satisfying the ob-
served P polarities. Such a design of the score function (priority to
the polarity with respect to the amplitude ratio) requires confidence
in the P polarity determination. Consequently, we have to be sure
that there is no sensor problem giving polarity inversion.

The uncertainties on the focal mechanisms are calculated by ac-
counting for the amplitude picking uncertainties caused by the noise
level and the event location uncertainties. Uncertainties on the fo-
cal mechanism are computed by performing 100 inversions using
random perturbed amplitudes and event locations. The results of
these 100 inversions are called ‘perturbed solutions’. The measured
amplitude is affected by the signal-to-noise ratio. As a consequence,
the lower the signal-to-noise ratio, the more the amplitude is modi-
fied by the noise. Therefore, in the uncertainties estimation process,
the amplitudes are perturbed in increments following a Gaussian
distribution with a standard deviation corresponding to that of a
noise window immediately before the P, Sv and Sk amplitudes.
Hence higher is the noise amplitude, greater is the standard devia-
tion of the noise window and greater is the perturbation applied to
amplitudes. The location is perturbed following Gaussian distribu-
tions with standard deviations equal to the absolute uncertainties of
the event coordinates. Lambotte et al. (in preparation) estimate the
relative uncertainties (i.e. the earthquake location errors inside the
multiplets) but does not evaluate the errors on the multiplet loca-
tion (absolute uncertainties). Lyon-Caen ef al. (2004) estimate that
errors on absolute locations are less than 1km in all directions for
events inside the network. Nevertheless, we take into account that
earthquakes are generally poorer located in depth than in horizon-
tal direction. Therefore, we evaluate the error on absolute location
being typically of 500 m in offset and 1000 m in depth.

The distribution of the strike, dip and rake of the 100 perturbed
solutions gives the uncertainties Ay, A8 and AA for each nodal
plane of the optimal solution. These uncertainties are taken as the
values delimiting the two-sigma confidence intervals containing
95 percent of the strike, dip and rake of the perturbed solutions.
From these uncertainties, a global confidence interval around the
optimal solution can be defined as:

1. = [¢.‘;P‘ — Ay, ¢.‘;Pt + Aaﬁ,f] n [Sopt — Ay, 8% 4 Aa]

N[AP = AL AP+ AL Q)

2.2 Focal mechanism in 3-D velocity model

Focal mechanisms are frequently computed using flat layered ve-
locity model (1-D), because a more precise model like a 3-D ve-
locity model is not available. However, when a 3-D model has been

determined, it would be better to compute focal mechanisms using
it. The take-off angle and azimuth of the ray at the source are depen-
dent of source and station location and velocity model. Hence for a
given source and station location, the position of the station on the
focal sphere can significantly change for take-off angle and azimuth
computed in a 1-D or in a 3-D velocity model. These variations can
have a strong influence on the focal mechanism determination since
the geometry of the nodal planes is mainly controlled by the position
of the stations on the focal sphere.

The direct problem of the method we describe above takes into
account only flat layered velocity model. For a more complex ve-
locity model, seismogram modelling in 3-D media would be re-
quired. Nevertheless such procedure using modelling methods as
finite difference (e.g. Saenger et al. 2000) or spectral elements (e.g.
Komatitsch et al. 2004) are time consuming and require great com-
putational resources.

We avoid these drawbacks by using the following alternative
procedure:

(1) Ray take-off angle and azimuth at the source are critical pa-
rameters controlling the accuracy of the focal mechanism deter-
mination. Therefore, P and S radiation coefficients (F* in eq. 1)
are precisely determined by calculating take-off angle and azimuth
in the 3-D velocity medium of Gautier et al. (2006) (this model
provides both P- and S-wave velocity contrary to the 2008 model
that provides only P-wave velocity). In practice, take-off angle and
azimuth are computed with the NonLinLoc software suite (Lomax
et al. 2000) that uses the eikonal finite-difference scheme (Podvin
& Lecomte 1991).

(2) The terms characterizing the propagation medium in eq. (1)
are computed using the 1-D velocity model of Rigo et al. (1996).
This approximation of the 3-D velocity model by the 1-D velocity
model seems valid to us because the 3-D velocity model is not
far from a layered model. No large lateral variations are exhibited
even if some V,/V; anomalies are present (Gautier et al. 2006).
Moreover, as mentioned in Section 2.1 the use of amplitude ratios
in the focal mechanism determination procedure tends to attenuate
the propagation effects and consequently the effects of the above
approximation.

3 COMPOSITE FOCAL MECHANISMS
DETERMINATION

In this study, we focus on multiplet earthquakes that are character-
ized by close hypocentres, very similar waveform and consequently
very similar focal mechanisms. An example showing how similar
are the waveforms inside a multiplet is displayed in Appendix B.
Based on this similarity, we decided to merge the data (P polari-
ties and amplitude ratios) of several earthquakes of a multiplet for
determining a composite focal mechanism. Considered individu-
ally, each earthquake does not necessarily have enough measured
polarities and amplitude ratios to compute an accurate fault plane
solution. Such composite solution is better constrained than an in-
dividual focal mechanism. In practice, we only use the earthquakes
with M,, > 1.7. For the others, the signal-to-noise ratio is poor and
prevents to correctly measure the amplitudes.

In the following, the amplitude ratios are only used for the sta-
tions of the northern coast of the Corinth Gulf that are deployed at
the free surface (KAL, KOU, PAN, PYR, TRI, TRZ). At the other
stations, the sensors are deployed in wells and have not been ori-
ented. Hence, it is not possible to rotate the seismogram into the
radial and transverse component and measure Sv and Sh amplitude
for these stations.
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Figure 3. Example of composite focal mechanism determination by jointly inverting P-wave polarities and Sv/P, Sh/P and Sv/Sh amplitude ratios for five
seismic events of multiplet 04432 and using the 1-D velocity model of Rigo et al. (1996). (a) Space of the explored solutions with the associated score after
100 000 iterations. The black and white stars indicate the nodal planes strike, dip and rake of the optimal solution (i.e. solution with highest score). (b) Optimal
fault plane solution with the projection of the P polarities and amplitude ratios Sv/P, Sh/P and Sv/Sh on the focal sphere. (c) Optimal fault plane solution (red)
with its uncertainty domain defined by perturbed solutions inside the confidence interval (eq. 5; black) and outside the confidence interval (grey).

3.1 Example of composite focal mechanism

Fig. 3 gives an example of composite focal mechanism determi-
nation (multiplet 04432) using the 1-D velocity model of Rigo
et al. (1996) (1-D solution). This multiplet is a good example in
terms of available P polarities (43) and amplitude ratios (40; see

Table 1). The space of solutions after 100 000 iterations is dis-
played in Fig. 3(a). Each explored solution is associated with a
score. The exploration has converged towards the optimal solution
(normal fault with strike-slip component) associated with the high-
est score (SY = 0.5364). This optimal solution corresponds to one of
the two P nodal planes of the optimal focal mechanism (black star,
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1666 M. Godano et al.

Table 1. List of the studied multiplets, E-W, N—S, depth coordinates of the multiplet centroid (from a reference point located
at 21.6°E and 38°N), number of earthquakes in each multiplet and number of earthquakes, P polarities and amplitude ratios

used to compute composite focal mechanisms.

Multiplet X (m) Y (m) Z (m) Number of Number of P Sv/iP SvISh  Sh/P
events in events used for  polarities  ratios  ratios  ratios
the multiplet the inversion
00019 46163.99  39874.06  8325.00 40 5 21 5 5 5
00573 52618.95 4076838  10146.00 18 2 14 3 3 3
00630 48877.43  34080.93  7038.50 11 2 15 3 2 3
00724 44124.33  37523.34  8004.00 20 4 32 6 6 8
00853 40212.50  44667.77  8809.25 21 4 22 7 6 8
00866 47903.45  37436.66  8042.60 58 5 32 9 8 8
00891 48516.72  33919.32  6733.00 13 3 21 7 5 6
01767 56092.88 3999434  9978.40 11 5 31 10 10 12
02423 53593.72 4171171  11047.33 49 3 23 9 6 6
02877 41118.75  39733.99  8243.00 39 6 47 8 7 14
03061 37968.09  41139.80  8077.50 15 2 14 6 4 5
03715 55141.02  41679.53  10214.00 27 4 24 13 13 13
03803 39642.43  37682.52  7730.00 15 3 24 2 1 5
03911 43221.83  33225.75  7499.50 30 4 39 12 11 13
03917 44828.16  32623.67  6539.20 21 5 43 1 1 1
04049 48347.86 4191433  9270.00 15 3 21 10 7 7
04416 42055.15  34326.78  7223.17 23 6 56 20 13 16
04432 41686.05 3442327  7201.80 19 5 43 16 12 12
04493 4197691  34243.57  7671.67 15 3 22 5 1 4
04572 40131.94  33982.57  7677.25 19 4 35 4 3 5
04693 4225477 31759.18  5755.50 15 4 31 6 5 6
04761 38770.69  34648.41 7550.00 17 4 29 6 4 5
05278 42986.69  34658.64  7837.00 26 5 44 10 7 13
18445 40597.89  37017.55  6480.33 15 3 16 9 6 6

¢pn = 246°, §, = 61°, A, = —149°). The other nodal plane is
indicated by the white star (¢;; = 139°, 6; = 63°, A} = —33°).

Fig. 3(b) shows P polarities, Sv/P, Sh/P and Sv/Sh amplitude
ratio projections on the focal sphere. The optimal focal mechanism
is in accordance with the observed P polarity of all the stations.
As expected, Sv/P and Sh/P amplitude ratios are relatively low at
stations near the middle of the compressional quadrant (KAL) and
are relatively large near the P nodal planes (TRZ and PYR). An
exception is the station PAN that is nodal and displays relatively
low Sv/P and Sh/P ratios.

We can observe significant amplitude ratio variations at a single
station. These variations are a factor of 2 at stations KAL, PYR and
TRZ for the Sv/P ratio. The amplitude ratios at a given station should
be similar since the events constituting a multiplet have similar
waveforms. The events are in fact not exactly collocated and the
focal mechanisms are not exactly identical. These small differences
and errors in the velocity model involve variations in take-off angle
and amplitude ratios. Nevertheless, Hardebeck & Shearer (2003)
state that these phenomena do not explain the large amplitude ratio
variations. The authors invoke other mechanisms as focusing and
defocusing effects caused by small-scale velocity heterogeneities
producing large amplitude differences for closely spaced events, or
scattering of high-frequency energy at the near-surface.

Fig. 3(c) gives the optimal focal mechanism (red) with its as-
sociated uncertainty domain. Black solutions correspond to the
‘perturbed solutions’ inside the confidence interval (eq. 5), grey
solutions are the ‘perturbed solutions’ outside the confidence inter-
val. The uncertainty on the strike, dip and rake are (20°, 10°, 46°)
for plane 1 and (34°, 20°, 42°) for plane 2.

The results of the inversion using a 3-D velocity model (3-D
solution) are displayed in Fig. 4. The distribution of the stations on
the focal sphere is modified, which allows the determination of a

fault plane solution different from the one computed with the 1-D
velocity model. The optimal solution corresponds to a normal fault
(¢fl = 850, 51 = 390, )Ll = —100° and ¢/2 = 2780, 52 = 510,
Ay = —82°). The corresponding score function (S¢ = 0.6380) is
clearly greater than the score function of the preceding solution.
This means that the amplitude ratios are better modelled using the
3-D velocity model. Stations near the middle of the compressional
quadrant (PAN and KAL) have relatively low Sv/P and Sh/P ratios
compared to the nodal station TRZ. However, PYR that is not nodal
displays a relatively high ratio.

The uncertainties on the optimal solution are (32°, 23°, 50°) and
(32°,14°,42°) for the strike, dip and rake of the nodal planes 1 and 2,
respectively. The perturbed solutions are distributed following two
fault plane families. A main family corresponds to the optimal so-
lution (black in Fig. 4c) and a secondary family (grey) corresponds
to the optimal solution of the 1-D inversion. Similarly, a secondary
family of solution appears in the 1-D inversion (grey in Fig. 3c) and
corresponds to the optimal solution of the 3-D model.

3.2 Application to 24 multiplets

The composite focal mechanisms are computed in 1-D and 3-D
velocity models for 24 earthquake multiplets among the biggest
multiplets determined by Lambotte et al. (in preparation). Table 1
gives the number of earthquakes in each multiplet and the number
of earthquakes, P polarities and amplitude ratios used to compute
the composite focal mechanisms. The list of earthquakes used for
the focal solution computation is given in Appendix C. Table 2
gives the 1-D and 3-D fault plane solutions parameters with uncer-
tainties on the strike dip and rake. The 1-D and 3-D optimal focal
mechanisms with the perturbed solutions and the projection of the
P polarities are given in Appendix D. The difference between the
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Figure 4. Same as Fig. 3 but for the 3-D velocity model of Gautier et al. (2006).

1-D and 3-D fault plane solutions depends on the multiplet. Sev-
eral multiplets are characterized by solutions significantly different
(00019, 00724, 00866, 03911, 03917, 04432, 04493, 04693 and
18445). The variations between the 1-D and 3-D solutions show
how the focal mechanism resolution is sensitive to the used velocity

models. For most of the multiplets displaying strong variability be-
tween 1-D and 3-D focal mechanisms, the optimal 1-D solution is
present in perturbed 3-D solutions and inversely, the optimal 3-D
solution is present in perturbed 1-D solutions. This indicates that
the focal mechanism for these multiplets has a large uncertainty.

B Aq 66.£59/0991/€/.6A0€sqE-0[0ILE/[B/WO00"dNO"0lWapESE//:SANY WO} Papeojumod

>
(0]
N
o
N
o



1668 M. Godano et al.

Table 2. Nodal planes strike, dip and rake and associated uncertainties (confidence level at 95 percent) for the
composite focal mechanisms computed in 1-D and 3-D velocity model.

Multiplet  Solution type Plane 1 Plane 2
Plane parameters Uncertainties Plane parameters Uncertainties
of ) A A¢f  AS  Ax of ) A Aof  AS  Ar
19 1-D 85 43 —74 8 3 8 244 49 —104 12 5 6
3-D 125 57 —-91 14 10 10 308 33 —388 28 11 12
573 1-D 80 31 —167 48 40 60 338 83 -59 70 40 44
3-D 86 28 —168 62 41 52 345 84 —63 50 40 42
630 1-D 84 64 —131 8 12 20 327 47 -37 26 9 28
3-D 90 51 =112 14 14 24 303 44 —65 26 7 34
724 1-D 46 87 —135 86 32 78 312 45 =5 72 29 44
3-D 82 60 -97 40 16 40 276 31 —78 60 28 76
853 1-D 95 68 —107 6 8 6 314 27 —54 22 7 16
3-D 94 63 —110 8 5 8 313 33 -56 20 5 10
866 1-D 190 41 —75 56 20 26 350 51 —103 36 20 48
3-D 86 68 —116 66 21 20 318 34 —43 88 12 32
891 1-D 105 56 —-90 26 10 20 284 34 —-91 20 8 34
3-D 122 64 —83 20 8 22 286 27 —105 22 12 34
1767 1-D 119 43 117 16 14 16 264 53 67 10 12 16
3-D 115 36 112 42 20 52 268 57 75 28 20 54
2423 1-D 105 48 —78 8 5 14 268 43 —103 12 8 10
3-D 101 44 -72 4 4 10 256 49 —107 10 6 8
2877 1-D 116 66 —83 50 6 20 279 24 —105 78 35 26
3-D 116 66 —88 68 18 30 292 24 —94 34 23 34
3061 1-D 113 71 —78 54 6 26 261 22 —120 46 21 32
3-D 104 77 —84 18 6 10 260 14 —114 24 8 30
3715 1-D 43 55 —-76 16 1 30 200 37 —109 40 8 46
3-D 47 57 —78 18 11 34 206 35 —108 38 10 46
3803 1-D 113 6l -77 12 12 268 31 —112 16 6 24
3-D 116 55 —89 18 7 20 295 35 -91 18 8 28
3911 1-D 146 78 —15 88 25 6 239 75  —168 44 18 16
3-D 87 33 —-98 86 27 64 277 57 -85 30 15 54
3917 1-D 61 84 —169 44 29 42 330 79 —6 24 17 46
3-D 111 28 —102 34 30 48 304 63 -84 24 12 20
4049 1-D 102 56 —69 10 7 20 247 40 —118 20 10 24
3-D 99 55 —71 10 8 22 249 39 —115 24 12 18
4416 1-D 79 41  —108 38 23 48 283 51 =75 24 13 42
3-D 86 38 —107 36 28 58 287 54 -77 34 13 48
4432 1-D 139 63 -33 34 20 42 246 61 —149 20 10 46
3-D 85 39 —100 32 23 50 278 51 —82 32 14 42
4493 1-D 142 65 -33 34 24 46 247 60 —151 24 13 42
3-D 89 40 —102 34 30 52 285 51 -80 36 13 46
4572 1-D 127 47 —48 14 17 22 254 57 —125 12 9 28
3-D 123 45 —55 34 12 42 258 55 —120 22 8 34
4693 1-D 144 o4 -9 42 32 42 238 82 —154 24 11 36
3-D 94 18 —106 38 19 32 29 73 -85 8 8 8
4761 1-D 141 o4 —46 34 31 10 255 50 —145 50 17 14
3-D 142 62 —-50 26 17 24 262 48 —140 14 9 32
5278 1-D 81 55 =130 6 9 10 316 51 —48 46 20 40
3-D 86 56  —129 2 11 6 322 50 —47 44 21 30
18445 1-D 36 43 —98 72 13 42 227 48 —82 50 17 26
3-D 95 34 —134 64 11 36 324 66 —65 34 12 22

The distribution of uncertainties on strike, dip and rake of the
two nodal planes deduced from the perturbed solutions for the 24
multiplets are displayed in Fig. 5. The uncertainty range is similar
for the 1-D and 3-D solutions. In overall, the use of the 3-D velocity
model does not reduce the uncertainties (the median of the strike
and rake uncertainty is even larger for the 3-D than for the 1-D
solutions).

However, some clues lead us to be more confident in the 3-D
solutions. First, the score function of the 3-D solutions is usually
larger than the score of the 1-D solutions (Fig. 6) except for mul-

tiplets 01767, 02423 and 03715. But for these three multiplets the
difference between the 1-D and 3-D score functions is very small.
This indicates that the difference between the observed and theo-
retical amplitude ratios is globally reduced if the take-off angle and
azimuth of the rays at the source are computed in the 3-D velocity
model.

Second, the 24 3-D fault plane solutions are more homogeneous
than the 1-D solutions and are more consistent with the tectonic
setting. The representation in a ternary diagram (Kagan 2005) of
the 1-D focal mechanisms (black points, Fig. 7a) shows they are
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Figure 5. Histograms of the strike, dip and rake uncertainties (confidence
level at 95 percent) for the two nodal planes of the focal mechanisms
computed in the 1-D (top panel) and 3-D (bottom panel) velocity model.

characterized by normal to strike-slip faults. Their nodal planes
trend along one main direction (N240 and N270) and several other
minor directions (Fig. 7b). T axes are scattered with a main sub-
horizontal family along NNE-SSW direction and P axes are sub-
horizontal to subvertical along ESE-WNW direction (Fig. 7c). 3-D
solutions (red points) are essentially normal faults (Fig. 7a). The
nodal planes (Fig. 7b) are distributed in two main families (E—
NE/W-SW and W-NW/E-SE directions). T axes are mainly sub-
horizontal along the NNE-SSW direction and P axes are subvertical
(Fig. 7c). These results are in agreement with the NNE-SSW ex-
tensional/vertical shortening regional context.

Based on these observations, we will only consider the 3-D focal
mechanisms in the following. The 24 multiplets with their 3-D
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fault plane solutions are plotted in map view and cross-section in
Figs 8 and 9. There is focal solutions homogeneity for the multiplets
located under the Gulf (NW-SE normal fault). On the other hand, the
multiplets located under the northeastern coast display variability
in the fault plane solutions.

4 FOCAL MECHANISMS AND
MULTIPLETS ANALYSIS

The fault plane solutions are compared with the geometry of
the multiplets. The geometry is determined using the three-point
method (Fehler er al. 1987). The general principle is to take all
possible combinations of three events in a multiplet and calculate
the strike and dip of the plane defined by each combination. The
pole density of the obtained planes is plotted for each multiplet on
a stereogram with the pole of the nodal planes (Fig. 10).

For four multiplets (00630, 00891, 03061 and 03803; group A),
the comparison between the geometry and the focal mechanism
cannot be performed because the geometry from the three-point
analysis is undefined (Fig. 10a). Multiplet 02423 (group B) has
a clear geometry significantly different from the focal mechanism
(Fig. 10b). Four multiplets (03917, 04416, 04432 and 18445; group
C)) have a geometry unconstrained in dip (Fig. 10c). Thus, the two
nodal planes are included in the uncertainty domain of the multiplet
geometry. In these cases, inferring that the multiplet plane is a fault
plane, it is not possible to determine which nodal plane is the fault
plane. For the other 15 multiplets (group D; Fig. 10d), one of the
nodal planes is very near to or falls in the uncertainty domain of
the multiplet geometry. Therefore it is possible to determine which
nodal plane is the fault plane. All the fault planes are dipping north
except for multiplets 00019 and 01767 displaying southern dip.

The multiplets with northern steep dipping planes are located
at the base of several major faults (Figs 8 and 9): the Aigion Fault,
the Fassouleika Fault, the Selianitika Fault and two offshore faults.
The dip of the Aigion Fault has been measured to be 60° in the
first kilometre (Cornet et al. 2004) and we assume a 60° dip in
the first kilometres depth for the other faults (Bernard et al. 2006).
The fault plane solutions of the multiplets display a global E-W
to NW-SE trend consistent with the azimuth of the major faults
in the area. Steep dipping multiplets 04761 and 04572 are located
in the downward continuation of the Fassouleika and Selianitika
faults, which could take root on a low dipping structure (20°-30°)
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Figure 6. Score of the optimal fault plane solution for each multiplet computed in the 1-D velocity model (black) and the 3-D velocity model (white).
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Figure 7. Composite fault plane solutions for 24 multiplets in the western
part of the Corinth Rift. (a) Ternary diagram (Kagan 2005) displaying the
solutions obtained using 1-D velocity model (black dot) and 3-D velocity
model (white dot). The coordinates of each point in the ternary diagram
are obtained from the plunge angle of the P-, 7- and null axes. Each corner
of the triangle corresponds to the vertical null-axis (strike-slip fault), P-
axis (normal fault) and 7-axis (thrust fault). The lines inside the diagram
indicate the 30° plunge angle of the null-, P- and 7 axis and delineate seven
areas corresponding to a type of focal mechanism: strike-slip fault (Area 1),
normal fault (Area 2), inverse fault (Area 3), normal-strike-slip fault (Area
4), dip-slip fault (Area 5), thrust-strike-slip fault (Area 6) and mixed fault
(Area 7). (b) Rose diagrams displaying the nodal planes azimuth of the focal
mechanisms computed in the 1-D velocity model (left-hand side) and the
3-D velocity model (right-hand side). (c) P (triangle) and 7 (square) axis of
the focal mechanisms computed in the 1-D velocity model (left-hand side)
and the 3-D velocity model (right-hand side).

underlined by multiplets 00853, 02877, 03061 and 03803 (Fig. 9a).
Multiplet 18445 is also characterized by a steep north dipping nodal
plane but cannot be related to any known fault. On cross-section b—b’
(Fig. 9b) multiplets 03911, 03917 and 04693 highlight a steep north
dipping structure in the continuation of the Aigion and Fassouleika
faults. Multiplets 04416, 04432, 04493 and 05278 underline a steep
north dipping structure that could correspond to the root of the
Fassouleika or southern offshore fault on the eastern extent of the
low dipping structure (~30°) underlined by the multiplet 00724.
Multiplet 00019 underlines an antithetic ESE-WNW south dipping
structure (~60°) potentially in the continuation of the Kalithea Fault.
As a conclusion, it is noteworthy that even if some multiplets seem
to be in continuity with the faults seen at the surface, there is no
clear connection like seismicity linking surface and deep structures.

The multiplets on cross-section c—c’ (Fig. 9¢) are located near the
inferred rupture plane of the 1995 earthquake (Bernard ef al. 1997).
Multiplets 00630, 00891 and 00866 are on the western border of
this rupture plane. Multiplet 0866 coincides with it (same depth and
dip) whereas the two other multiplets are shifted in depth. Multiplet
04049 highlights a low north dipping structures (230°) under the
northern coast in the continuity of the 1995 earthquake rupture
plane.

The four multiplets on the cross-section d—d’ (Fig. 9d) are lo-
cated in the continuation of the rupture plane of the 1995 earth-
quake. The fault plane solutions are different for each multiplet.
These differences can be explained by the location of the multiplet
in a transition zone (between an important seismic activity to the
West and a very low seismic activity to the East) where the stress
field might be heterogeneous. The multiplets are located on the
northeastern borders of the seismological network and of the 3-D
velocity model, which can also explain the differences in the fault
plane solutions. Nevertheless, the focal solutions are in accordance
with the multiplet geometry except for multiplet 02423. Multiplet
01767 is an E-W south dipping structure (*30°) with an inverse
focal mechanism. Such solution can be surprising in the overall
extensional context of the Corinth Rift but it could be possible that
a part of the extensional deformation along the low northern dip-
ping structures is accommodated by minor inverse structures with
southern dip.

Globally, cross-sections in Figs 9(a) and (b) show that southern
normal-faulting active structures (in continuity with fault mapped
at the surface) have steep dip whereas northern ones have shallow
dip. This trend is clearly visible in Fig. 11 where the dip of the nodal
planes dipping to the north (azimuth greater than 180°) is plotted
versus the latitude and depth. We observe a decrease of the fault dip
(from 70° to 15°) from south to north (Fig. 11a) and along the depth
together (Fig. 11c). To the east (Figs 9¢c and d), the seismicity also
reveals some shallow north dipping normal faults; but contrary to
the western part, the dip decrease as a function of latitude and depth
is not observed (Figs 11b and d).

In summary our results show (1) the southern active structures
with steep dip are possibly the root of the Aigion, Fassouleika and
Selianitika faults and (2) they might connect to a low angle structure
dipping to the north.

5 DISCUSSION

For most of the studied multiplets, the compatibility between the
multiplet geometry and one of the nodal planes confirms the ge-
ometry of the active structures inferred by the multiplet analysis of
Lambotte et al. (in preparation): (1) multiplets in the shallow part
of the seismic layer have higher dip than the layer itself, (2) in the
deeper part multiplets have dip similar to the one of the layer. The
joint analysis of the multiplet geometry and fault plane solution thus
provides a high-resolution image of the active structures beneath the
Corinth Rift.

Our results corroborate observations and interpretations of some
previous studies. From a 2-month dense seismological experiment
in 1991, Rigo et al. (1996) suggests the existence of an active north
dipping low angle (15° & 10°) detachment fault at about 10km
depth beneath the Gulf on which major faults seen at the surface
appear to root. This hypothesis is reinforced by a fine analysis of a
12-earthquake cluster (master event relocation and focal mechanism
determination) showing clear evidences for active low angle normal
faulting (Rietbrock et al. 1996).
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Figure 8. Map of the Western Corinth Rift displaying the 24 studied multiplets with the corresponding composite focal mechanisms, the main faults identified
on the southern and northern coasts and the inferred rupture plane of the 1995 earthquake (Bernard ef al. 1997).

Our results are also consistent with the mechanical model pro-
posed by Lambotte et al. (in preparation). In this model, the opening
of this part of the rift results from a non-elastic opening below the
rift axis. The seismic layer represents a diffuse area of deforma-
tion which corresponds to an early stage of a detachment, growing
downdip towards the north.

Our analysis highlights numerous normal-faulting active struc-
tures with low dip. Seismic activity on low angle normal fault has
also been reported in the Woodlark Basin (Papua New Guinea,
Abers et al. 1997) and Northern Apennines (Italy, Chiaraluce et al.
2007). From mechanical point of view, normal faulting on shal-
low dipping plane is a paradox and raises questions (e.g. Collettini
2011). Based on Coulomb’s fracture criterion, normal faulting is im-
possible on low angle plane under normal conditions (o 1 vertical).
Hence, special conditions as low friction coefficient or non-vertical
o 1 are required. Rietbrock ez al. (1996) postulate that the microseis-
micity is restricted to a zone of creep (low friction coefficient) but
acknowledge that alternatively fluid pressures can play an important
role by perturbing the stress field. Based on several field geological
observations, Collettini (2011) proposes that (1) low angle normal
faults act as preferential channel for fluid flow with, in some cases,
fluid overpressure, (2) fluid—rock interaction can favour the devel-
opment of phyllosilicates characterized by low friction coefficient
and velocity-strengthening frictional behaviour (fault creeping). He

therefore argues that such mechanical conditions can potentially
promote normal-rupture on low angle faults.

Several evidences show that mechanical conditions for low angle
normal faulting are potentially present in the western part of the
Corinth Rift. Fluids have been recently evidenced by observations
of earthquake migrations compatible with fluid diffusion process
(Bourouis & Cornet 2009; Pacchiani & Lyon-Caen 2010). More-
over 3-D seismic tomography analysis (Latorre ef al. 2004; Gautier
et al. 2006) revealed high V,/V anomalies at 8—12 km, which sug-
gests a fluid saturated zone. Concerning fault creeping conditions,
Latorre et al. (2004) argues that a sharp increase of seismic veloci-
ties at 57 km depth could represent the tectonic contact between the
Gavrovo-Tripolitza tectonic unit and the Phyllite—Quartzite series
(Xypolias & Koukouvelas 2001). Hence, the seismic layer would be
located in phyllosilicate-rich rocks whose the frictional properties
reduce the strength of faults.

6 CONCLUSION

The computation of composite focal mechanisms for 24 large earth-
quake multiplets and the joint analysis with the multiplet geometry
have shown the influence of the velocity model and have provided
constraints on the geometry of active faults in the Western part of
the Corinth Rift.
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Figure 9. NE-SW cross-sections of the Western Corinth Gulf displaying the 24 studied multiplets with the corresponding composite focal mechanisms, the
main faults identified on the southern and northern coasts and the inferred rupture plane of the 1995 earthquake. AF, Aigion Fault; FF, Fassouleika Fault; SF,
Selianitika Fault; OFs, Offshore faults; TZ, Trizonia Fault; KF, Kalithea Fault; MFE, Marathia Fault. For cross-section location see Fig. 8.
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05

Figure 10. Comparison between the composite fault plane solutions and the geometry of the multiplets determined by the three-point method of Fehler et al.
(1987). The stereograms are divided in a grid of 10° step in azimuth and dip. The grey scale indicates the pole density of planes defined by all combinations of
three events in multiplets. The density is normalized by the maximum density of each stereogram. The contour lines delineate areas with normalized density,
respectively, greater or equal than 0.8 (red) and 0.05 (purple). Blue stars indicate the poles of the nodal planes. (a) Multiplet with unconstrained geometry.
(b) Multiplet with significant difference between the nodal planes and the geometry. (c) Multiplet with accordance between the two nodal planes and the
geometry. (d) Multiplet with accordance between one of the nodal planes and the geometry.

The more or less significant difference between focal mech-
anisms from 1-D and 3-D velocity model indicates how the
resolution of focal solutions is sensitive to vertical and az-
imuthal velocity variations. The use of a 3-D velocity model
does not reduce uncertainties on the focal mechanisms. How-
ever, the better score function, the greater homogeneity in the
focal solutions (normal faulting) and their better compatibility
with the NNE-SSW extensional/vertical shortening tectonic con-
text of the Corinth Rift indicate a better accuracy in the 3-D
solutions.

The comparison between focal mechanism and multiplet geom-
etry has shown that 15 multiplets have one of the nodal planes

consistent with the plane delineated by the seismicity. This allows
identifying which nodal plane is the fault plane. For the other seven
multiplets, the geometry is unconstrained in strike and dip (no clear
earthquakes alignment) or only unconstrained in dip. For this latter
case, the two nodal planes are consistent with the multiplet geome-
try. Finally, only one multiplet displays geometry dramatically dif-
ferent from the focal mechanism (multiplet 02423). Consequently,
multiplet geometry and focal mechanism are two complementary
observations. The geometry of the multiplet allows determining
which nodal plane is the fault plane. Inversely, focal mechanism
indicates the rupture movement on the fault plane delineated by the
multiplet.
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Figure 10. (Continued.)

The joint analysis of the multiplet geometry and focal mecha-
nisms gives a high precision in the description of the active zones
in the western part of the Corinth Rift. The extensional regime in
the central part of the studied zone is confirmed. The geometry of
the active structures inferred by the multiplet analysis of Lambotte
et al. (in preparation) is corroborated.

Several multiplets seem to coincide at depth with the downward
extension of the Aigion, Fassouleika, Selianitika and offshore faults
implying that their dip (~60°) stays more or less constant from the
surface down to ~7 km. A low, north dipping structure (20°-30°),
on which steep north dipping faults seem to root, has been also
highlighted under the Corinth Gulf and its northern coast.

These results reinforce the hypothesis of a north dipping low
angle detachment zone beneath the northern part of the rift on
which major faults seen at the surface seem to root (Rigo et al.
1996; Lambotte et al., in preparation). However, such a model raises
the mechanical problem of the existence of active low angle normal
faults.
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APPENDIX A

Table Al. Date, time, E-W, N-S, depth coordinates (from a reference point located at 21.6°E and 38°N), nodal
planes strike, dip and rake for the representative focal mechanisms computed by Pacchiani (2006).

Date Time X (m) Y (m) Z (m) Plane 1 Plane 2
of 5 n o 5 &

2001-05-01  21:02:00.30  35507.9163  41829.5738 8190 237 70 171 330 82 20

2001-11-05  14:40:20.45  44983.153  37593.8177 6760 270 59 =70 55 36 —120
2001-01-21  02:00:42.72  45039.1752  32245.893 6900 0 44 80 194 47 100
2001-08-03  08:04:13.25  41431.0263  40015.9092 8520 93 76 —-117 336 30 =30
2001-09-10  14:00:44.84  49530.5445  37176.5959 8450 74 75 -94 270 16 =75
2001-12-31  06:31:59.88  53111.6975  41537.9666 10090 145 71 —88 320 19 =95
2001-03-15  15:17:33.08  43705.4271  31439.6734 8220 50 37 =170 312 84  -353
2001-01-14  22:54:42.99  44602.3886  32154.7051 6450 110 49 —80 274 41 —101
2001-12-07  22:44:50.74  49462.8521  26801.4503 5810 80 65 —125 319 42 -39
2001-11-01  05:51:10.21  49742.3323  39685.6137 10240 32 65 144 139 58 30

2001-02-08  23:04:08.95 44860.14 32988.322 5000 115 41 =72 272 51 —105
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Figure B1. Waveforms recorded by the station PAN for the five earthquakes of the multiplet 04432 used for the focal mechanism computation.
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APPENDIX C

Table C1. Date and time of the earthquakes used to compute the com-
posite focal mechanism of each multiplet.

19

2000/07/08 18:09:49
2000/07/08 18:11:55
2000/07/08 19:19:49
2000/07/08 17:40:09
2000/07/08 19:29:35

573

2001/06/11 00:42:43
2001/07/09 13:20:47

630

2002/05/22 04:06:05
2002/02/09 14:42:24

724

2001/06/21 00:48:56
2002/05/14 19:12:17
2003/03/11 02:09:07
2003/08/08 04:18:10

853

2002/05/20 20:50:21
2004/12/31 04:37:29
2005/06/11 14:47:08
2006/10/30 01:20:39

866

2002/01/04 13:48:28
2003/02/18 10:36:21
2003/07/19 10:17:16
2006/12/26 06:37:43
2007/06/21 03:58:27

891

2001/08/03 22:32:10
2003/03/08 04:20:03
2007/04/04 21:50:30

1767

2001/11/02 12:57:04
2001/11/13 02:22:40
2005/12/01 03:44:14
2007/04/12 13:31:24
2006/04/04 22:52:08

2423

2002/06/04 21:31:56
2003/11/16 19:07:45
2007/02/12 20:17:06

2877

2002/09/22 04:50:40
2004/01/26 02:18:27
2004/03/31 14:16:24
2001/12/09 10:00:46
2002/02/27 22:50:54
2004/01/27 20:15:51

3061

2004/08/24 03:15:20
2006/12/26 08:18:13

3715

2002/12/28 19:42:26
2003/11/08 21:05:05
2004/11/19 20:37:10
2004/11/24 05:39:39

3803

2004/07/26 11:08:26
2002/01/25 20:19:43
2002/06/13 20:09:02

3911

2004/01/18 21:13:18
2004/01/22 23:33:46
2004/01/23 02:21:53
2004/01/23 12:47:52

3917

2003/12/27 14:00:58
2004/01/17 01:49:24
2004/01/17 02:02:22
2004/01/18 05:35:47
2004/03/09 09:34:40

4049

2002/10/29 01:37:43
2003/03/16 14:32:58
2006/08/10 00:21:37

4416

2004/02/24 17:30:47
2004/02/24 19:25:06
2004/02/26 19:09:36
2004/02/26 23:25:16
2004/02/27 06:58:31
2004/03/31 10:26:17

4432

2004/02/27 08:33:55
2004/01/29 01:25:34
2004/02/29 04:42:56
2004/02/29 07:37:27
2004/02/29 09:07:28

4493

2004/03/06 10:03:42
2002/11/10 12:01:02
2007/01/25 14:00:59

4572

2004/03/11 08:25:37
2004/03/16 20:34:26
2004/03/17 18:25:02
2004/03/17 18:50:16

4693

2004/03/24 15:31:34
2002/06/22 06:30:48
2002/11/24 06:06:27
2005/10/25 23:24:16

4761

2004/04/12 03:37:33
2004/04/12 03:46:44
2004/04/12 05:14:45
2004/04/12 17:20:57

5278

2007/01/11 23:30:03
2007/02/02 20:00:37
2007/02/03 17:00:08
2007/02/03 18:51:48
2007/02/03 21:35:20

18445

2007/03/20 18:21:01
2007/03/21 06:04:11
2007/05/27 09:29:56
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APPENDIX D
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Figure D1. Optimal composite fault plane solutions of the 24 studied multiplets computed in a 1-D velocity model and a 3-D velocity model (red line) and the
associated perturbed solutions used to compute the uncertainties (grey lines). The P (black triangle) and 7 (black square), P-wave compressions (blue circles)
and dilatations (white circles) are plotted on each stereogram. The numbers above the stereograms are the multiplet name (left-hand side) and the score function
of the optimal fault plane solution (right-hand side).
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Figure D1. (Continued.)
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